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specimens, two experimental campaigns were designed. The first with the
objective of assessing the effect of thickness on the fatigue performance of
smooth specimens, and the second aimed to investigate the notch effect on
the fatigue limit of different notched specimens. The smooth specimens were
fabricated with a thickness ranging between 1 and 5 mm, while the notched
specimens were fabricated with a thickness of 3 mm, with 90° and 30° notch
opening angles. The mechanical properties of the smooth series proved not
to be affected by the thickness, neither for quasi-static nor cyclic response. On
the contrary, the fatigue behavior of the notched specimens was significantly
influenced by the presence of the notch, with sharper notches exhibiting a
more negative impact. Moreover, the findings revealed that the fabrication of
specimens characterized with thin sections, small geometrical features, and
acute notches presented significant challenges, posing a severe issue regarding
the practical applicability of MEAM for real-life complex geometries.

KEYWORDS. Additive, Stainless steel, Fatigue, Thickness, Notch.

INTRODUCTION

parts starting from a feedstock composed of metal powder dispersed in a polymeric matrix. The process involves

the following steps: printing of the so-called green parts, an intermediate product, i.e., the metal powder dispersed
in a polymeric matrix; debinding, which is a thermal or chemical process needed to remove the polymeric binder from the
green part; and sintering, a well-known metallurgical process that enables metal powder diffusion to obtain a dense metallic
part, called the silver part. The potential of MEAM, thoroughly discussed in several reviews and studies [1-4], is mainly
related to its beamless fabrication process and inexpensiveness when compared to other metal AM processes. However,
some fabrication issues remain unsolved, hindering the wide diffusion of this manufacturing technique.
The feedstock, often called Highly-filled Polymer (HP), can be found in different shapes, such as rods or pellets, but it is
usually provided in the shape of a filament [5]. Indeed, commercial Fused Deposition Modeling (FDM) printers designed
to extrude polymeric filaments to produce three-dimensional parts are potentially appropriate to be used with HP filament,
too. These printers ate, in general, affordable, easy to operate, and do not pose any peculiar safety issues. The idea of using
such an apparatus to print composite parts that can be further processed to obtain metallic components is understandably
attractive. However, these systems are not designed to guarantee high-quality standards, robustness, and accuracy, which
might be unacceptable depending on the final use of the fabricated components. Nowadays, the interest in the MEAM
process has pushed the development of commercial systems specifically designed to deal with the HP feedstock, which
includes the required hardware for each stage of the process. One of the most widely used MEAM systems is the Metal X
platform, developed by Markforged. Metal X has been employed for the fabrication of the specimens investigated in the
present research.
The feasibility of the process and the quasi-static properties of 17-4 PH specimens fabricated with the Metal X system have
been evaluated in different studies available in the literature. Galati et al. [6] fabricated and studied 17-4 PH samples with
different infill strategies, reporting high manufacturing precision, although the density and residual porosity of the parts
were not satisfactory. Nonetheless, the authors mentioned that high density was not required for the considered applications,
including jaws or jigs in machining and welding operations. Henry et al. [7] performed a similar study with a focus on the
effect of the building orientation on the quasi-static mechanical properties of the MEAM parts; They reported that the
maximum tensile strength was reached for specimens printed flat on the platform, while the specimens printed with a
‘vertical” layout were weaker and characterized by very limited elongation to fracture. Other works on the anisotropy of
MEAM parts’ tensile properties can be found in [8-10], reporting similar outcomes. In conclusion, Metal X proves to be a
reliable process when it comes to tensile properties, guaranteeing an Ultimate Tensile Strength (UTS) around 1000 MPa and
elongation to fracture below 6% [7, 11-13] when the tensile specimens are printed in a favorable orientation. Similar
performances might not be reached when less established routes are followed, involving the in-house production of the
filament or the use of a generic FDM printer available on the market. An example of a similar fabrication route is provided

D ] aterial Extrusion Additive Manufacturing (MEAM) is a multiphase process that allows the production of metallic
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in [14]: although the authors attempted different configurations of printing parameters, the maximum UTS reached was 792
MPa, significantly below the standard UTS of 17-4 PH parts in both solution-treated and aged conditions, as per the ASTM
standard A693-24 [15]. Indeed, aging treatments improve the performance of wrought 17-4 PH, thus Pellegrini et al. [16]
compared the efficiency of two standard heat treatments (H900 and H1050) on MEAM parts produced through two
commercial MEAM systems (Desktop Metals and Metal X) to reduce porosity and increase microhardness. The response
of MEAM parts to the heat treatments was reported to be positive and comparable to that of hot-rolled 17-4 PH. Similarly,
Gong et al. [17] performed the H900 treatment on notched specimens that were tested in situ inside an SEM chamber to
investigate the deformation mechanisms, also proving that the heat treatment improved the parts’ homogeneity, although
it did not alter the fracture mechanisms observed.

Limited research has been conducted so far about the fatigue behavior of 17-4 PH MEAM specimens, implying a significant
knowledge gap worsened by the intrinsically complicated nature of the fatigue behavior of a metal material. Axial fatigue
tests on specimens with circular cross-sections were performed in [11]: the study focused on the comparison between
MEAM specimens fabricated with different densities and wrought counterparts. The wrought specimens showed a fatigue
limit at around 40% of their UTS, while the full-density MEAM parts gave a much lower fatigue behavior, with an expected
fatigue limit below 20% of their UTS. The poor fatigue behavior of the MEAM parts was attributed to the abundant internal
defects; however, it might be sufficient and appropriate for low-cycle fatigue applications. Kedziora et al. [18] proposed a
wide comparison between additive manufacturing techniques, including axial fatigue testing of 17-4 PH Metal X specimens
that were printed vertically on the printing platform. As for the tensile properties, the unfavorable building otientation
proved to be detrimental to the fatigue limit. The vertical specimens indeed performed pootly and showed a fracture surface
with signs of delamination, suggesting very poor adhesion between layers. The inadequacy of the vertical layout was further
proved in [19], an investigation on ultra-high cycle fatigue, and in [12]. To conclude, some research focused on the
improvement of the fatigue behavior of 17-4 PH MEAM parts through the alteration of the specimens’ surface. Rodriguez
et al. [12] showed that MEAM 17-4 PH specimens machined in a lathe to remove the outer surfaces performed better than
their counterparts in as-sintered conditions. Shot peening was also proven to be very effective in improving the fatigue life
of MEAM 17-4 PH specimens [20], with a much more relevant impact than thermal processes.

The Markforged system and the 17-4 PH filament by the same brand were used to produce the specimens tested in the
present work. Non-mechanical and mechanical test campaigns were planned to evaluate the quality of the as-printed and
as-sintered specimens, focusing on their fatigue properties. Fatigue behavior depends on multiple factors, and it is not always
appropriate to refer to the fatigue behavior of a material as a material property. Fatigue investigations are carried out with
specimens that are often designed following standards or best practices; in contrast, real-world components do not always
present a regular shape. Geometrical irregularities, section variations, and notches can drastically decrease the resistance of
a part from what is observed in a laboratory. Thus, in the present study, it was deemed relevant to increase the degree of
reality of the tests by varying the design of the specimens. In particular, the research revolves around two issues that, to the
best of the authors' knowledge, have not yet been investigated for MEAM technology. The first is the thickness effect.
Fatigue specimens were printed with the same design but different thicknesses to evaluate how the number of layers in a
part can affect its properties. Second, notched parts were printed, with different notch geometries, to evaluate the notch
effect on the fatigue properties of the MEAM 17-4 PH specimens.

The paper is organized as follows: the next section, Section 2, Materials and Methods, describes the fabrication process and
the test equipment, as well as the procedures adopted to characterize the specimens. In Section 3, Results and Discussion,
the characterization of the green and silver parts is presented, with a dedicated sub-section to fatigue properties, including
thickness effect, notch effect, and fractography analysis. Finally, Section 4, Conclusions, summarizes the main outcomes of
the research and provides some useful recommendations.

MATERIAL AND METHODS

Specimen fabrication
he system by Markforged is equipped for every stage of the process: the printer, named Metal X, the washing system
I Wash-1, and the sintering furnace Sinter-2. The printer has a dual-nozzle printing head that allows the deposition
of different materials in the same print. Indeed, a ceramic compound can be used in the interfaces between parts
and supports to ease their removal since the layer of ceramic, with different thermal properties, remains in a powdery state,
making the interface with the supports easy to break. The system proposes a set of optimized parameters for each step of
the process; hence, a limited number of choices can be made by the user. This is simultaneously a drawback and a benefit,
depending on the purpose of the users.
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17-4 PH fatigue specimens were fabricated with the dimensions reported in Fig. 1. The specimens were printed flat on the
printing platform, meaning that the building direction was parallel to their thickness. The infill strategy adopted consisted
of full-density rectlinear rasters with +45°/-45° inclination. Four contour walls were printed around the infill. The
specimens were printed without any brim or raft. The specimens’ shrinkage was compensated automatically by the software
associated with Metal X, the Markforged Eiger software. The experimental plan involved the fabrication of five types of
fatigue specimens, divided into two categories: the smooth and the notched series. The smooth specimens were
characterized by rounded sides and a rectangular cross-section, giving a stress concentration factor of 1.07 based on net
section stresses. Three batches with thicknesses of t=1, 3, and 5 mm were fabricated. The notched specimens were fabricated
with a 3 mm thickness and two V-notch geometries with opening angles of 2¢=30° and 24=90°, respectively. The design
also entailed different notch radii p; o=0 mm for the narrow notch, and p=1 mm for the wider notch.

The nomenclature that is adopted from now on is the following: S1, S3, and S5 indicate smooth specimens with t=1 mm,
t=3 mm, and t=5 mm. N30 indicates the notched specimens with 2«=30° and notch radius 0 mm, while N90 indicates the
specimens with 2¢=90° and notch radius 1 mm. Each specimen per batch is also referred to with a progressive number to
distinguish them (e.g., S3-1 indicates the first specimen of the smooth batch with 3 mm thickness), although no differences
were expected between specimens belonging to the same batch.

After the printing phase, the specimens were moved to the second stage of the process, i.e., washing, where the green parts
were transformed into another intermediate product, referred to as brown parts. In this stage, the binder is removed through
solvent debinding, as required by the Markforged 17-4 PH filament. A washing fluid such as the commercial Opteon Sion
was used, and the dwell time was adjusted based on the specimen volume. The process is deemed completed once a target
value of weight loss is met, which means that a sufficient share of the binder has been removed. After washing, the specimens
were moved to the sintering furnace. A first temperature step was applied to remove the remaining binder components, and
then a longer step at 1100°C was considered to complete the densification. A reducing atmosphere in the furnace was
obtained with a mixture of Az and Ha.

S 5153 55 N9O N30
L5 ] i i

25

80

1 13

t3 L t3

Figure 1: Design of the specimens and nomenclature. All the dimensions are in mm.

Non-mechanical analysis

Green parts and silver parts were examined before starting the mechanical characterization campaign to evaluate the quality
of the fabrication process. An optical investigation was carried out with the optical microscope Hirox rH2000, and the
specimens’ dimensions were measured with a digital caliper. Tensile tests were also carried out on the green parts, with the
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sole purpose of revealing the fracture surfaces obtained. The shrinkage of the specimens, a natural consequence of the
debinding and sintering process, was assessed through the calculation of the linear reduction LR% of the specimens’ main
dimensions (thickness, total length, and maximum width) as LR%=100X(d,d,)/ d,, where 4, is the green parts dimensions
and d; is the sintered parts dimensions. The density of the silver parts was measured with the Archimedean method, which
requires the weight of the specimens in air, 7, and in watet, 7,, to combine the values as p=/ (m.,m,). The surface
roughness was measured using the confocal microscope ALICONA Infinite Focus SL G4 (IFM). Finally, the microstructure
and the porosity content were evaluated on the cross-sections of the smooth specimens. The cross-sections were prepared
following a classic metallographic preparation, and the Vilella reagent (1 g picric acid, 5 ml HCI, and 100 ml ethanol) was
used to reveal the microstructure.

Mechanical tests and fractography

The thickness effect was evaluated through several mechanical tests. First, Vickers microhardness tests were conducted
using the Mitutoyo MicroWidZhard HM-200 series apparatus with a diamond indenter and an indentation load of 0.2 kgf.
Cross-sectional microhardness measures were repeated on one smooth specimen for each thickness. The indentations were
distributed along three parallel lines from the outer surface towards the core to evaluate possible hardness variations in each
specimen’s bulk.

Smooth specimens were also tested under tensile loading conditions to evaluate their tensile properties and the possible
influence of their thickness. This also allowed the comparison of the MEAM specimens with conventional material, and the
correlation of their corresponding UTS to the fatigue properties evaluated. The tests were conducted with the MTS
Landmark 370 equipped with a 50 kN load cell, in displacement control with a displacement rate of 1 mm/min. The
engineering strain was computed with the DIC technique, which implies the use of an image recording apparatus and the
painting of the specimens with a suitable speckle pattern. The painting was done with black and white spray cans of paint
to achieve a black speckled pattern on a homogeneous white background. The size and dispersion of the speckle affect the
accuracy of the analysis; a tradeoff between the readability and density of the black speckle was made. The camera used is
an Allied Vision Stingray F-504B with a resolution of 5 Mpx. The images recorded were processed in the commercial
software Vic 2D, able to correlate the deformation of the speckle pattern in each image with respect to the reference image
representing the initial moment of the test.

The same testing machine was used to perform uniaxial fatigue tests. Both the specimen categories were tested to evaluate
the thickness effect and the notch effect. The test frequency was set to 20 Hz, the ratio of the cyclic load was
R=0min/0max=0.1, and the specimens were considered run-out when exceeding 2X106 cycles. The fracture surfaces of broken
specimens were then analyzed using the SEM FEI-QUANTA 650 FEG and the confocal microscope.

RESULTS AND DISCUSSION

Green part analysis
T he study on the green parts involved three specimens: S3 (smooth with t=3 mm), N30 (notched with 260=30° and
0=0 mm), and N0 (notched with 2¢=90° and =1 mm). Fig. 2 shows distinctive features of the green parts
observed with the optical microscope from different perspectives. The specimens were also fractured using a tensile
test machine to observe their infill. The average layer thickness was calculated as 0.16 = 0.02 mm. The four contour walls
are clearly visible in Figs. 2e-f, thanks to the peculiar porosity pattern that will be commented on later. However, it must be
noted that from the sole observation of Fig. 2a, only three contour walls are visible due to the overlap of the infill and
contour. Regarding the notches, the opening angles were 32° and 92°, respectively, and the corresponding notch radii were
measured to be 0.1 and 0.96 mm. This suggests an adequate accuracy achieved during the printing phase. The strength of
the green part was estimated through the tensile tests, with a maximum strength achieved of 10 MPa for the smooth part
and 1.3 MPa for the notched parts. The strength of the smooth specimen is in good accordance with what was obtained in
[21], where a thorough optimization of the printing parameters was carried out to improve the properties of the green parts.
The fracture surfaces (Figs. 2e and f) showed a very homogeneous and dense infill, while four arrays of voids were visible
on each side, representing the boundaries between the four external walls.

Silver parts analysis

The optical investigation performed on the silver parts revealed a very good dimensional accuracy of all the studied
specimens, except for the notch radius of the notched series. The average notch radius obtained for specimens N30, ideally
designed with 0=0, was measured as 0.1+0.02 mm, while for the specimen N90, which should have a blunt notch with p=1
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mm, it was 0.21+0.06 mm. These values prove that the ideal sharp notch with =0 mm can not be fabricated and that the
sintering process tends to make the notches sharper.

Four visible contour walls-

e) f)

Figure 2: Representative images of the green part S3 top surface (a), and lateral surface (b); comparison of the two notch geometries
investigated, N30 (c), and N90 (d); fracture surface of the S3 (¢), and notched specimen N30 (f).

According to the producers, the corrective factors that the Metal X system uses to increase the dimensions of the parts on
the STL files to compensate for the shrinkage are 1.18 for the dimensions on the x-y plane, which is the printing platform
plane, and 1.20 for the z direction, corresponding to the thickness of the parts. This means that the overdimensioning
factors are +18% and +20%, respectively. According to the calculations, the linear reduction of the dimensions on the x-y
plane between silver and green parts is on average 15%. The linear reduction of the z-direction is highly influenced by the
thickness itself. Fig. 3a shows the increasing trend of the linear reduction with increasing specimen thickness. This could be
explained by considering that the shrinkage is related to the thinning of the binder pools at layer interfaces [22]. Thus, such
a reduction could be directly correlated to the number of layers, which is higher in thick specimens.

Due to the large shrinkage variations correlated to the thickness, the deviation of the silver parts’ thicknesses from the target
dimensions increased with decreasing thickness, as shown in Fig. 3b. This error was calculated as error%=100X(d-dy)/ d,,
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where d7is the target dimension. Apparently, the accuracy of the process increases for larger thicknesses. The trend suggests
that above t=5 mm, this error tends to zero.

Shrinkage of the thickness between green and Deviation from the target thickness
silver state
20% 18% P
16%
15% ® 14%
® s 12%
2
< s T 10%
10° 3]
o 10% £ 8%
o
. 6% &
5% . 4%, [ ]
2% .
0% 0%
0 1 2 3 4 5 6 0 1 2 3 4 5 6
a) Thickness [mm] b) Thickness [mm]

Figure 3: a) variation of the linear reduction between green and silver parts’ thickness; b) variation of the relative error between silver
parts dimensions and target dimensions in terms of thickness.

The relative density of the parts, measured via Archimedes’ method, was calculated as 97% on average, considering 7.75
g/cmd as a reference density for 17-4 PH [6]. Similar results were reported in [9-10].

With regards to the surface roughness, the parameter Ra (Arithmetic Average Roughness) was measured on smooth
specimens, performing multiple measurements on the top, bottom, and side surfaces. On average, Ra was 6.721.6 um on
the top surfaces, 5.3+0.5 pm on the bottom surfaces, and 2.520.3 um on the side surfaces. Due to the constant contact
with the platform during the printing and sintering process, the bottom surfaces were expected to be smoother. These values
are in line with what was found in other investigations [6, 12, 20].

Fabrication issues

After the thorough evaluation of the green and silver parts, some observations on the quality of the fabrication can be
drawn. First of all, it must be underlined that 49 specimens were successfully fabricated and used for the present study.
Previous research projects carried out by the same research group involving the use of a commercial FDM printer by Prusa
and a commercial HP filament by Ultrafuse BASF [23] let us infer that a production series with this dimension would have
been very challenging and time-consuming with such equipment. Metal X proves indeed to be a more robust system, relative
to other options available. Moreover, possessing the washing and sintering stations alongside the printer enables optimized
fabrication times. However, some defects and issues with the fabrication process must be underlined.

First of all, as reported in Fig. 3, the accuracy of the printer is correlated to the thickness of the parts, suggesting difficulties
with printing very thin geometries. The S1 specimens, the thinnest, were indeed challenging to print to the point that the
target number of printed specimens was not met due to frequent printing failures; only 9 specimens were fabricated instead
of 10. The S1 specimens suffered significantly from warping, exhibiting excessive deformation of the bottom layers.

The density of the specimens was measured through Archimedes” method. Additionally, it was chosen to section and polish
one smooth, undeformed specimen per thickness to evaluate the internal porosity distribution. The procedure was repeated
on cross-sections at several heights to confirm the continuous nature of the voids in the specimens. For the sake of brevity,
Fig. 4 collects only the polished cross-sections cut from the middle of the specimens. It can be observed that the vertical
alignment of pores between the contour walls is common to all the thicknesses. This can be explained considering that the
external walls were printed at a reduced speed, giving more time for the material to solidify, thus preventing proper adhesion
between walls. On the contrary, the infill was relatively homogeneous in both S1 and S5. The same result was obtained in
[11], where Computed Tomography (CT) scan analysis proved that the cross-sections were homogeneous and dense in the
infill, while wide pores were clearly visible along the four outer perimeters. A peculiar porosity pattern was observed in the
S3, which was proven, through further investigations, to affect every single S3 specimen with different intensity. At
approximately mid-thickness, a line of expanded pores was visible. This might be related to some unexpected event during
the printing phase, such as a possible vibration of the printing platform. This suggests that although the system is more
robust than other equipment not conceived to deal with high-filled filaments, the quality of the process is still at stake.

392



Q S. Spiller et aliz, Fracture and Structural Integrity, 77 (2026) 386-404; DOI: 10.3221/IGF-ESIS.77.22 Q

S3 S5

a)

Figure 4: Porosity distribution in the mid-length cross-sections of the smooth specimens at different polishing depths.

Additional observations were made on the notched specimens. Although the green parts were very accurate both in terms
of notch opening angle and notch radius, the accuracy of the notch geometries was lost after debinding and sintering phases.
Moreover, a very critical defect was observed in all the notches of N30 and some of the N90 specimens, which are cracks
starting from the notch root. The average length of the cracks was measured to be 0.27£0.14 mm. The cracks are believed
to be sintering cracks, as proved by the SEM investigation. As shown in the magnification of Fig. 5a3, the internal surfaces
of the cracks did not show signs of fracture. These surfaces solidified as free surfaces, suggesting that the cracks opened at
a very eatly stage of the sintering process. This issue posed a methodological concern about the significance of the planned
experimental campaign. However, due to the explorative nature of the present research, the campaigns were carried out as
planned. This also poses a very relevant challenge related to the printing of critical details that go beyond the accuracy
achievable during the printing phase.

b) b1) a3)
Figure 5: Optical microscope and SEM picture of the notches and magnifications of the sintering cracks. N30 a, al, a2, a3); N90 b, b1).

Microstructure and microhardness measurements

Fig. 6 shows the plots of the microhardness trend in the cross-sections of the smooth specimens and the typical martensitic
microstructure observed close to the surface and in the middle of the etched cross-sections. The microhardness indentation
scheme is also reported to help the reading of the plots. The data suggests discrete stability of the microhardness with
increasing depth from the upper surface since the values relative to the three lines (depicted with different colors) are similar.
This is observed regardless of the thickness of the specimens. Apparently, the microhardness of specimens S3 and S5 tends
to increase from the sides to the core of the sections. This variation is unlikely to be related to microstructural features since
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the sintering process induces a very homogeneous microstructure, as shown in Figs. 6a, b. More likely, the microhardness
increase is due to the enhanced density in the core of the specimens, as presented in the previous section.

When comparing the three datasets, the averages obtained suggest a similarity between S1 and S5 (347£8 and 34918 HVO0.2,
respectively) and a discrete deviation of S3 (366£8 HV0.2). It must be noted that for this specimen batch, a suitable statistical
analysis led to the exclusion of one outlier data point through the Chauvenet criterion, which was performed after the
normality of the distribution was confirmed through the %2 test. ANOVA one-way analysis was then performed to evaluate
the significance of the differences observed between the S1, S3, and S5 batches, with a confidence level of p=0.05. The test
gave a negative outcome, which means that the datasets shall be considered different, thus suggesting a thickness effect on
the microhardness. Nonetheless, the positive result of the Student T-test performed on the sole S1 and S5 datasets proves
that they belong to the same statistical population. Thus, it does not seem plausible that higher average microhardness of
the intermediate thickness specimens of the S3 series is the result of a thickness effect. Macroscopically, a very peculiar
porosity trend was observed in the S3 specimen, as reported in Fig. 4, but the abundance of voids would have had the
opposite effect on the hardness, promoting a decrease in it. Thus, considering that the range of thicknesses studied is limited,
it is correct to infer that the thickness effect on the microhardness can not be resolved from the results of the present
investigation, although nothing suggests a significant impact of it.

HV0.2 $1
400

350 ‘L----‘----l----'----f---.:.---}----u

300
x 347 HVO0.2
250 I 1 1 1 I I 1
0 0.5 1 1.5 2 25 3 3.5
mm
HV0.2 S3
400

G ik Shnil EEEE SRR AN SR

350 ¢ \
[
300

366 HV0.2
250 L I 1 L L i
0 0.5 1 1.5 2 2.5 3 3.5
HV0.2 S5 LU
400
350 “""',"'\"]'"-;----u—----t—---‘----ll
=00 349 HVO0.2
250 . . ; : : ,

0 0.5 1 1.5 2 2.5 3 3.5
mm

Figure 6: Microstructure and microhardness analysis on the smooth specimens. In the top left corner, a schematic of the indentations
shall ease the reading of the plots. The microstructure was also observed in the regions (a) and (b) of the cross-sections. On the right,
one plot is dedicated to each thickness.

Tensile tests

The tensile test results are reported in Fig. 7 and Tab. 1. The plot reports the engineering stress-strain curves of the smooth
specimens. It must be noted that the design of the specimens is the same as that used for the fatigue tests. The fracture
location coincides with the narrow section, which was used to calculate the resistant area in the calculation of the engineering
stress. The engineering strain is obtained from the DIC analysis.

As shown by the plot and the table, minor differences can be seen among Young’s modulus (E), 0.2% offset yield stress
(oy), and tensile strength (UTS) of specimens with different thicknesses. The elongation to fracture appeared as the most
affected property, showing an increasing trend with increasing thickness. A similar behavior was observed in an investigation
on additive manufacturing PBF-EB Ti-0Al-4V specimens reported in [24], where the decrease in the load-bearing capability
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was associated with decreasing thickness, and the authors explained it based on the grain size and the different impact of
the surface features on different thicknesses. The latter explanation fits well with the trend observed in the present work.
The irregularities on the MEAM surfaces do not depend on the size of the specimens, as also proven by the surface
roughness analysis. These irregularities can act as micro-notches, weakening the specimens. The thinner the section of the
specimen, the higher the impact of the micro-notches expected to be, leading to premature failure.

The properties obtained correlate well with the results of other studies in which Metal X was used to fabricate 17-4 PH
specimens [7, 11].
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Figure 7: Engineering stress-strain curves obtained with S1, 83, and S5 specimens.

S1 S3 S5 avg
E [GPa] 211.3 221.2 213.0 215.2%5.3
oy [MPa] 1059 1086 1015 1053136
UTS [MPa] 1150 1209 1197 1185+31
ef 1.59 % 2.24% 3.16% 2.33 £0.79%

Table 1: Tensile properties per thickness and averages.

Fatigue tests

The results of the axial fatigue tests are reported in Tab. Al in the Appendix and plotted in Figs. 8a-c, where the S-N curves
relative to the S1, S3, and S5 batches are expressed in terms of the maximum stress applied (Omay). A statistical analysis was
performed based on the standard ISO 12107 [25] to calculate negative inverse slope k, scatter index T, and statistical fatigue
limit Gmaxsov at 2 milion cycles (run-out) obtained from the statistical analysis corresponding to a survival probability (PS)
of 50%. The scatter bands related to PS 10% and 90% were calculated with a confidence level of 95%. The statistical
elaboration of the three curves suggests major differences related to the thickness of the specimens. First, the width of the
scatter bands increased with the thickness. The scatter index Ts, obtained as Gmax10%/ Omaxo0v, Was used to quantify the width
of the scatter bands. The obtained plots show that Ts increased from 1.26 to 1.64 and finally to 2.85 for the S1, S3, and S5
specimens. This could be the result of a statistical abundance of defects in the larger cross-sections, leading to higher
variability of the data. Regarding the negative inverse slope k, the values calculated are 3.05, 5.12, and 3.79 for t=1, 3, and 5
mm, suggesting an enhanced weakness of the S3 specimens, especially on the left side of the S-N curve, towards high load
levels. This behavior is unlikely to be related to the thickness of the specimens, but it might be a result of the peculiar
porosity pattern reported in Fig. 4 on the S3 batch.

A run-out was obtained for all the thicknesses at a stress level omx=300 MPa. This suggests, in the first place, that the fatigue
life of the specimens at low-stress levels might be independent of the thickness, although further tests on the high-cycle
segment of the fatigue curve are required to extrapolate a precise trend. Secondly, the physically derived fatigue limit-
obtained from the observation of the S-N curve, which for steel usually present a &nee, shall be placed in proximity of 300
MPa. A possible estimation could be obtained as the average between the lower stress level leading to failure and the run-
out stress level, as indicated by the dashed horizontal lines drawn on Figs. 8a-c. Statistical regression obtained from the data
points of the S3 specimens leads to a Gmaxsow of 277 MPa. Differently, the fatigue limits obtained for the other thicknesses
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are more conservative (197 and 231 MPa for S1 and S5, respectively). To analyze the data from a different perspective, the
plot in Fig. 8d collects all the data points, only with 50% regression line for each series. Due to the significant overlap
between the curves, it is possible to claim that the thickness effect is mild on the axial fatigue behavior of the specimens.
Indeed, statistical analysis performed on the entire dataset indicates a strong correlation with a scatter index of T,=1.46, and
an average k= 3.98. In light of this, and considering that the UTS of the material is likewise not dependent on the thickness
(Tab. 1), the fatigue data are reported in Fig. 8e in terms of normalized stress (omax/UTS), with the corresponding statistical
analysis. This allows us to draw a generalized conservative result regarding the fatigue limit at 2 million cycles: with a
confidence level of 90%, the maximum bearable stress is less than 20% of the UTS.

Comparison between the fatigue data obtained in the present study and other works available in the literature revealed the
similarity of the results. In [20], the fatigue endurance in terms of stress amplitude of as-sintered 17-4 PH MEAM specimens
tested in uniaxial fatigue with R=0.1 was reported as 146.25 MPa, corresponding to a maximum stress of 325 MPa. In [11],
MEAM specimens with solid infill and circular cross-sections tested in uniaxial fatigue with R=0.1 resulted in a fatigue limit
below 20% of the UTS, which, in terms of stress amplitude, is reported as 223 MPa. The reduction of the fatigue limit of
MEAM specimens is significant in comparison to wrought counterparts. A fatigue limit of 450 MPa expressed in stress
amplitude (corresponding to a maximum stress of 1000 MPa) is reported in [11], while in [26] conventionally manufactured
17-4 PH specimens subjected to heat treatments H900 and H1150 were tested under rotating bending fatigue (R=-1)
resulting in a fatigue limit of 550 and 525 MPa, respectively (1100 and 1050 MPa in terms of maximum stress). In the latter
study, 17-4 PH specimens produced via Binder Jetting were also tested in heat treated conditions, showing a fatigue behavior
relatively close to the one reported in the present work and below the performances of the conventional counterparts.
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1000 4 PS 90% 1000 4 1000
5 5 5
2 - - = .
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k=3.05 k=5.12 k=3.79
Onax30%=197 MPa G 30%=277 MPa O 30%=231 MPa
100 100 - - 100 T T
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Figure 8: S-N curves expressed in terms of maximum stress amplitude for each thickness, S1 a), S3 b), and S5 ¢). d) overview of the
results proposed as a unique dataset, ¢) normalized S-N curves over the average UTS of the three series.

Fractography

For a better understanding of the fracture mechanisms, Fig. 9 reports representative fracture surfaces collected with SEM
as well as three-dimensional reconstructions of the fracture surfaces obtained with the confocal microscope. It is well known
that fatigue is often a superficial phenomenon since asperities and irregularities on the external surfaces are dominantly
responsible for stress intensification, and thus crack initiation. However, the internal surfaces of large voids induced by the
printing procedure in MEAM might as well act as free surfaces, and crack initiation points can be observed from the inside
of the specimens rather than from the outer surface [27]. As it can be inferred from the images reported in Fig. 9, in the
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present work, the majority of the failures initiated from surface defects. In particular, a very frequent crack initiation point
(5 cases observed, which means less than 30% of the total number of failed specimens) was located at one of the bottom
corners of the specimens. Those significantly deformed corners presented an acute angle, and thus are believed to act as
major stress intensifiers. The deformation was probably caused by different factors: first, the bottom layers must bear the
weight of the part during printing, which provokes a relaxation of the bottom parts, a defect usually referred to as elephant
foot [28]. Moreover, due to the constant contact with the warm printing platform, the first layers have a more intense
thermal history. Thus, the bottom part of a print is generally exposed to high temperatures for longer times, both during
the printing and during the sintering process, and this condition favors the deformation.

S1-2: 400 MPa; >22x104 cycles

200 um "

S1-4: 500 MPa; >11x10% cycles

1mm

Figure 9: Fractography analysis of the smooth specimens. S1-2: SEM image of the whole fracture surface a) and crack initiation point
al), morphological IFM image b). S1-4: images c), c1), and d), same description as S1-2. Following: SEM images of the whole fracture
surfaces and magnifications for S3-3 e), and el); S3-6 f), f1), and f2); S5-4 g) and g1).
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Another frequent crack initiation point (7 cases, which means less than 40% of the failed specimens), was observed on the
top sutfaces. Here, the printing strategy consisted of ovetlapping adjacent rasters that created an irregular surface. Similar
observations were reported by Suwanpreecha et al. [20], who identified the following typical crack initiation points in as-
sintered 17-4 PH MEAM specimens: notches derived from the deposition strategy on the top surface, A,Os3 inclusions on
the bottom surface, and interlayer notches on the side surfaces. However, the bottom corner initiation point was not
reported as a probable failure location. It must be noted that in our specimens, Al O3 inclusions were never identified since
no rafts were printed, thus the ceramic was not required.

Figs. 9a-d collect two examples of fracture surfaces of S1 specimens that were chosen to show the two typical crack
mechanisms described above. The morphological images obtained with the confocal microscope offered valuable insight,
since their distinct features effectively highlighted the different stages of crack propagation with enhanced contrast. In the
first specimen, S1-2, the crack initiation point was located on a very deformed bottom corner, while in the second one, S1-
4, the initiation occurred at a surface irregularity on the top surface related to the deposition of the top layer. It must be
noted that the infill of the specimens was very dense, and the only visible pores were on the sides, marking the four external
contour walls. Figs. 9e-f are dedicated to two examples of S3 specimens. As already shown in Fig. 4, the quality of the S3
batch was lower in comparison to the other series, as all of the S3 specimens were affected by a horizontal array of pores in
the middle of the thickness, indicating that some accident occurred during the printing phase. In particular, from the detail
in Fig. 9el, it is possible to observe a ‘step’” on the side of the specimen, suggesting a sudden displacement of the relative
position of the nozzle and printing platform. Moreover, the cross-sectional shape of the rasters of the external walls switched
from elliptical to almost circular. This might be attributed to several factors, such as a decrease in the extrusion temperature,
an increase in the extrusion speed, or an increase in the distance between the nozzle and the printing plane. Possibly, some
external factors contributed to this issue, such as a vibration of the floor where the machine was placed. However, in
specimen S3-3, the voids in the middle section did not provide crack initiation points, and the deformed bottom corner was
confirmed as the most dangerous point of the section. Alongside specimen S3-3, the fracture surface of S3-6 was selected
because it shows the poorest infill homogeneity observed. A large area in the middle of the cross-section was characterized
by an almost complete lack of adhesion between rasters and layers. This specimen might have been the origin of the
‘accident’ that induced the mid-thickness array of pores in all the specimens of the batch. Interestingly, multiple crack
initiation points were observed on each raster in the middle area, as shown in Fig. 9f1. However, these cracks were small in
comparison to the extension of the fatigue crack growth area that was initiated at the bottom corner depicted in detail in
Fig. 9f2. This observation could indicate that internal defects were less determinant in terms of fatigue initiation than external
defects.

Fig. 9g shows the typical fracture surface of an S5 specimen, with the initiation point at the bottom corner. The specimen
presented, S5-4, is particularly interesting since a wide circular pore with equivalent diameter of 74 um was located exactly
on the most critical corner, which probably resulted in a faster crack initiation. The bar plot presented in Fig. 10 helps to
visualize the frequency of the failure locations from the bottom corner and the top surfaces. Note that some specimens
presented multiple initiation points in both the abovementioned locations. The category ‘Others’ includes the few specimens
that failed from other locations, such as irregularities on the bottom layer. It must be noted that no specific trend was
derived correlating the cycles to failure to the crack initiation location.

Location of the fatigue crack initiation

5
4 m S5
mS3
3
mS1
2
1 l
0

Top surf. Bottom Corner Top surf+Bott Others
corner

Number of specs.

Figure 10: Distribution of the crack initiation sites on the smooth specimens tested.
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Notch effect

To complete the investigation of the design effect on the fatigue properties of 17-4 PH specimens, the notched specimens
were tested in the same conditions as the smooth specimens. Due to the sintering cracks described in the previous section,
the fatigue curves obtained, as well as the parameters calculated as the fatigue notch factor, are to be considered conservative
in comparison to what could possibly be obtained from well-formed notches. Nonetheless, for explorative purposes, the S-
N curves obtained with the N90 and N30 series are reported here and compared with the S-N curve of the smooth
specimens with identical thickness, i.e., S3. Although the S3 batch is entirely affected by extended internal porosity, the
previous sections have proven a limited impact of the porosity on the mechanical tests, especially on the fatigue tests, where
superficial defects were dominant. In this context, the comparison proposed seems reasonable. The negative inverse slope
and scatter index of the notched specimens are similar, as reported in Fig. 11a. Note that some points fall into the low-cycle
fatigue area, which is below 10* cycles; they were excluded from further analysis.

Overview of the results Normalized S-N curve
1.00 -
1000 - ] B
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T~1.91 T,=1.46
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a) Cycles to failure b) Cycles to failure

Figure 11: a) comparison of the S-N curves expressed in terms of maximum stress amplitude between the notched and the smooth
specimens with identical thickness, S3. b) normalized S-N curve over the average UTS of the material.

In terms of normalized S-N curves, shown in Fig. 11b, the fatigue limit of the notched specimens obtained from the
statistical analysis based on the ISO 12107 [25] is below 7% and 5% of the UTS obtained with the smooth S3 specimens,
respectively, for the N90 and N30 series. The decrease of the fatigue limit in comparison to the smooth counterparts,
represented as the ratio (Omaxso%smooth)/ (omasownotched) is 3.11 and 4.54 for N90 and N30, respectively. These values can
be considered as estimations of the notch factor k. The calculation of the latter might also be carried out following
Peterson’s approach, which enables the calculation of the notch sensitivity index q through empirical formulations that can
be found in [29] based on the notch radius and the UTS of the material. Although the material under consideration is not
homogeneous and presents a surface with enhanced roughness and defects, the approach provides a useful indication on
the notch sensitivity of the specimens investigated. The notch sensitivity index is an indicator of how much the notch affects
the stress field in the specimen. It ranges from 0 to 1, where 1 corresponds to complete sensitivity to the notch. Once q is
obtained, ke is calculated from the relation q=(ke-1)/(ke-1). The stress concentration factor k. for the investigated notches
was obtained from a simple finite element (FE) analysis in the commercial software Abaqus. In the FE model, a known
stress (1 MPa) was applied to the notched specimens to compute the maximum stress at the notch apex, the so-called peak
stress, and the nominal stress in the notched section, at a sufficient distance from the notch. A 2D model was designed in
Abaqus based on the CAD model of the smooth specimen, with symmetrical boundary conditions to consider only one
quarter of the geometry. The mesh was obtained with quadratic CPE8R elements and refined towards the notch tip based
on a sensitivity analysis to a minimum element size of 0.05 mm. The factor ki is simply the ratio between the peak stress
and the nominal stress. The values of q, ki, and kr obtained for each notch geometry are reported in Tab. 2. Note that the
k. calculated for the smooth specimens, for mere comparative purposes, is almost 1, as well as the notch sensitivity index.
This confirms that the radius of the rounded sides of the smooth specimens (30 mm) was sufficient to avoid stress
intensification. As reported in Tab. 2, the k¢ values obtained for the N90 and N30 specimens are respectively 4.14 and 5.03.
These values are more conservative than the estimations obtained from the empirical ratio reported above (3.11 and 4.54).
The notch sensitivity index depends on the manufacturing process as well. For example, in [30], the index q was measured
by testing smooth and notched 17-4 PH specimens produced via a laser powder bed fusion (PBF-LB) technique. The result
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of the investigation revealed that due to the specimens’ extensive porosity and poor surface roughness, the detrimental
effect of the notch on the fatigue behavior of the specimens was minor.

. Max Gmax
Specimen seties Th[lr;kr;l]e 5 G[RZXI:ZE/D at run-out T k o [mm] ken q ke
[MPa)

S1 1 197 300 1.26 3.05

S5 5 231 300 2.85 3.79

S3 3 277 300 1.64 5.12
N90 3 89 -- 1.91 5.62 0.2 5.17 0.75 4.14
N30 3 61 50 1.46 4.63 0.1 7.67 0.60 5.03

Table 2: Fatigue properties for all tested specimens.

N90-5: 100 MPa; >79%104 cycles

c) d)
N30-3: 100 MPa; >31x10% cycles

1mm

e)

Figure 12: Fractography analysis of the notched specimens. N90-5: SEM image overview of the fracture surface, a), and magnified details
in b) and d). N30-3: overview of the fracture surface €), and magnified details s in c) and f).

Fig. 12 reports representative fracture surfaces for both the notched series. Through the magnified details, it is possible to
observe the morphology of the surfaces of the sintering cracks that are well-developed from both sides in the N30-3
specimen. On the contrary, in the N90-5 specimen, only a very limited portion of material shows the morphology of the
sintering crack as depicted in detail in Fig. 12c. These examples demonstrate that fatigue cracks tend to originate from the
sintering crack tips. Otherwise, the fatigue initiation points can be located at the notch root without a preferential location.
This suggests that in the presence of notched geometries, irregularities such as deformed corners and rough top surfaces
are not as critical as they were proven in the previous section in the case of smooth fatigue specimens.
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CONCLUSIONS

specimens with different thicknesses and varying geometrical details. However, various fabrication problems
affected the specimens' fatigue behavior. The key findings of the research are reported as follows:

1. The commercial MEAM system utilized is more robust compared to commercial FDM printers for the fabrication of
similar specimens and enables efficient fabrication of a large number of specimens. Moreover, characteristics such as
internal porosity, shrinkage, surface roughness, microhardness, and tensile properties showed high repeatability,
consistent with similar studies available in the literature. The density of the infill was remarkable, although vertical arrays
of pores were visible between the external walls. However, serious limitations in terms of geometrical details were
encountered. The thinnest sections suffered from warping, and small notch radii could not be obtained with precision.
In addition, notches with an opening angle of 30° exhibited sintering cracks due to the shrinkage during sintering. A
similar effect was observed, though to a lesser extent, with notches featuring opening angles of 90°.

2. With regard to the thickness effect, the specimens considered (with 1, 3, and 5 mm thickness) represented similar
mechanical performance. Microhardness was consistent across the specimen cross-sections, with average values of
34718, 36618, and 34918 HVO0.2 for the three thicknesses. Due to the absence of a clear microhardness trend with the
thickness, the thickness effect is deemed irrelevant to the microhardness measures. Tensile testing indicated that all
smooth specimen series exhibited comparable strength, with average yield stress and UTS of 1053136 MPa and
1185%31 MPa, respectively. Young’s modulus was also consistent across specimens, averaging 215.2+5.3 GPa. The
elongation to fracture was the only parameter displaying an upward trend with increasing thickness, ranging from 1.6%
to 3.2%.

3. Within the limitations of the present experimental campaign, thickness variation did not impact the axial fatigue
behavior of the smooth specimens. The statistical fatigue limits calculated at 50% PS were 197, 277, and 231 MPa for
the S1, 83, and S5 series, respectively. The data points of the three batches represent a strong correlation and can be
represented by narrow scatter bands (Ts=1.46). Normalization of the S-N curves over the average UTS facilitates
comparison. The statistical fatigue limit of the MEAM specimens falls below 20% of the UTS, while it has been reported
that wrought 17-4 PH specimens can reach a fatigue limit of 40% of the UTS. Fractographic analysis shed light on the
reduced fatigue strength of the MEAM specimens, highlighting how superficial irregularities derived from the printing
strategy act as detrimental stress risers and crack initiation points. Most of the tested specimens failed because of
irregularities on the top surface, related to the overlap of adjacent rasters. The second most frequent failure site was one
of the bottom corners of the specimens, which was highly deformed. Notably, the internal porosity was too scarce to
imply critical stress intensification.

4. 'The statistical fatigue limit of notched specimens was less than 50% of that observed in smooth specimens of equivalent
thickness, and further decreased as notch sharpness increased. Fatigue strengths corresponded to 7% and 5% of the
UTS, respectively, for the N90 and N30 series. It must be noted that the sintering crack effect and the notch geometry
effect could not be separated, and future research is required to propetly evaluate the fatigue limit of notched parts. The
notch factors determined using Peterson’s method (neglecting the sintering cracks) tended to be more conservative
than those derived from comparing fatigue results between smooth and notched specimens based on the ratio of their
statistical fatigue limits. Fractographic analysis demonstrated that fatigue crack propagation initiated at the apex of
sintering cracks, which were frequently observed on both sides of the notched specimens. In the few specimens where
no sintering cracks were detected, mostly belonging to the N90 series, the fatigue crack initiation was located at the
notch root.

T he experimental campaigns presented proved the reliability of the Markforged fabrication process of 17-4 PH
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APPENDIX

Test data, /~20Hz, R=0.1

Specimen Omax [MPa] Finax [N] Cz:itsreto
S1-1 300 2579.9 Run-out
S1-2 400 3439.8 221 297
S1-3 400 3439.8 273171
S1-4 500 4299.8 118 305
S1-5 500 4299.8 107 335
S1-6 350 3009.8 332 881
S1-7 350 3009.8 325133
S3-1 400 9285.6 216 186
S3-2 350 8124.9 452 751
S3-3 400 9285.6 316 882
S3-4 300 6964.2 Run-out
S3-5 500 11607.0 132 351
S3-6 500 11607.0 78 784
S3-7 350 8124.9 953 736
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S5-1 400 14897.5 595 789
S5-3 400 14897.5 214 872
S5-4 500 18621.9 58 842
S5-5 500 18621.9 148 587
S5-6 300 11173.1 Run-out
S5-7 350 13035.3 351 436
S5-8 350 13035.3 308 996

N90-1 300 7399.3 4184
N90-2 150 3699.7 238 641
N90-3 150 3699.7 150 283
N90-4 100 2466.4 1040 832
N90-5 100 2466.4 793 021
N90-6 175 4316.3 31336
N90-7 175 4316.3 29 502
N30-1 50 1353.6 Run-out
N30-2 100 2707.2 214 019
N30-3 100 2707.2 317 962
N30-4 150 4060.8 27 826
N30-5 150 4060.8 28 492
N30-6 75 2030.4 701 477
N30-7 75 2030.4 639 580
N30-8 100 2707.2 5281

Table Al: Fatigue tests data for the tested specimens.
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