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Abstract: Additive Manufacturing (AM) is gaining importance as an alternative and complementary

technology to conventional manufacturing processes. Among AM technologies, the Atomic Diffusion

Additive Manufacturing (ADAM) technology is a novel extrusion-based process involving metallic

filaments. In this work, the widely used 17-4 PH stainless steel filament was selected to study

the effect of different deposition strategies of ADAM technology on mechanical properties. The

printed parts had mechanical properties comparable to those obtained by other more developed

AM technologies. In the case of tensile and fatigue tests, obtained values were in general greatly

affected by deposition strategy, achieving better results in horizontal built orientation specimens.

ﬁf;e;:tfgsr Interestingly, the effect was also considered of machining post-process (turning), which in the case of

] o the tensile test had no remarkable effect, while in fatigue tests it led to an improvement in fatigue life

Citation: Rodriguez, J.; Zuriarrain,
A.;Madariaga, A.; Arrazola, PJ.;

Dominguez, E.; Fraile, I.; Soler, D.

of two to four times in the tested range of stresses.
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2023, 7,172. https://doi.org/ 1. Introduction
10.3390/jmmp7050172 This study is focused on investigating the mechanical properties of 17-4 precipitation
hardening (PH) stainless steel (SS) parts, referred to commonly as 17-4 PH SS, produced
by the novel Atomic Diffusion Additive Manufacturing (ADAM) technology. PH SSs are
widely used in metal Additive Manufacturing (AM) due to their excellent weldability and
high strength and corrosion resistance compared to austenitic steels [1,2], making them
suitable for Powder Based Fusion (PBF) and Direct Energy Deposition (DED) technologies.
Precisely, 17-4 PH SS is the most widely used type of PH SS because of its high tensile
strength, high toughness and high corrosion resistance at temperatures below 315 °C [2].
Interestingly, the novel Atomic Diffusion Additive Manufacturing (ADAM) technology,
commercialized by Markforged®, which was officially launched into the market in 2017,
can be a great alternative to manufacture 17-4 PH SS parts efficiently.
This article is an open access article ADAM technology, which is a printing technique that resembles the well-known
distributed under the terms and ~ and developed Fused Deposition Modelling (FDM) technology [3], is based on three
conditions of the Creative Commons  independent stages: printing, washing and sintering. In the printing stage, the geometrical
Attribution (CC BY) license (https://  shape of the part is achieved, called the green part. A filament composed of metal powder
creativecommons.org/licenses /by / enclosed in a mix of wax and thermoplastic polymer matrix which works as a binder for
40/). the metallic particles is used as raw material [4]. The filament goes through a heated unit

Academic Editor: Mario Buchely

Received: 16 August 2023
Revised: 13 September 2023
Accepted: 22 September 2023
Published: 26 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

J. Manuf. Mater. Process. 2023, 7, 172. https:/ /doi.org/10.3390/jmmp7050172 https:/ /www.mdpi.com/journal/jmmp


https://doi.org/10.3390/jmmp7050172
https://doi.org/10.3390/jmmp7050172
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0002-3952-8457
https://orcid.org/0000-0001-5500-8956
https://orcid.org/0000-0003-3002-1876
https://orcid.org/0000-0002-2216-7907
https://doi.org/10.3390/jmmp7050172
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp7050172?type=check_update&version=2

J. Manuf. Mater. Process. 2023, 7, 172

20f17

which softens the polymer matrix, and at the end of the unit a nozzle is used to deposit the
material in the built plate. Repeating the same process layer by layer, the desired part is
obtained [3].

Two deposition strategies are combined in each layer when using ADAM technology.
Firstly, the material is extruded following the shape of the part, using a contour strategy,
and secondly the infill of the part is performed to finish the layer. The infill can be done by
creating a triangular lattice, which reduces part weight, or by a zig zag solid infill strategy
depending on part requirements. Each infill zig zag layer is deposited perpendicularly
with respect to the orientation of the zig zag of the preceding layer. Figure 1a shows
the theoretical path of the infill and contour deposition strategies in a circular layer, and
Figure 1b a macroscopic image of a section/layer of an actual part where a region of the
succeeding infill layer can be seen deposited perpendicularly.

Succeeding
layer

4 Infill
/ L Contour

(a)

Figure 1. Deposition strategies of the printing stage. (a) Theoretical layer. (b) Macroscopic image of a
part layer manufactured by ADAM.

As in other AM technologies, support structures are generated with the ADAM
process if the part presents an overhang feature with <45°. The supports and the part are
manufactured with the same material but supports are always printed using the triangular
lattice infill deposition strategy as they have no functional requirements. Importantly, in
contrast to other methods of metallic additive manufacturing, a ceramic layer of identical
dimensions to the metallic component is incorporated between the part and the support
structure. This step aids in the easier removal of the support structure during the final
phase. In Figure 2a, an example of a designed part is shown with a 45° overhang feature,
and Figure 2b shows the support structure of the printed part.
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feature : structure release layer
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Figure 2. Example of support structure in a 17-4 PH SS part. (a) Programmed part. (b) Printed part.

In the second phase, known as debinding or washing, green parts undergo immersion
in a liquid solvent at a specific temperature and duration to effectively eliminate the
majority of the wax binding material. Larger parts necessitate extended soaking periods
due to the solvent’s difficulty in penetrating the core of the component. The resulting
washed parts, which are quite brittle and require delicate handling, are referred to as brown
parts. To assess the progress, the part’s weight is measured both before and after immersion
in the solvent. As per recommendations from material suppliers, for the material 17-4
PH SS, brown parts should exhibit a weight reduction of 4.1% or less than their green
counterparts to be deemed ready for the final sintering stage.

Finally, the sintering stage is divided in two main phases, as shown in Figure 3a.
Sintering takes place in a controlled atmosphere furnace, where a fixed flow of inert gas mix
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of argon and hydrogen fills the furnace chamber to protect the parts from oxidation. First,
the furnace is heated up to melt and remove the remaining wax and thermoplastic polymer
binder. Then, the temperature is risen near to the material’s melting point, but always
below it. At such a temperature, diffusion bonding takes place, and all metal powder
particles are joined, obtaining almost fully dense final parts. Measuring the difference
between the brown and sintered part dimensions, shrinkage of around 18% in size was
observed in this sintering phase [5]. An example of the shrinkage is shown in Figure 3b,c.

W
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Figure 3. Sintering stage. (a) Schematic of the sintering cycle: (1) removal of remaining wax and
thermoplastic polymer and (2) diffusion bonding of powder particles. (b) 17-4 PH SS brown part
example. (c) 17-4 PH SS sintered part example (18% reduction in size).

This novel way of manufacturing metallic parts offers some advantages with respect
to other AM technologies [5]: (i) the residual stresses are lower due to the small tem-
perature gradients of the sintering stage; (ii) toxicity and flammability risks of working
with loose metallic powder are removed; (iii) there is a possibility of creating cavities that
other powder-based AM technologies are not able to achieve and (iv) facility in removing
support structures.

Since ADAM is an emerging technique, only a few studies have been published in the
scientific community reporting the advances in this manufacturing technology. Galati and
Minetola [3] were the first to study 17-4 PH SS parts manufactured by ADAM technology.
They measured the density, surface roughness and part dimensional accuracy of printed
parts. Although poor relative density and surface roughness values were achieved, similar
dimensional accuracy to casting or forming was measured. Gonzalez et al. [6] measured
the tensile proprieties of this material, and reported tensile data with a maximum standard
deviation of 38%, which was attributed to defects induced during the printing. Bouaziz
et al. [7] analyzed the effect of heat treatment on this material, showing a significant
effect on tensile properties but no remarkable effect on surface roughness. Most recently,
Pellegrini et al. [8], showed an important influence of the aging treatments on hardness
and porosity. On the other hand, Henry et al. [9] focused on determining the influence of
printing orientations on the tension, shear, and bending response. They found that the
strength is best along the extrusion direction and worst in the extrusion direction. Similar
behavior was reported by Alkindi et al. [10].

The results reported in these papers demonstrate that ADAM can obtain mechanical
properties comparable to those of conventional and other AM processes. However, Abe
etal. [11] attribute the poor tensile behavior of the printed samples in certain directions to a
general problem of metal fused deposition techniques that might be avoided by improving
the raw material, in particular changing the binder presence in the filament by optimizing
the polymer composition. Ensuring good static mechanical properties could be enough
for a wide range of applications, but many structural components must withstand cyclic
loads. Therefore, we need to characterize the fatigue behavior of parts produced by ADAM
technology for correct design. It is well known that surface roughness and sub-surface
defects, such as pores, cavities or inclusions, generate stress concentrations which favors
crack initiation and its propagation [12]. Therefore, it is mandatory to study the fatigue
performance of AM parts. Within this context, many previous works can be found in
the literature analyzing the fatigue performance of AM parts. However, these are mainly
focused on the most developed PBF and DED technologies [13,14]. To the best of the



J. Manuf. Mater. Process. 2023, 7, 172

40f17

authors’ knowledge, no previous research on fatigue performance for parts manufactured
by ADAM has been reported in the literature.

The main objective of this work is to mechanically characterize 17-4 PH SS parts printed
by ADAM technology, focusing on the relative density, elastic modulus and mechanical
properties (such as yield and tensile strength and maximum elongation), hardness, surface
roughness and, particularly, fatigue behavior. Moreover, the built orientation also plays a
key factor in fatigue performance [15]. Thus, this work also studies the effect of deposition
strategy as well as machining post-processing on strength, ductility and fatigue behavior.
Additionally, a first insight into the composition and properties of the commercial filaments
was carried out.

Firstly, details of the material and manufacturing system are described. Then, the
methodology followed to characterize the density, surface roughness, hardness, tensile tests
and fatigue tests is explained. Subsequently, results are presented and discussed. Finally,
conclusions are drawn and suggestions for further research are made.

2. Material and Manufacturing System

In this work, the Metal X system developed by Markforged, was used to manufacture
the standardized specimens using ADAM technology. The Metal X system has a dedicated
unit for each step of the manufacturing process: Metal X for the first extrusion step, Wash-1
for the second debinding step and Sinter-1 for the last sintering step. The high level of
automatization of the Metal X system facilitates the manufacturing of parts. However, this
limits the researchers in optimizing any of the stages of the manufacturing route.

The material employed was 17-4 PH SS filament commercialized by Markforged [16].
This filament is based on a polymeric matrix filled with 17-4 PH SS powder. Table 1 shows
the chemical composition of the metal powder supplied by the manufacturer.

Table 1. Chemical composition of 17-4 PH SS [16].

Cr Ni Cu Si Mn
Amount (%) 15-17.5 3-5 3-5 1 max 1 max

Nb C P S Fe
Amount (%) 0.15-0.45 0.07 max 0.04 max 0.03 max bal

In order to have a better understanding of the polymer elimination process that takes
place during sintering, Thermogravimetric Analysis (TGA) of the commercial filament was
carried out from ambient temperature to 550 °C with a heating rate of 5 °C/min employing
a thermogravimetric analyser STA 449 F3 Jupiter (NETZSCH).

Figure 4 shows the thermograms of two samples of the commercial filament. It can
be observed that roughly 7 wt% of the original mass of the filament is eliminated during
the thermal treatment. Two different steps can be clearly identified in both samples, which
reveals the presence of two different polymers in the filament. Approximately, 3-4 wt% is
eliminated in the range between 200 and 300 °C, while the rest is eliminated between 400
and 450 °C, as is usual for FDM polymers, like ABS and PC [17].

This is related to the composition of the polymer matrix present in the filament, which
is a mixture of a wax and a polymer. The organic element that is eliminated at lower
temperatures is the wax (mainly eliminated during washing). The wax has a specific
function during sintering, allowing the formation of holes that will facilitate the elimination
of the polymer at the sintering step, avoiding the formation of cracks during polymer
elimination. Consequently, an accurate control of the elimination of the wax and the
following thermal elimination of the polymer are critical for the manufacturing of dense
parts and the desired microstructure.



J. Manuf. Mater. Process. 2023, 7, 172

50f17

101
100
99
98

Mass
%o
N

96
95
94
93
92

0 100 200 300 400 500 600

Temperature (°C)
Figure 4. Thermograms of the commercial filament.

In addition, the powder remaining after TGA was observed in a FEI Nova NanoSEM
450, a Scanning Electron microscope (SEM) working with a 30 kV of HV, a spot size of 6.0
and a working distance of 9.8 mm. As can be seen in Figure 5, the particle size is up to
10 pm, the presence of particles smaller than 2 pm being significant, which is appropriate
for the employed printer nozzle.

(b)

Figure 5. Secondary electron images of the powder after TGA: (a) with lower magnification; (b) with
high magnification.

3. Methods

Four types of specimens were manufactured: (i) cubic samples for density measure-
ments, (ii) tensile test specimens, (iii) samples for surface roughness and hardness measure-
ments and (iv) fatigue test specimens. The geometry of these specimens is described in the
following subsection. All specimens were manufactured with a solid infill pattern and a
layer height of 125 um in the extrusion stage. Most of the samples were manufactured with
a contour layer thickness of 1 mm, but 0.5 mm in some tensile test specimens and 2 mm in
some fatigue test specimens were also used. For washing, the solvent Opteon SF-79 was
used. The final sintering cycle was applied in the Sinter-1 furnace [18], whose properties
are not detailed by the supplier.

3.1. Density Measurements
The Standard ASTM B962 [19] was followed for density measurements. Part density

(0p) and relative density (RD) values were calculated by Equations (1) and (2), respectively,
where py, is the density of the distilled water, m, is the mass of the dry part, my is the mass
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of the part while being immersed in water and p. is the theoretical real density of the raw
material (7.75 g/cc).

_ Pwty
e = o e @
RD (%) = 7100 @)
Oc

Three samples of cube shape with a side of 2 cm, an approximate volume of 8 cm3
were used for this study. Each mass measurement was performed three times to obtain
reliable results.

3.2. Surface Roughness Measurements

In order to analyse the surface roughness in different plane angles, four different
wedges were manufactured. With them, surface roughness was measured in the following
planes: 0°, 30°, 45°, 60°, 90°, 135° and 180°, as shown in Figure 6. Figure 2a shows one of
these wedges, where 0, 90 and 135° plane angles are available. The surfaces with an angle of
over 135° require a support structure, which must be removed after sintering. Three linear
measurements were made in each plane angle. The arithmetical mean deviation of the
assessed profile (Ra), the average of the maximum peak to valley height of the profile over
assessed length (Rz) and the largest single roughness depth within the evaluation length
(Rmax) were measured using a portable roughness Hommel Tester T500. The assessment
length was 4.8 mm.

90°
1359 45°

180° 11
I vV Z
Figure 6. Surfaces for surface roughness measurements. The arrows indicate the location where the
measurements were performed.

3.3. Hardness Measurements

Characterization of hardness was done in the specimens used in roughness measure-
ments. Prior to hardness tests, the surfaces were polished, using first 240 um, then 600 pm,
afterwards 800 um and finally 1200 pm sandpaper. A Zwick Vickers hardness tester was
used applying 10 kg for 10 s. Five measurements were made in all plane angles.

3.4. Tensile Tests

To determine the strength and ductility of the material, tensile tests were done at
room temperature. The specimens were designed following the European Standard ISO
6892-1 [20]. The geometry of the specimen is shown in Figure 7.

R Lo Gauge length = 30 mm

[ SRS L. Parallel length =33 mm
Q| : )
— I: Total length =70 mm
L
2 d Diameter of parallel length = 6 mm
Le D Diameter at grip = 10 mm
L

R Transition radius = 12 mm

Figure 7. Geometry of the tensile test specimen.
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To study the effect of deposition strategy and post-process operation (machining) on
mechanical properties (strength and ductility), 12 tensile (4 sets) specimens were manu-
factured and tested: three as built specimens with a 45° inclination (Figure 8a), three as
built oriented in the vertical direction (Figure 8b), three as built oriented in the horizontal
direction (Figure 8c) and three specimens printed in the horizontal direction for machining
postprocessing (Figure 8d).

Figure 8. Tensile specimens. (a) As built with 45° inclination. (b) As built vertically. (c) As built
horizontally. (d) Oversized horizontal for further machining.

Figure 9 shows cross-section images of tensile specimens taken by optical micro-
scope Leica DMi8C. Figure 9a shows the cross-section of an as built vertical specimen and
Figure 9b the cross-section of an as built horizontal, both images taken with 5x magnifi-
cation. The core of both cross-sections was also analysed with 50 x magnification images
(Figure 9c for vertical and Figure 9d for horizontal) to discover that the micropores found
in both cases where identical in shape, size and quantity. Using the image-analysis software
LAS V 4.12, the density of three vertical cores and three horizontal cores were measured,
obtaining values of 99.02 £ 0.09 in the vertical and 98.93 % 0.03 in the horizontal. Note
that these values are not meant to show part density values, rather to demonstrate that
the microporosity of the core material is the same regardless of the orientation. The same
behaviour was reported by Cho et al. [21].

However, lack of adhesion between extruded filaments can be observed in the contour.
The cavities shown in the blue dotted-lines show exactly the same problematic in both
Figure 9a,b; the different orientation of the specimens is what makes them look different.
The cross-section of the vertical specimen shows the lack of adhesion between the extruded
filament in the same layer, while the cross-section of the horizontal shows the lack of
adhesion between different layers.

In the author’s opinion, this lack of adhesion could be prevented by changing some
printer parameters, like the nozzle temperature or the extrusion overlap. However, these
parameters cannot be modified in this particular printer.

Due to the defects found in the contour, the three specimens to be postprocessed by
machining were manufactured with radial oversize of 0.8 mm, including a 0.5 mm thick
contour layer. These specimens were then turned using a lathe, removing radially 0.8 mm
from the surface and obtaining the geometry of standardized specimens (Figure 7). This
procedure removes the porous 0.5 mm thick contour layer and consequently will lead to
improved strength and ductility properties. Specimens were turned using a SANDVIK
VBMT 11 03 04 PF—4225 insert, cutting speed of 50 m/min, depth of cut of 0.25 mm and
feed rate of 0.1 mm/rev.
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Figure 9. Cross-section of tensile specimens. (a) As built vertical. (b) As built horizontal. (c) Zoomed
core of the vertical sample. (d) Zoomed core of the horizontal sample.

Tested deposition strategies produced different surface texture in the axial direction of
tensile specimens, as shown in Figure 10a—c. In Figure 10d, it can be seen that no trace of
deposition strategy is left after the specimen is machined.

Tensile tests were carried out using the universal machine INSTRON 3369 and a self-
supporting macro extensometer was used to measure the strain. All tensile tests were carried
out with a strain rate of 3 mm/min in the elastic zone and 10 mm/min in the plastic zone.
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Figure 10. Surface texture produced by different deposition strategies in the axial direction of
the specimens. (a) As built with 45° inclination. (b) As built vertically. (c) As built horizontally.
(d) Machined horizontally.

3.5. Fatigue Tests

Three sets of specimens were manufactured to study the effect of deposition strategy
and post-processing on fatigue behavior of 17-4 PH SS specimens printed by ADAM
technology. Figure 11 shows the geometry of the fatigue specimens’ designed according to
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the Standard ASTM E466 (2002) [22]. A total of 21 fatigue specimens were manufactured
and tested: to obtain the first insight of the high cycle fatigue (HCF), a reference SN fatigue
curve was made with 15 as built horizontal specimens. The influence of the deposition
strategy on fatigue behavior was assessed using three as built vertical specimens, and
finally three specimens printed in the horizontal direction and then machined were tested
to analyze the effect post-processing on fatigue strength.

e L —> L Parallel length = 12 mm
+ +
/ |\ L: Total length = 70 mm
R R
| d  Diameter of parallel length = 6 mm
of +———|——7—-— |- ——

D Diameter at grip = 12 mm

| L. ! R Transition radius = 48 mm

Figure 11. Geometry of the fatigue test specimen.

The machine tool manufacturer Markforged [22] recommends not to remove all the
contour layer, because this compromises part strength. In this case, and in contrast to what
was done with tensile specimens, the amount of material being removed was established
to improve the surface roughness values, but without removing all the contour layer. The
contour layer thickness of fatigue specimens was 2 mm, measured in a cross-section by
optical microscopy, and printed with radial oversize of 0.5 mm. These specimens were
turned in a lathe, removing radially a 0.5 mm thick layer to obtain the standardized
specimens shown in Figure 11. The specimens were turned using a SANDVIK VBMT 11 03
04 PF—4225 insert, a cutting speed of 50 m/min, depth of cut of 0.25 mm and feed rate of
0.1 mm/rev.

Fatigue tests were carried out following the Standard ASTM E466 (2002). Tests were
carried out in force-controlled mode at room temperature using the Material Testing System
(MTS) 810. All tests were performed with a stress ratio of R = —1, with maximum stresses
below the yield stress, and a frequency of 10 Hz. The run-out level was set at 2:10° cycles.
The tests were stopped when the run-out level was reached or when the specimen was
broken. To determine the cause of the fatigue failure, a fractography analysis was performed
on all fractured surfaces employing a Leica macroscope.

4. Results
4.1. Surface Roughness Values

Figure 12 shows the values of roughness Ra, Rz and Rmax with respect to the plane
angle, as explained in Section 3.2. The best value for roughness parameters was found in
the horizontal plane (0°): Ra of 10 + 1.4 um, Rz of 51.2 + 4.1 pm and Rmax of 63.9 + 4.1 pm,
which was similar to those obtained at 60° and 90°. When comparing the horizontal plane
with the 180° plane, the difference could be explained by the fact that at 180° the surfaces
were in contact with a single thin layer of the ceramic release from the supporting structure.

On the other hand, surfaces at 45° and 60° angles showed a stepped effect due to
small discontinuities between the layers; the higher the layer height, the rougher the
inclined surface. Interestingly, when examining the 135° surfaces (fabricated with support),
similar roughness values were achieved to those of 45°. This suggests that the presence
of support structures does not contribute additionally to roughness when observing the
stepped effect. This could be related to the fact that on the inclined surfaces the deposited
ceramic is in contact with the metallic material of its own layer and the ceramic of the
layer below, generating an smother support surface, which is not the case for the 180°.
However, obtained roughness values can be improved by conventional post-processes such
as machining or polishing, which can be used when necessary.
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Figure 12. Surface roughness vs. angle of measured samples.

4.2. Density and Mechanical Properties

The samples produced by ADAM technology had a relative density of 96.1 &= 0.2%,
which is the expected valued according to [16]. In contrast to surface roughness, no
difference in surface hardness was measured in different plane angles, obtaining an average
value of HV1 296 + 29.

The elastic modulus, yield stress, tensile strength and the maximum elongation of the
four types of specimens characterized in the tensile tests are summarized in Table 1, where
refences values found in the literature are also collected for further comparison. All values
are given as the arithmetical mean of the performed tests and the corresponding standard
deviation.

Figure 13 compares the average values of the stress—strain curves of the four tested
conditions. The specimens produced in the horizontal direction had a tensile stress of
1125 4+ 10 MPa, which was almost two times higher than the samples printed in the vertical
direction and at 45° orientation. The tensile strength of the specimen produced in the
horizontal direction was barely affected by the subsequent machining process. The ductility
of specimens printed in the horizontal direction was also significantly higher than the other
as built specimens.

1000 ¢ )
g
=
7
o 500 —As built Horizontal
@ — As built Vertical
—As built 45°
—Machined Horizontal
OO 1 2 3 4 5 6

Elongation (%)

Figure 13. Stress—strain curves of samples built in different orientations.
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4.3. Fatigue Behavior

Figure 14 shows the results (stress amplitude vs. fatigue life) of fatigue tests at
room temperature and R = —1 of the three types of specimens. It can be clearly seen
that the fatigue strength strongly depends on the building direction as reported by other
authors [9,15,23]. The samples produced in horizontal configuration obtained a fatigue
strength of 80 MPa, almost five times lower than the wrought counterparts measured by
Concli et al. [24]. It should be clarified that this threshold value was not determined for
samples manufactured vertically, since static tensile tests already demonstrated that their
strength is significantly lower. As expected, fatigue results of vertically manufactured speci-
mens confirmed their poor mechanical properties. For the same stress level, they withstood
fewer loading cycles and also showed higher scatter, in spite of using the same manufactur-
ing conditions. It should be noted that the defects are bigger and less homogenous within
the cross section of the vertical sample and can significantly affect the fatigue behavior.
The samples identified as V2 and V3 in Figure 5 were broken before 1000 loading cycles.
These samples showed evidence of more deformation (more darker areas and less defined
deposition paths) than V1, which result in a reduced fatigue life. The machined specimens
were also tested at specific stress levels to assess their capability of improving fatigue
performance of horizontally printed specimens. It can be seen that machined specimens
withstand more cycles before fracture compared to as-built horizontal specimens.

800
®  As Built Horizontal
700 F . .
® A Machined Horizontal
600 | R ) X As Built Vertical
=
o 500 |
g
= 400 | oA,
g N, ™
< % .,
2300 f
2 XX X e A
“ 200 | ®.
e 0 R
‘® Run-out
100 F ® >
0 . : : .

100 1,000 10,000 100,000 1,000,000 10,000,000
LogN

Figure 14. Stress amplitude vs. fatigue life of the three types of specimens: as-built horizontal,
machined horizontal and as-built vertical.

5. Discussion
5.1. Mechanical Properties

The hardness, elastic modulus, yield and as built tensile strength and maximum elon-
gation values achieved with ADAM technology in this work (see Table 2) are comparable
to those found in the review of Bajaj et al. [25]. For instance, 49% higher yield strength
and 19% higher tensile strength results of as built parts were obtained in horizontally
built specimens in ADAM technology compared to those obtained by Rafi et al. [26] using
Selective Laser Melting (SLM) technology and 38% higher tensile strength compared to
the study done by Gonzalez et al. [6] using another metal extrusion technology. Moreover,
both yield and tensile stresses obtained in this study are similar to the reference values of
wrought and Markforged
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Table 2. The elastic modulus, yield stress, tensile strength and maximum elongation of tested

specimens, and some literature values.

Elastic Modulus Yield Stress Tensile Maximum
(GPa) (MPa) Strength (MPa)  Elongation (%)

As built horizontal 137 + 11 851 £ 23 1125 £ 10 498 + 0.5

As built vertical a b 630 £+ 54 0.66 = 0.15

As built 45° a b 660 + 56 0.69 £ 0.06

Machined 195 + 16 842 £ 57 1146 £ 19 3.47 + 0.65

Metal Extrusion [6] 196 + 22 - 696 £ 31 4+1.12

Wrought [27] 196 760 1030 8
Markforged 152 710 1180 7

Reference Values [16]

a Non-linear shape of Strain-Stress curve. b Failure in elastic region (see Figure 13). - No provided value.

The mechanical properties obtained in the tensile tests (see Table 2) show that they
significantly vary depending on the building strategy. In fact, the rupture stress of the
samples manufactured horizontally was almost two times higher than that of the samples
produced in vertical orientation and at an angle of 45°. Furthermore, the maximum
elongation reached by samples manufactured in a horizontal direction was acceptable (but
significantly lower than the reference values of wrought and Markforged), while the two
other tested orientations showed a maximum elongation below <1%. Figure 15 shows
the infill microstructure of the cross-section of vertical and horizontal specimens, after a
chemical treatment carried out in a solution of HCl (100 mL), CuCl, (5.0 g), and ethanol
(100.0 mL) at room temperature. As can be observed, there is no significant difference
between them. Therefore, these poor properties of the samples produced in vertical
orientation are due to the poor adhesion between layers. In the fractography image of a
tested fatigue specimen shown in Figure 16b, it is possible to easily identify the deposition
path. This proves the low level of atomic diffusion achieved in layer boundaries, which
causes the bad adhesion between layers and the minimum elongation at fracture. This
behavior is not surprising, as it was reported by Abe et al. [11].
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Figure 15. Cross-section of tensile specimens. (a) As built vertical. (b) As built horizontal, obtained
with the SEM after chemical attack.

Considering the effect of post-processing (turning) on static mechanical properties (see
Table 2), significant improvement was achieved in the elastic modulus, obtaining similar
values to those found in the literature. However, no remarkable difference was found in
yield stress and tensile strength. In fact, a slight diminution of maximum elongation was
observed. This could be due to the fact that contour layer was completely removed during
the turning, which could accommodate more deformation than the infilled region. This
was found to be more significant than the improvement in surface roughness.
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Figure 16. Images of the fractures of samples tested at a stress amplitude of 255 MPa. (a) As built
horizontally. (b)As built vertically. (c) Machined.

5.2. Fatigue Behavior

As mentioned in the introduction, several works have been recently published ana-
lyzing the fatigue behavior of SLM and EBM parts [28-30]. They reported that the fatigue
behavior of parts manufactured by AM technologies is very sensitive to building orien-
tation, heat treatment and surface quality. The results obtained in this paper show that
ADAM parts follow the same trend.

The fatigue strength of specimens built in horizontal configuration obtained on average
61,355 cycles when applying a stress amplitude of 255 MPa (see Figure 14). By contrast,
the specimens manufactured in the vertical direction showed a very poor fatigue behavior,
reaching on average 3062 cycles at the same load level. These results confirm the high
dependency of fatigue and mechanical properties on the building orientation.

As mentioned in the previous subsection, the cross section of samples produced in a
vertical orientation (see Figure 9) evidenced a lack of fused material, which consequently
led to low mechanical properties. The same problem was reported by Mower and Long [31]
in specimens produced by Direct Metal Laser Sintering (DMLS).

Figure 16 shows examples of fractures of samples broken in the fatigue tests. It can
be clearly seen that the microstructure of the cross section of the samples manufactured
in horizontal and vertical directions is completely different. In horizontal samples, both
in as built and machined cases, the crack propagation front can be clearly observed. The
fracture of horizontally built samples showed two different regions: the crack propagation
region with a more brittle fracture appearance, and the final breakage of the sample with
evidence of plastic deformation, especially near the contour of the sample. However, in the
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vertical samples, no trace of such crack propagation was found, proving the mentioned
lack of fusion between layers.

In both as built and machined horizontal samples, crack initiation occurred at the top
surface of the specimen (the side of the specimen further from the raft when printing), and
therefore the weakest point of the sample is related to the manufacturing process. The
main reason is the geometrical distortion/deformation induced during manufacturing
of specimens by ADAM technology (due to the temperature gradients that take place).
During the deposition in the manufacturing process, the specimens’ ends lifted from the
built platform, and consequently slightly bent the specimen. Although the amount of
distortion was acceptable, when mounting the specimen in the fatigue testing machine,
the specimen is straightened inducing initial tensile stresses within the top region of the
specimen and compressive stresses within the bottom region. As a consequence of these
higher tensile initial residual stresses, the crack initiation and propagation accelerated
near the top surface. Additionally, the contour layer thickness could also affect the crack
propagation near the top surface. Two main reasons caused the top surface part to be
the weakest point of the specimen: (i) The contour layer thickness is minimum in the top
region. In the discussion of tensile test results of horizontal specimens, it was suggested
that the contour layer could accommodate more deformation than the infill region, which
is more brittle. Consequently, where the contour layer thickness is minimum, the initial
crack more quickly reaches the infill region, and then the crack propagates more quickly,
due to its brittle nature. Although the fatigue strength of samples manufactured in the
horizontal orientation was significantly higher than those produced in the vertical direction,
the value is low (below the 10% of the yield stress). There are different factors affecting this
strength: (i) The low ductility, <5% maximum elongation in the tensile tests, is responsible
for promoting and accelerating cracks, and (ii) the high surface roughness. In fact, this
novel AM produced a rough surface (Ra = 10 um at best), which act as stress riser on
the surface and accelerates crack initiation. The fractographies are shown in Figure 15a,c,
evidence that the cracks were nucleated at the surface, and therefore the surface roughness
also plays a major role in the fatigue behavior.

Within this context, machined specimens, which had a significantly lower surface
roughness (Ra = 0.33 um), showed a significantly improved fatigue behavior. As can
be seen in Figure 17, on average, machined parts had two times higher fatigue life at
425 MPa stress amplitude and four times higher at 255 MPa stress amplitude than as built
horizontal specimens. It should be noted that the cracks in the machined samples were also
nucleated near the surface (see Figure 15b), but this took longer. Therefore, we conclude
that development of post-processing operations will be crucial to improve the fatigue
performance of parts produced by the novel ADAM technology.

500
450

® As Built Horizontal

@ oA A Machined Horizontal
400 1

350 b
300 b
250 . A
200 |

Stress amplitude [MPa]

O
S

Run-out
100 o >
50 f

0 . .
10,000 100,000 1,000,000 10,000,000
Log N

Figure 17. Effect of machining on the fatigue performance of samples built in the horizontal orientation.
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The mechanical properties of parts produced by ADAM technology can still be improved.
By comparing different research works which measured relative density and mechanical
properties, it is clear the tight relationship between them. The higher the relative density, the
better the mechanical properties. The obtained value of roughly 96% is not good enough
to prevent the presence of cavities similar to those shown in Figure 9. Further research is
required, principally optimizing the printing stage of the novel ADAM technology.

6. Conclusions

This paper has studied the properties of the effect of process parameters on the relative
density, mechanical properties (yield and tensile strength, maximum elongation), hardness,
surface roughness and particularly fatigue behavior of 17-4 PH SS printed parts. The main
conclusions are:

e  The novel ADAM technology can manufacture parts successfully with comparable
mechanical property values to other AM technologies.

e  Surface roughness was measured and it was observed that it is plane angle dependent,

best results being obtained at 0°, 60° and 90°. However, for most commercial parts, a
post-process might be required to achieve an appropriate surface finishing.
In contrast, no significant variation of hardness was observed in different plan angles.
The highest tensile strength and ductility were found in horizontal build orientation
specimens as reported in other AM technologies. Specimens manufactured with a
45° and vertical orientation achieved only half the value in tensile strength and seven
times lower elongation, due to the bad adhesion between layers.

e  The behavior of fatigue was also significantly affected by the building orientation. As
in other AM technologies, the highest fatigue strength was found in horizontal build
orientation specimens.

e  All cracks were initiated near the surface in the fatigue tests. The fact that machined
parts, with smooth surfaces, increased the fatigue life on average two to four times at
the tested stress range shows that surface roughness is a major variable affecting the
fatigue performance of parts produced by ADAM technology. This also suggests that
post-process operations will be key to the manufacture of parts with enhanced fatigue
properties

e  The characteristics of ADAM technology make the top part of the fatigue specimens
the weakest due to the influence of geometrical distortions and a thinner contour layer
at the top compared to the sides of the specimen.

e In spite of the fact that a higher number of cavities was observed in the contour layer,
removing it by a post-process like a turning process does not significantly improve the
mechanical behavior of a part; indeed, it seems that this could be counterproductive.

e  However, poor relative density values were achieved. An optimization of the printing
stage is expected to produce parts with higher density values. Consequently, an
improvement in relative density will increase its mechanical and fatigue behavior.
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