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ARTICLE INFO ABSTRACT

The geometry and material properties of additively manufactured (AM) parts are closely related in a way that
any alteration in geometry of the part will change the underlying manufacturing strategy. This in turn, affects
the microstructure and consequently, the mechanical behavior of material. This paper aims to evaluate the effect
of the AM part’s thickness and geometry on microstructure, surface roughness, and mechanical properties under
quasi-static and fatigue loading conditions by performing experimental tests. A series of Ti-6Al-4V specimens
with three different thicknesses and two different geometries were fabricated using electron beam melting
(EBM). The results of microstructural analyses revealed that specimens with lower build thickness experience
finer grain size, higher microhardness, and lower elongation at failure. Although the microstructure of the
produced parts was strongly affected by the build thickness, different surface to volume ratios eliminated the
effect of microstructural differences and governed the fatigue properties of the parts. The size effect on the
microstructural features, geometrical appearance, mechanical properties of the AM parts should be considered
for the design and failure analysis of complex structures.
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1. Introduction

Additive Manufacturing (AM) technology allows direct conversion
of digital unprecedented complex designs into physical products within
one completely autonomous production step while avoiding setup time
and the use of tools. This technology has significantly evolved, from
prototyping to production and repairing of functional industrial parts
for service [1-3]. Despite the ability of AM technology in fabrication of
geometrically complex components, the material properties of the
produced AM parts are closely associated with the input geometry.
Different geometries or scales of the given geometry change the way
that the AM machine performs its building routine, affecting the
printing strategy and, ultimately, the microstructure and mechanical
properties of the resulting solid [4]. On the other hand, depending on
the underlying manufacturing strategy, anisotropy, presence of residual
stresses, geometrical imperfections, and poor surface conditions are
commonly reported for AM parts, which can be largely eliminated using
different post-processing techniques [5-9]. For metals, two main cate-
gories of AM technologies have been developed, namely Powder Bed
Fusion (PBF) [10] (e.g. Selective Laser Melting (SLM), Direct Metal
Laser Sintering (DMLS), and Electron Beam Melting (EBM)) and Direct
Energy Deposition (DED) [11] (e.g. Laser Engineered Net Shaping
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(LENS), Directed Light Fabrication (DLF), Direct Metal Deposition
(DMD), and Laser Cladding (LC)).

The Electron Beam Melting (EBM) technique developed by Arcam
employs an electron beam as energy source to melt the metal powder in
a high vacuum chamber at elevated temperatures (~650—700 °C) to
preserve the chemical characteristics of the build material and to pro-
duce components with negligible residual stresses and free from mar-
tensite phases [12]. The components produced by EBM are currently
being used in orthopedic implants, aerospace parts, marine applica-
tions, and gas turbines [13,14]. The standard materials produced by
EBM are titanium alloy Ti-6Al-4V, titanium alloy Ti-6Al-4V ELI, tita-
nium grade 2, ASRM F75 cobalt-chrome, and Inconel 718; among
which, Ti-6A1-4V has been widely used due to its high specific strength,
fatigue strength, and corrosion resistance. The EBM Ti-6Al-4V parts
were reported to have fine needle-like a phase separated by the  phase
[12,15-17], resulting in superior static tensile properties compared to
the cast material and comparable properties with the wrought ones
[18]. Unlike the common fully martensitic microstructure of Ti-6Al-4V
parts printed by laser PBF technologies, where a standard heat treat-
ment is commonly required to reach the proper microstructure and
mechanical properties [19], the EBM parts usually have fine a +
microstructure (e.g., colony and basket-weave morphology), which
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results in the superior mechanical properties of these parts. In this case,
performing standard heat treatments such as sub-B-transus or super f3-
trans does not significantly improve the mechanical properties [20].
Numerous studies have been performed on the effect of process para-
meters [21] and geometrical aspects of the printed part (such as height
[18,22] and thickness [22-26]) on the microstructural features of EBM
Ti-6Al-4V. The previous studies on the build thickness dependent mi-
crostructure of EBM Ti-6A1-4V show that higher simulated temperature
profile in thicker EBM samples compared to the thin samples results in
larger grain size [22-26]. In recent research on the EBM-built Ti-6Al-4V
turbine component, Wang et al. [27] reported that a finer micro-
structure exists in the blade region as compared to the block region of
the turbine due to higher cooling rate attributed to lower thermal input
in this thin region.

Since the AM technology is commonly being employed for the
fabrication of complex geometries, an essential task would be to study
the sensitivity of the printed material to the presence of geometrical
discontinuities in the design. Some recently published works have
studied the notch fatigue behavior of AM Ti-6Al-4V by considering the
effect of surface roughness and internal defects of the test specimens
and by correlating these two with the final fatigue life of the tested
specimens [28-32].

Generally speaking, the knowledge and prediction of the overall
mechanical performance of EBM parts still encounter scrutiny and will
depend on various factors such as the microstructure of printed mate-
rial, surface condition, and statistics of the internal defects. These fac-
tors are thought to be dependent on the input geometry of the part. In
the design of complex industrial and biomedical components, the pre-
sence of non-uniform section thickness and geometrical discontinuities
such as notches are unavoidable. Consequently, the AM parts typically
have a gradient of different microstructural features, surface roughness,
and internal defects. To the best of authors’ knowledge, the effect of
geometry and size on the fatigue behavior of EBM has yet to be studied.
Hence, this research aims to contribute to the fundamental under-
standing of the build thickness effect on microstructural features and
mechanical performance of EBM Ti-6Al-4V specimens under quasi-
static and fatigue loading conditions.

Two sets of specimens, namely unnotched and notched with three
different thicknesses were considered for the experimental studies.
Since the test specimens have different thicknesses, the in-fill hatching
time would be different, resulting in different thermal histories and
consequently different microstructures. In the first part of the article,
the employed manufacturing process for the EBM specimens is de-
scribed, followed by the resulting microstructures of specimens with
different thicknesses. Lastly, the quasi-static and fatigue test results of
unnotched and notched EBM specimens are presented, and the me-
chanical behaviors of different tested specimens are correlated to the
microstructural features, and surface condition of the printed speci-
mens.

2. Materials and methods
2.1. Specimens fabrication

The test specimens were fabricated in an Arcam Q20 with 3000 W
maximum power of electron gun, hatch line offset of 220 pm, layer
height of 90 um, and two circumferential contours using gas atomized
Ti-6Al-4V (grade 5) powder with a size distribution of 40-105 pm. Six
different sets of test specimens with two plane geometries (i.e., un-
notched and notched) and three different thicknesses were fabricated
vertically (along Z axis). The schematic geometry of the test specimens
is given in Fig. 1. No post-treatment, including heat treatment and
surface treatment was performed on the EBM specimens.
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2.2. Metallography

EBM samples were sectioned horizontally and vertically along the
centerline to analyze the microstructure. The samples were then hot-
mounted in PolyFast, ground (final grinding step: 4000 grit), polished
using Akasel water-free polycrystalline diamond suspension (final pol-
ishing step: 0.25 um), final polished using Struers 50 nm colloidal silica
suspension, and etched using Kroll’s reagent, an etching solution con-
taining 3 mL HF, 6 mL HNO3 and 100 mL distilled water (ASTM E407-
07). After etching the Ti-6Al-4V samples with the mentioned etchant,
the a grains would be revealed with bright color, while the B grains
would have a darker shade under an optical microscope. The micro-
structures of the etched samples were observed using an optical mi-
croscope (Olympus, BX53MRF-S, Tokyo, Japan).

2.3. Surface roughness measurement

The surface morphology and roughness of specimens were eval-
uated using an Alicona Infinite Focus Microscope (IFM) (Graz, Austria).
This non-contact microscope uses optical light as the medium for
roughness measurements. The available objectives vary from 2.5X to
100 X magnifications and a vertical resolution of up to 10 nm can be
obtained at 100 X magnification [33]. The surface analyses were per-
formed by setting the proper parameters according to EN ISO 4287
standard. In order to evaluate the effect of overhang, in the notched
specimens, two specimens were considered for each thickness and
roughness measurements were carried out on three locations on the
upward and downward faces of the notch together with the side surface
of the specimens. The arithmetic average of the surface roughness
profile, R,, and maximum peak to valley height of the roughness pro-
file, R;, were obtained for each series. Additional scanning electron
microscope (SEM) (FEI, Quanta™ 650 FEG, Oregon, USA) analyses were
performed on the notched specimens to study their surface morphology.

2.4. Microhardness measurement

Microhardness tests were conducted by indenting polished cross-
sections of the specimens using a load of 300gf and dwell time of 15 s
using a Mitutoyo micro Vickers hardness tester (Kawasaki, Japan). In
order to obtain the variation of the microhardness values along the
thickness of the specimens, the indents were made along four parallel
paths through the thickness from the surface towards the nominal mid
thickness of the specimens.

2.5. Tensile strength test

Monotonic tensile tests were carried out on unnotched and notched
specimens with three different thicknesses, each consisting of three
specimens. The specimens were tested using an MTS landmark servo-
hydraulic test machine (Minnesota, USA) with a load cell capacity of 50
kN at a displacement rate of 1 mm/min. The elongation of the test
specimen during the test was measured using an MTS extensometer
with gage length of 5 mm attached to the surface of the specimens.

2.6. Fatigue test and fractography analysis

Uniaxial fatigue tests were performed using the same test machine
under load control with a frequency of 30 Hz and a loading ratio of R =
0. In order to obtain the stress-fatigue life diagrams of different EBM
specimens, an average of twelve specimens was tested for each testing
case. Specimens that withstood at 2 X 10° cycles were considered as
run-out. Probability of failure bands of 10, 50, and 90 % were plotted to
obtain the inverse slope, k and scatter index, T, (the ratio between the
stress level corresponding to 10 % and 90 % of survival probability) of
the fatigue data. SEM analysis was used to study the failure mechanisms
of the material after testing.
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Fig. 1. Geometrical dimensions of the test specimens, (a) unnotched specimens, (b) notched specimens (unit: mm).

Considering the rough surface of as-built EBM specimens, the sur-
face roughness introduces an error in calculation of section area of the
specimen. Assuming a constant surface roughness for the specimens of
different build thickness, the difference between the real applied stress
and the nominal stress calculated based on design dimensions would
increase by decreasing the build thickness resulting in higher applied
stresses to the low thickness specimens. Special attention was paid in
this research to present the quasi-static and fatigue properties based on
real cross section of the specimens.

The SEM images were processed using ImageJ software to accu-
rately measure the fracture surfaces of the failed specimens and
therefore have a more precise measurement of the cross section for
stress calculations. A representative illustration of the real cross section
is provided as supplementary data. Alternative methods [34,35] have
been used by researchers to calculate the load-bearing cross section
area. It is worth mentioning that due to very high surface roughness of
EBM specimens, the use of these techniques would eliminate a large
portion of cross section resulting in unreasonably large tensile
strengths.

3. Results
3.1. Microstructure

The microstructures of EBM samples in different longitudinal planes
(i.e., XZ and YZ) and the transversal plane (i.e., XY) obtained from
optical microscopy are shown in Fig. 2. The optical images in Fig. 2b
and c illustrate the columnar microstructure of EBM samples with the
prior beta grains elongated along the built direction. Higher magnitude
observation in Fig. 3 reveals the notable inhomogeneous microstructure
of EBM specimens. The three main microstructures, namely lamellar
and basketweave a + [} grains and equiaxed a grains were observed in
the evaluated samples (see Fig. 3).

Fig. 4 displays a comparative view of different microstructures in
the specimens with various thicknesses. Due to identical micro-
structures of notched and unnotched specimens of the same thickness in
the net section, the presented results were chosen only from unnotched
specimens. According to the optical images, the lamellar grains mainly
exist around the boundary of the prior beta grains, while the basket-
weave and equiaxed grains were mostly observed in the inner region of
the prior grains. By increasing the thickness of EBM specimens from 1
mm to 5 mm, the width and the length of o lamellae tend to increase. In
this case, lamellar features were also observed among the basketweave
microstructures. The same tendency was also observed for the equiaxed
alfa grains within the parent grain. Following the thickness increase
from 3 mm to 5 mm, larger microstructures were observed in thicker

samples. In this case, the largest grains from optical images are illu-
strated in Fig. 4c. To better present the variation of microstructure size
in different specimens, image analyses were performed on the obtained
microstructures by use of ImageJ software and the width of the a lath
were obtained from the analyses. The a lath width measurements
supported the previous qualitative observation by revealing the median
values of 1.9, 1.3, and 0.7 um for the a lath width in the specimens with
5, 3 and 1 mm build thickness.

3.2. Surface roughness

Due to direct use of AM parts in some fields, such as biomedical
applications, these parts are mostly used with as-built condition. The
rough surface of the EBM specimen facilitates the bone growth and
would result in better acceptance of the prosthesis by human body. It is
then of great importance to explore whether the build thickness or the
geometry of the part has an impact on the roughness and geometrical
appearance of the resulting part.

The surface morphology of the upward, notch root, and downward
faces of the notched specimens were evaluated using SEM. Fig. 5 re-
presents different faces of the notched region in a specimen with 3 mm
thickness. Downward face (also known as overhang face) refers to di-
agonal surfaces having the vertical component of the surface normal in
the opposite direction of the build direction. While upward face refers
to surfaces where the vertical component of the surface normal is in the
same direction as the build progression. A comparative illustration of
the surface condition in notched specimens with different build thick-
nesses is shown in Fig. 6.

Fig. 7 represents the surface roughness values obtained from the
notched specimens with different build thicknesses. According to the
surface morphology and surface roughness results, increasing the build
thickness of the specimens resulted in lower surface roughness on the
three studied faces. Unlike the apparent trend of roughness variation
between different specimens, the downward surface of specimens with
1 mm build thickness showed lower surface roughness value compared
to the other geometries and other faces of the same specimen. For the
specimens with 3 mm and 5 mm build thickness, the downward faces
had the highest R, and a higher number of partially fused powder
particles compared to the upward faces, which can affect the geometry
of micro-notches on the surface. This high surface roughness on the
downward faces may have limited effect on the failure location of the
notched specimens in this research. However, in specific cases where
the global notch induces lower stress concentration, the presence of
deep micro-notches on the notch faces can result in unexpected failure
from the notch faces instead of the notch root. The average surface
roughness values of the EBM notch specimens are presented in Table 1.
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Fig. 2. Microstructure pattern of columnar prior (3 grains in different sections perpendicular (a) and parallel (b,c) to the build direction (Z axis).

3.3. Microhardness

The results of microhardness tests are presented in Fig. 8 for the
specimens printed with different thicknesses. According to the experi-
mental data, the EBM samples represent an almost constant trend of
microhardness through the depth with an average microhardness value
of 413, 391, and 386 for the specimens with 1, 3, and 5 mm thickness,
respectively. The microhardness values of the evaluated samples are
thought to be directly related to the size of microstructural features
resulting in the highest microhardness value for the 1 mm samples with
the finest grain size [36]. It is worth mentioning that all EBM samples
exhibited higher microhardness values compared to Ti-6Al-4V manu-
factured by conventional techniques having a microhardness of 358
[37] (respectively about 15 %, 9%, and 8% higher for the specimens
with 1, 3, and 5 mm thickness).

3.4. Tensile test

Fig. 9 compares the representative stress-strain curves obtained
from different series of test specimens. The average tensile properties of
the three tested specimens for each case are presented in Table 2. The
quasi-static test results of unnotched specimens confirm that the smaller
build thickness results in considerably lower elongation at failure in
addition to the slightly higher tensile strength of the part. This is in line
with the available data in literature on tensile properties of EBM parts
(see Table 3). It is worth mentioning that the tensile strengths of the
tested specimens are in the same range as reported by Arcam company
[45]. However, the value reported by Arcam for elongation at failure of

EBM Ti-6Al-4V is only close to the specimens with build thickness of 5
mm.

The notched specimens experienced almost similar tensile behavior.
In order to have a better understanding of the stress triaxiality effect in
the notched specimens, a set of numerical analysis was conducted on
the different unnotched and notched specimens. Details of the numer-
ical analysis are presented in Appendix A. According to the numerical
results, variation of build thickness in the unnotched specimens has no
significant effect on the triaxiality value. In this case, maximum
triaxiality values (obtained in the mid-thickness) of 0.333, 0.334, and
0.335 were obtained for the parts with 1, 3, and 5 mm thickness.
However, a noticeable effect of build thickness on stress triaxiality was
observed in the notched parts, having the lowest and highest values of
0.348 and 0.416 for 1 mm and 5 mm specimens. Fig. 10 illustrates the
variation of stress triaxiality in the studied geometries. Due to the
higher stress triaxiality value in the thicker specimens (approximately
20 %), the notch strengthening effect is significantly more pronounced
in these cases resulting in higher increase of the failure loads and higher
reduction of elongation at failure to a level close to the thin specimens
with higher strength and lower elongation at failure.

3.5. Fatigue and notch sensitivity

The fatigue test data for EBM Ti-6Al-4V specimens produced with
different thicknesses and geometries are presented in Fig. 11, and the
detailed fatigue data together with stress concentration factor and
notch reduction factor of each tested case are reported in Table 4. The
fatigue strengths of unnotched specimens at 2 x 10° cycles were 152,
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Fig. 3. Representative illustration of various microstructural features within the prior beta grains in the specimen with 3 mm thickness. The microstructural features
are shown by number; (1) a layer formed at prior beta grain boundary, (2) a lamellae formed along the prior beta grain, (3) basketweave morphology including alfa

colonies, (4) large a lamellae within the prior grain, (5) equiaxed alfa grains.

149, and 129 MPa for different thicknesses of 5, 3, and 1 mm. While in
the case of notched specimens, fatigue strengths of 103, 101, and 85
MPa were obtained for 5, 3, and 1 mm thicknesses. As expected, the
fatigue strengths of notched specimens were lower than those of un-
notched specimens with the same thickness. In both cases, the fatigue
strength was reduced by reducing the build thickness having the lowest
value for 1 mm thick specimens.

According to the experimental data in Fig. 11 and Table 4, the
scatter index, T, of the notched specimens is lower than the unnotched
specimens with identical thickness. On the other hand, the specimens
with 1 mm thickness have the highest scatter index, T, (1.38 for un-
notched specimens, and 1.28 for notched specimens), while the scatter
values of the specimens of 3 and 5 mm thickness with the same geo-
metry were comparable. In all cases, as a result of presence of geome-
trical discontinuities the inverse slope of notched specimens were lower
than that of the unnotched specimens, showing a steeper slope of S-N
data.

The numerical results obtained from finite element analysis (as
described in Appendix A) were used to calculate the stress concentra-
tion factors, K; and eventually the notch sensitivity, q of the specimens.
The stress concentration factor was considered as a ratio of maximum
axial stress at the notch tip divided by the stress at net section. The K,
values obtained from mid-thickness of models are given in Table 4. The
fatigue notch factor, K was experimentally obtained by diving the fa-
tigue limit of unnotched specimens to that of the notched specimens
(i.e. Ky = Aosoy | unnotched/Aacsyq| notched). By substituting of the stress
concentration factors and fatigue notch factors in g = (K; — 1)/(K; — 1),

the notch sensitivity can be calculated. According to this formula, ¢ = 1
represents a material fully sensitive to presence of notch, while for a
material insensitive to presence of notch, ¢ = 0, giving Ky = 1 (i.e.
Adsyq | unnotched = Adgsyq,| notched).

According to the experimental results, the specimens with 1 mm
thickness experienced the highest notch sensitivity value of ¢ = 0.39,
which is slightly higher than the values obtained from the specimens of
3 and 5 mm thickness.

3.6. Fractography analysis

Fractography was performed on the fatigue tested specimens to
evaluate possible differences in failure mechanisms between the spe-
cimens with different geometries. Fig. 12 represents the typical fracture
surface resulted from fatigue failure of the part. Three distinct crack
growth stages are indicated in Fig. 12, starting with the initial stable
crack growth (shown with red arrow), quasi-stable crack growth
(shown with white arrow), and final unstable crack growth followed by
ductile failure (shown with black arrow). The fatigue cracks in EBM
specimens were starting from the micro-notches on the surface (see
Fig. 5) and propagating through the section of the specimens. De-
pending on the depth and the notch acuity of the micro-notch, the fa-
tigue failure was starting from different locations along the specimens’
surface. This stage of crack growth was identified by microstructural
dependent micro features having a combination of intergranular and
transgranular crack growth along the a + [ grains (see Fig. 12b). These
specific failure mechanisms resulted in a tortuous surface with an
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Fig. 4. Comparative illustration of (I) lamellar, (II) basketweave, and (III) large alfa grains in the specimens with (a) 1 mm thickness, (b) 3 mm thickness, and (c) 5

mm thickness. (Scale bar =10 pm).

observable pattern of microstructures (basketweave and lamella). The
quasi-stable crack growth stage followed the first stage of crack growth.
This stage of crack growth consists of stable fatigue striations together
with secondary cracks perpendicular to the crack growth plane (see
Fig. 12c¢). The traces of microstructures in this stage of crack growth
was less significant than the first stage. As the fatigue crack continued
to propagate along the section, the stability of the crack growth dete-
riorated until it resulted in the final unstable crack growth. The un-
stable crack growth was identified by very tortuous surfaces having a
combination of large fatigue striations and static failures (Fig. 12d). The
tortuous features on the fracture surface were thought to follow the
prior B grains in the material resulting in prior f intergranular failure
and secondary cracks. Further propagation of the crack led to a ductile
rupture of the material in a shear form indicated by ductile dimples on
the fracture surface (Fig. 12e).

Comparative SEM fractographs of the tested specimens are shown in
Figs. 13 and 14. Due to relatively high surface roughness of EBM spe-
cimens, fatigue cracks were initiated in all the specimens from the
surface roughness (i.e., micro-notches on the surface). The fracture
surface in all cases indicates three distinct areas of fatigue crack growth
and ductile failure, which are separated in the figures using red lines

and white dashed lines. Regardless of the thickness of the specimens,
the fatigue crack initiation in unnotched specimens was mainly from
one side of the net section propagating to the other side. Dealing with
notched specimens, in some cases, the fatigue crack initiation occurred
from both notches. In the case of specimens with 1 mm build thickness,
although the main fatigue crack was started from the side face, con-
tinuous secondary fatigue crack initiation from the front and back faces
of the specimens could be observed. This phenomenon is intensified due
to higher surface roughness and roughness to thickness ratio in these
specimens. According to Fig. 13, observable differences in the fatigue
crack growth stages can be pointed out. While all the mentioned spe-
cimens were loaded under a maximum nominal applied load of ~ 200
MPa, the stability of fatigue crack propagation tends to decrease by
decreasing the build thickness. Comparing the relative size of the stable
crack growth stage to the whole fracture surface, both unnotched and
notched specimens with 5 mm build thickness showed a broader stable
crack growth region compared to the thinner specimens. Similar fatigue
failure observations were also reported for cylindrical Ti-6Al-4V spe-
cimens produced with different diameters ranging from 3.25 to 6 mm
[34].

As reported by Baragetti [49-52], larger stress gradient in the
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Fig. 5. SEM representation of (I) downward,
(II) notch root, and (III) upward faces of the
notch in the EBM specimen with 3 mm thick-
ness. The pictures were taken from the side
view of the notched specimen (i.e., YZ plane)
showing the as-built surface condition and from
the front view of the mid-thickness cut of the
specimen (i.e., XZ plane). (Scale bar: 500 pum).

Downward
face of notch

Notch root

Upward
face of notch

Build direction
«

notched specimens results in early crack nucleation compared to their initiation of notched components under lower stress levels, however,
unnotched counterpart. They reported that although the steep stress due to lower driving force of the fatigue crack in these geometries, the
variation along the width of the specimens results in fatigue crack fatigue crack growth life is expected to be longer than the unnotched

Build direction

Fig. 6. Comparative SEM representation of (I) downward, (II) upward, and (III) side (i.e., parallel to the build direction) faces of notched region in the EBM specimen
with (a) 1 mm, (b) 3 mm, and (c¢) 5 mm build thickness. The pictures were taken perpendicular to the surface. (Scale bar: 500 pum).
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Fig. 7. Surface roughness of notched EBM specimens; (a) the arithmetic
average of the roughness profile, R,, (b) the maximum peak to valley height of
roughness profile, R,.

geometry. This is somehow consistent with relatively larger size of the
fatigue crack growth zone in the tested notched specimens.

Further investigations of fracture surface in higher magnifications
revealed that the fatigue crack initiated from the root of micro-notches
on the surface of the specimens (see Fig. 14). The presence of these
micro-notches was due to the waviness of the surface due to the layered
structure of the specimens. The morphology and texture of the fracture
surface at fatigue crack initiation location was found to be somehow
different in specimens with various build thicknesses. Since the fatigue
failure is dependent on the microstructure of the material, it can be seen
from Fig. 14 that the specimens with 1 mm thickness have finer texture
compared to the thicker specimens. Additionally, although similar re-
latively coarse fracture micro-morphologies were observed in speci-
mens with 3 mm and 5 mm thickness, however, presence of large flaky
features due to transgranular failure of the grains in specimens with 5
mm thickness was evident. The fatigue crack initiation was then fol-
lowed by propagation through the net section where the crack passes
through the columnar prior 3 grains, including lamellar and basket-
weave a + P structure. The presence of this complex microstructure
was more evident in the thicker specimens. In these specimens, larger
alfa grains leave a larger and more clear pattern on the fracture surface.
According to Fig. 14(Ill), a clear mark is illustrated showing the
boundary of prior beta grain within the material in the stable fatigue
crack growth region. The fatigue crack growth continues until the final
failure of the specimens with sudden rupture. The void coalescence
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Fig. 8. Microhardness data of EBM specimens compared with wrought mate-
rial.
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Fig. 9. Representative monotonic engineering stress-strain curves for the stu-
died geometries.

ahead of the crack tip results in appearance of ductile dimples on the
fracture surface of the ruptured area.

4. Discussion

Fatigue behavior of EBM Ti-6Al-4V specimens with different build
thicknesses and in the presence of geometrical discontinuities has been
evaluated in this study. The difference in appearance and mechanical
behavior of the studied AM parts were correlated to the initial geometry
of the part. Notch sensitivity analysis was performed using the the ex-
perimental fatigue limits of different specimen geometries.

According to the microstructure of EBM samples (see Fig. 2), se-
quential layer deposition during EBM process results in an epitaxial
grain growth through the height of the specimens leading to a columnar
prior-beta grain structure. These columnar grains can grow through
several sintered layers of powder. These prior beta grains form after
cooling and later on by further cooling turn to martensitic phases. Due
to cyclic heating of the layers by the top sintered layers and also

Table 1
Average surface roughness measurements for as-built EBM notched specimens. (unit: pm).
Build thickness (mm) Downward face Upward face Side face
R, (STDEV) R, (STDEV) R, (STDEV) R, (STDEV) R, (STDEV) R, (STDEV)
1 23.08 (1.26) 180.60 (18.12) 28.53 (2.30) 248.93 (16.13) 36.50 (1.60) 264.97 (39.33)
3 27.67 (4.35) 261.60 (60.11) 23.42 (5.91) 197.51 (48.05) 34.09 (2.11) 228.61 (17.06)
5 25.03 (3.22) 199.39 (59.79) 21.13 (3.03) 169.73 (32.67) 30.82 (3.81) 210.26 (26.25)
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Table 2
Average tensile properties of the tested specimens.
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Unnotched specimen

Notched specimen

t =5 mm t =3 mm t =1 mm t =5 mm t =3 mm t =1 mm
Tensile strength (MPa) 1046 1065 1161 1224 1219 1239
Elongation at failure (%) 12.9 8.9 3.5 1.8 1.9 2.2
because of the heat-induced by the powder bed during the EBM process, L= v (Notched)
the martensitic phases transform to the alfa phase within the prior beta A-t=3 mm (Notched)
. . . —A—t =1 mm (Notched) ADNDD AAN
grains. This consequently results in the development of a basketweave 041 4 5 t=5mm (Unnotched) ADD 4
structure within the prior beta grains and alfa colonies close to the prior - ©-t =3 mm (Unnotched) A &
beta grain boundaries (see Fig. 3). This unique microstructure with fine L g | LM (Unnotched) A oA
a + P grains results in comparable ductility of EBM parts compared to é A A o=
wrought counterpart [53]. 2 s AC i &
According to Fig. 4, a clear trend between the microstructure of § ' A\ A N
specimens with different thicknesses can be observed. Thicker speci- ey =
mens have higher mass (m), which is capable of storing more heat, mc, 035 A
(cp: specific heat capacity of the material at constant pressure). As a

result, these parts with longer scan time experience slower cooling rate
and consequently longer term annealing at a higher temperature in
comparison with the thinner parts. The slower cooling rate in thicker
part facilitates the grain growth. This grain growth was observed in
both basketweave microstructure (within the prior beta grains) and
lamellar microstructure (next to the boundaries of prior beta grains). In
the case of specimens of 3 mm and 5 mm thickness, a limited number of
large globular alfa grains were observed within the basketweave mi-
crostructure. These findings are in line with the numerical analysis of
temperature profiles in specimens of different build thickness reported
by Tan et al. [23]. They reported a faster kinetics for martensite de-
composition for thicker samples due to higher average temperature in
this samples compared to the thinner counterparts.

These distinct microstructures in EBM parts of various build thick-
ness consequently resulted in different microhardness values and tensile
properties of the material. Due to finer grains in the studied EBM spe-
cimens compared to the wrought material [37], higher microhardness
values were obtained. A comparative observation reveals that the 1 mm
thick specimen with the finest microstructure had a higher micro-
hardness value, which was around 7% higher than that of the 5 mm
thick specimen and about 15 % higher than the wrought material.

The tensile tests revealed a slightly higher tensile strength of 1 mm
thick specimens, which can be correlated to the finer grains resulted
from higher cooling rate during the manufacturing. Unlike the tensile

ﬁeﬂrﬁf%ﬁﬁr{\mﬂe

0.33

0 0.1 02 03 04 05
y/t

Fig. 10. The variation of stress triaxiality along the thickness of different test
specimens. y is the distance along the thickness, while t is the build thickness
(y/t = 0.5 represents the mid-thickness of the parts).

strength, elongation at failure of the parts of different thicknesses was
strongly dependent on the build thickness having the highest value for
the largest thickness. This can be attributed to the larger grain size of
bulk material in thicker specimens and smaller length ratio of the
micro-notch to the thickness of the specimen. Considering the tensile
behavior of notched specimens, inducing notches in thicker specimens
with higher stress triaxiality levels resulted in stronger notch
strengthening effect and consequently higher increase of load-bearing
capacity and reduction in elongation at failure.

The EBM specimens with different build thickness experience dif-
ferent thermal histories and production accuracies during the manu-
facturing which consequently can result in unsimilar microstructure
and surface morphology. One important point about the specimens with
lower thicknesses is fewer number of scan tracks in these components
resulting in lack of laser energy input, which may lead to insufficient
melting, creation of irregular morphologies and open defects on the
surface (see Fig. 6) and pore formation within the component. This can

Table 3
Comparative tensile properties of EBM specimen with the data available in literature.
Build thickness (mm) Tensile strength (MPa) Elongation at failure (%) Description
Current study 5 1046 12.9 As-built
3 1065 8.9 As-built
1 1161 3.5 As-built
Wysocki et al. [38] 15 972 14.2 As-built machined
Zhai et al. [39] = D10 1073 - 1116 11.0 - 15.0 As-built machined
Zhao et al. [40] D7 1035 13.8 As-built
Zhao et al. [40] D4 1044 14.5 As-built
Chastand et al. [41] D4 1045 10.9 As-built machined
de Formanoir et al. [42] 2 = 850 3.6 As-built
Dzugan et al. [43] 2.52 806 3.9 As-built
Zhao et al. [40] D1.2 1176 2.2 As-built
Dzugan et al. [43] 0.62 480.5 2.3 As-built
Arcam [44] - 1020 14.0 As-built
Wrought [38,45,46,47,48] - 933 - 1063 12.5 - 14
Forged [2,48] - 1006 - 1030 16.0 - 18.4 Mill anealed
Cast [47] - 875 4.5
ASTM F1108 - 860 > 8 For cast material
ASTM F1472 - 930 > 10 For wrought material
ASTM F136 - > 860 > 10 For wrought material used in surgical implant applications
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Fig. 11. Fatigue data from different specimen geometries made by EBM process tested under loading ratio of R = 0 and 30 Hz loading frequency.

Table 4

Fatigue behavior of tested Ti-6Al-4V specimens.

Geometry Thickness [mm]  Aosge,” [MPa] T, k K, K q
Unnotched 1 129 1.38 442 1.07 - -
3 149 1.21 450 1.08 - -
5 152 1.20 449 1.08 - -
Notched 1 85 1.28 373 234 1.52 0.39
3 101 1.19 432 241 1.48 0.34
5 103 1.16 429 243 1.48 0.33

2 Fatigue strength at 2 x 10° cycles.
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consequently increase the surface roughness of the specimens with
lower build thickness. The higher surface roughness results in higher
intensified stresses on the surface of the part leading to lower fatigue
crack initiation life. On the other hand, the specimens with the highest
build thickness were found to have the lowest surface roughness
making them more resistant to fatigue crack initiation compared to the
case of the same material with higher surface roughness. Additionally,
materials with larger grains have a higher resistance to fatigue crack
propagation. According to Fig. 13, it was observed that the specimens
with larger build thickness and grain size experienced longer stable
crack growth. A combination of these two points for the thicker parts
with lower surface to volume ratio and larger grain size resulted in
higher overall fatigue lives of these specimens compared to the thinner
counterparts. It should be noted that the surface to volume ratio is as an
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Fig. 12. Representative fatigue crack growth stages on the fracture surface of tested specimens.

important factor influencing the fatigue behavior [34,54,55]. In this
case, for a constant surface roughness value, reducing the build thick-
ness increases the surface to volume ratio, increasing the fatigue in-
itiation sites and consequently reduces the fatigue life of the compo-
nent.

The fatigue crack initiation in Ti-6Al-4V alloy with alpha Hexagonal
Close Packed (HCP) and beta Body Central Cubic (BCC) crystal lattice
characteristics, occurs within the alfa grains. Hence the morphology
and size of the alfa phase in the material can directly affect the fatigue
properties [56,57]. Considering the lattice structure of the HCP alfa
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phase, only a limited number of slip systems occur within this phase,
which are all parallel to each other (planes (0001) in the Miller-Bravais
system). This limited number of slip systems compared to Cubic Crystal
(CQ) structures lowers the likelihood of moving mobile dislocations in
favorable planes resulting in a lower probability of formation of in-
trusions and extrusions, which are the prominent origin of fatigue crack
initiation in the material [57]. Considering a notch geometry in the test
specimen, a fewer number of potential crack initiation sites exist in the
reduced area of a notched specimen compared to the unnotched geo-
metry. The number of these potential crack initiation sites in the notch

Fig. 13. SEM fractographs of the fatigue frac-
ture surface obtained from the tested EBM
specimens of build thickness (a) 1 mm, (b) 3
mm, (¢) 5 mm under maximum stress of 200
MPa. (I) Unnotched and (II) notched geome-
tries. Red arrows indicate the first stage of
crack growth (i.e., stable crack growth), re-
sulting in lighter surface color due to the tor-
tuous morphology. White arrows indicate the
quasi-stable crack growth with darker surface
color separated by white dashed lines from the
unstable crack growth and ductile failure stage.
(Scale bar =1 mm).
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Crack growth direction

Fig. 14. SEM fractographs of the tested EBM specimens with (a) 1 mm, (b) 3 mm, and (c) 5 mm build thickness. (I, II) fatigue crack initiation from the edge, (III)
fatigue crack propagation through the section, (IV) ductile failure surface. Traces of crack propagation through the prior beta grains are shown in b(III) and c(III) (the

black arrow shows the direction of fatigue crack propagation).

region can increase for the material with finer microstructure making
that material more sensitive to the presence of the notch and conse-
quently resulting in higher notch sensitivity of the material.

In another scenario, higher roughness and presence of surface de-
fects reduced the fatigue resistance of both unnotched and notched
specimens having the opposite effect compared to the effect of grain
size on the notch sensitivity. Overall, although higher notch sensitivity
is expected for the thinner specimens with finer grains, however, only
slightly higher notch sensitivity of 0.39 (t =1 mm) compared to 0.34 (t
=3 mm) and 0.33 (¢t =5 mm) was due to opposing effect of higher
surface to volume ratio in thin specimens. It can be argued that the
notch sensitivity values do not specifically describe the material beha-
vior but rather a combination of material properties and the geometry
of the parts. In this scenario, varying only one parameter (e.g. thickness
or microstructure) would result in better understanding of the sources
of variation in fatigue properties. This task requires further studies
where thermal post-treatment or surface machining be used to evaluate
the sole influence of surface roughness and microstructures on the
notch sensitivity of the EBM components.

Generally, two categories of global discontinuities (notch geome-
tries) and local discontinuities (i.e., defects and surface roughness) are
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available in AM materials. For the notched specimens with high stress
concentration factor, it is assumed that the global discontinuities
govern the failure. While for the specimens with low stress concentra-
tion factor, the local discontinuities can govern fatigue failure. The
stress concentration factor, the surface condition, and the number of
defects are the critical parameters in defining the governing failure
mechanisms. Considering the micro-notches on the surface of speci-
mens as crack initiation sites, there are a lower number of micro-not-
ches in the notch root area of the specimens compared to the larger
length of the reduced area in the unnotched specimens. In this case, due
to lack of a global stress concentrator (i.e., V notch) in the unnotched
specimens, the fatigue crack can initiate in a range of specimen’s height.
According to the curved shape of the reduced area in unnotched spe-
cimens, if the fatigue crack initiated in different points along the height
of the specimens for different cases, a higher scatter of the fatigue re-
sults would be obtained mainly due to variation in the section area
which varies along the height of the specimen. This larger scatter of
fatigue data for unnotched specimens can be seen in Fig. 11, regardless
of the build thickness. As mentioned earlier, lower surface roughness
values were obtained for EBM specimens with 5 mm thickness, and the
surface morphology, in this case, was more consistent between
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Upward face
of notch

specimens of this build thickness. This consistency of the surface con-
dition consequently resulted in smaller scatter bands of fatigue data in
these specimens compared to the specimens with the lowest build
thickness. Complex fatigue crack initiation and propagation mechan-
isms with multiple crack initiation sites were observed in the specimens
with 1 mm build thickness tested under fatigue loading. Fig. 15 illus-
trates the fracture surface of some EBM specimens with 1 mm thickness.
As a clear source of higher scatter in this set of specimens, two main
reasons can be pointed out. First, the presence of irregular surface de-
fects in some of the specimens (see Fig. 15), resulting in lower fatigue
life and failure from a plane other than the mid-plane of the specimen.
Second, multiple crack initiation from several faces (side and front) and
the interaction of these cracks results in a more complex failure in the
part, making the fatigue life dependent on the configuration of the
micro-notches, which are the sources of crack initiation in the speci-
mens. In all cases, the largest micro-notches were the competing loca-
tion for the fatigue crack to start from. The presence of deep micro-
notches on the front face of some of the specimens with 1 mm thickness
was thought to be the reason for fatigue crack initiation from this lo-
cation.

Dealing with fatigue failure location in the EBM parts, one can
consider surface roughness as a key parameter. The notched specimens
with the overhang surface showed anisotropic surface roughness,
having large micro-notches on the downward face (see Fig. 5) and
smaller but sharper micro-notches on the upward face of the specimen.
The fatigue crack tends to start from the micro-notch with the highest
notch acuity. Depending on the geometry of the micro-notches on the
downward, notch root, and upward faces, different failure locations
along the height of the notch specimens were observed in the specimen,
with the majority of them starting from the notch root. No clear de-
pendency of the fatigue crack initiation on the build thickness was
observed in the tested specimens.

According to the fractography results, in all tested specimens with
different geometries, the fatigue crack was starting from surface
roughness following a microstructure dependent phase of crack growth
(stable crack growth), quasi-stable crack growth, unstable crack
growth, and final ductile rupture. Overall, the fatigue crack interaction
with columnar beta grain boundaries contributed to the patterned
morphologies on the fracture surface, leading to more roughness in-
duced closure effects during fatigue crack propagation. A similar ob-
servation was reported previously indicating a typical acceleration and
retardation in fatigue crack growth rate of AM materials [56].

Fig. 16 illustrates a comparative representation of fatigue behavior
of Ti-6Al-4V produced by EBM and conventional methods. The fatigue
data in this figure are presented as effective stress, o versus number
cycles. The concept of effective stress was first introduced by Li et al.
[58] and it was used to directly compare fatigue data from different
sources. Different fatigue studies usually use a wide range of stress
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Fig. 15. SEM fractographs of the tested EBM
specimens with 1 mm build thickness. (a)
Failure from a deep inclusion on the front face
of the unnotched specimen. Failure, in this
case, has not happened in the mid-height of the
specimen resulting in a larger fracture surface.
(b) Failure from the side and the front face of
an unnotched specimen. The deepest micro-
notches on the side (in pink) and front (in red)
faces were the initiation locations. (c) Failure
from both sides in a notched specimen. Fatigue
failure started from the lower region of the
notch (upward face) on one side and notch root
on the other side. The final fracture follows a
shear plane connecting these two crack planes.
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Fig. 16. Comparative fatigue behavior of unnotched EBM specimens (tenden-
cies extracted from [62]).

ratios, R for fatigue testing. According to the effective stress model,
fatigue data under various stress ratios can be normalized into a single
fatigue plot using the following equation:

1-R )023

Ceff = Umax( 5

(€9
This model, however, does not consider the effect of loading fre-
quency. Frequency effects are normally sensible over orders of magni-
tude difference in frequency [59-61]. Nevertheless, since the majority
of available fatigue data in literature are within a frequency range of
20—120 Hz, limited effect of loading frequency is expected [62].

According to Fig. 16, the fatigue data of current research lies within
the data range from previous studies. As expected, EBM parts with as-
built surface condition show considerably lower fatigue strength com-
pared to the parts produced by conventional techniques. This sig-
nificant fatigue strength reduction (up to 75 %) is mainly due to high
surface roughness value of EBM parts being in a range of R, = 25—131
um [63,64]. Regardless of geometry and dimensions of AM parts, pro-
cess parameters play a major role in surface roughness of produced
components. Process conditions for reduction of surface roughness in-
clude reduced layer thickness and powder size [65-67] and application
of optimized contour scanning [68].

Although the high surface roughness of EBM parts is preferred for
osseointegration in biomedical applications [67], presence of sharp
micro-notches on the surface is detrimental in case of cyclic loading.
Various techniques such as surface machining [41], laser ablation [67],
rotary ultrasonic machining [69], chemical etching [70] have been
proposed in the literature to improve the fatigue performance of EBM
parts. Each of these techniques can potentially improve the fatigue
strength to a level comparable to the wrought counterpart [71]. How-
ever, their application can be limited by cost, geometric considerations,
increased build time, and post-processing [62]. As shown in Fig. 16,
surface machining improves the fatigue behavior, however, the fatigue
performance of machined parts are still far from the reported values for
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conventional material. This is mainly due to residual sharp notches and
defects on the surface of the machined AM parts [62,72,73]. Hot Iso-
static Pressing (HIP) on the other side, is a post-processing technique
that is recommended for reducing the internal porosity of EBM com-
ponents. This technique significantly improves fatigue strength of EBM
parts which have been surface machined [74-76]. The dependency of
efficiency of the mentioned post-processing techniques is believed to be
dependent on the geometry and size of EBM parts. Hence, further stu-
dies should be conducted to accurately investigate this matter.

According to the experimental observations reported in this re-
search, the appearance and consequently mechanical behavior of EBM
specimens under quasi-static and fatigue loading conditions is depen-
dent on the thickness and geometry of the required part. Although a
trend of variation in different material properties was observed, how-
ever, predicting the microstructural characteristics and the geometrical
accuracy of EBM parts and the level of their dependence on the scale,
geometry and process parameters is still to be studied.

5. Summary and conclusions

The current research aimed to evaluate the build thickness effect
and effect of the presence of geometrical discontinuities on the me-
chanical properties of EBM Ti-6Al-4V under quasi-static and fatigue
loading conditions. Based on the experimental results analyses pre-
sented, the following conclusions can be drawn:

1) The grain size in EBM specimens was observed to be dependent on
the build thickness having the larger value in the specimens with the
highest thickness. This was attributed to the lower cooling rate in
the thicker specimens of 5 and 3 mm which allows continuous
growth of the grains resulting in considerably larger grain size of 1.9
and 1.3 pm compared to fine microstructures of 0.7 pm observed for
the specimens of 1 mm thickness.

2) The lower build thickness of EBM parts resulted in higher surface
roughness, which can be due to a smaller number of tracks on the
section of the parts resulting in insufficient melting, creation of ir-
regular morphologies and open defects on the surface and pore
formation within the component.

3) The experimental results show that elongation at failure sig-
nificantly increased by ~ 270% with the increase in build thickness.
The higher ductility of the thicker parts of 5 mm thickness was at-
tributed to the larger grain size, resulting also in ~ 7% lower mi-
crohardness compare to the specimens with 1 mm build thickness.
The numerical results revealed ~ 20% larger stress triaxiality in 5
mm thick notched specimens compared to the ones with 1 mm build
thickness. This higher ductility together with higher stress triaxiality
intensified the notch strengthening effect and leads to an increase of
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~ 150% and ~ 130% in tensile strength enhancement and reduction
of elongation at failure with increase in the build thickness.

4) The effect of surface roughness on high cycle fatigue behavior of
specimens with smaller thickness was found to be more significant.
Lower fatigue strength of thinner specimens was ascribed to the
higher surface to volume ratio, higher surface roughness and ran-
domly distributed deep micro-notches on the surface. The very
rough surface of thinner specimens composes a larger portion of
total cross section (due to high ratio of micro-notche depth to
thickness). This effect together with the higher strength of thin
specimens intensifies the effect of surface roughness on fatigue re-
sistance and results in lower fatigue lives in this specimens.

5) In the case of notched specimens, two aspects can lead to the notch
sensitivity of the materials; micromechanical aspect and geometry
aspect (i.e., surface roughness). From the micromechanical aspect,
thinner specimens with finer grains experience higher occurrence
possibility of persistent slip bands in the small volume in the vicinity
of the notch tip resulting in higher notch sensitivity compared to the
thicker parts with coarser microstructure. On the other side, the
presence of micro-notches on the surface of both unnotched and
notched specimens reduces the fatigue notch factor and conse-
quently results in lower notch sensitivity. Considering the studied
cases, slightly higher notch sensitivity was observed in the speci-
mens of 1 mm thickness, revealing the surface roughness as the
dominant factor in notch fatigue behavior of these specimens.
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Three-dimensional finite element analyses were performed on the models with different geometries using ABAQUS 2017 software. The elastic
modulus of E = 110 GPa and the Poisson’s ratio of v = 0.34 were considered for finite element modeling. Due to the symmetry of the test specimens,
only one-eighth of the geometry was modeled by considering triple symmetric boundary conditions along the width, length, and thickness of the
model. Unit negative pressure was applied to the gross section of the models to evaluate the stress variation and stress triaxiality. The 20-node
quadratic brick elements (C3D20R) were used for three-dimensional stress analysis. As illustrated in Fig. A1, higher mesh density was used near the
notch root to improve the accuracy of the results. A mesh convergence study was also undertaken to ensure that a proper element size was used for
model discretization by considering the von Mises stress as the key parameter in the convergence analysis. Getting away from the notch region with
an element size of 100 pum, the element size was coarsened to 2 mm.

Due to the comparative aim of the finite element analysis, the material heterogeneity and the effect of surface roughness were neglected in the
analysis to provide only a qualitative explanation of build thickness effect on the stress state at the notch root. As the outcome of the analyses, three
principal stresses together with von Mises stress were extracted from the notch root along the thickness of the model. These stress values were then
substituted in the following equation to calculate the stress triaxiality level:

G,

ﬁ = -m

- A1)
where

14
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Fig. Al. Representative mesh pattern in notched model with 5 mm thickness.

1 1
O = 5(01 + 0+ 03) = E(Ux + 0y, + o)

X,Y,

(A.2)

in which, , is stress triaxiality, oy, is the mean stress, o, is the equivalent von Mises stress, o; (i = 1,2,3) are the principal stresses, and o; (i =

z) are the stress components in different directions.

Appendix B. Supplementary data

Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.addma.2020.101426.
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