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Abstract: Electron Beam Melting (EBM) is a widespread additive manufacturing technology for
metallic-part fabrication; however, final products can contain microstructural defects that reduce
fatigue performance. While the effects of gas and keyhole pores are well characterized, other defects,
including lack of fusion and smooth facets, warrant additional investigation given their potential
to significantly impact fatigue life. Therefore, such defects were intentionally induced into EBM
Ti-6Al-4V, a prevalent titanium alloy, to investigate their degradation on stress-controlled fatigue
life. The focus offset processing parameter was varied outside of typical manufacturing settings
to generate a variety of defect types, and specimens were tested under fatigue loading, followed
by surface and microstructure characterization. Fatigue damage primarily initiated at smooth facet
sites or sites consisting of un-melted powder due to a lack of fusion, and an increase in both fatigue
life and void content with increasing focus offset was noted. This counter-intuitive relationship is
attributed to lower focus offsets producing a microstructure more prone to smooth facets, discussed
in the literature as being due to lack of fusion or cleavage fracture, and this study indicates that these
smooth flaws are most likely a result of lack of fusion.

Keywords: fatigue; titanium; electron beam melting; process defects; damage initiation

1. Introduction

Electron Beam Melting (EBM), also referred to as Selective Electron Beam Melting
(SEBM) or electron beam powder bed fusion (E-PBF), is a common powder-bed-based
additive manufacturing (AM) technology for the fabrication of metallic parts [1-4]. To
manufacture a part, metallic powder is spread over a baseplate. Then an electron beam,
generated via a tungsten filament, is used to melt the powder to previously deposited
layers or the baseplate in the case of the first layer. EBM is performed in a vacuum, allowing
for an elevated chamber temperature higher than that in most selective laser melting (SLM)
methods [5-8]. This higher temperature reduces the need for heat treatment to relieve
stress in the components [9]. Other advantages of EBM include deep penetration and low
reflection into the powder, a high melt rate, low internal stress, energy efficiency, high
packing density of parts, and the ability to build parts with no or limited support. In
particular, Ti-6Al-4V, a widely used titanium alloy in its wrought form, has seen extensive
application in EBM manufacturing.

Depending on process settings and conditions, the EBM process can produce parts
containing varying defect types and distributions. It is established that fatigue life in metallic
materials can be influenced by such microstructural attributes due to free surface and stress
concentration effects [10]. Therefore, the phase transformations and generation of defects
during the EBM process for titanium alloys have been previously investigated [5,7,11-14].
These studies identified common defect types, including voids and incomplete melting and /or
fusion of powder (lack of fusion). Voids are formed due to trapped gas caused by gas release
during the powder melting (gas pores) or trapped gas at the beam tip during high intensity
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(keyhole pores). An additional defect type, smooth facets [15,16], have been observed on
fracture surfaces in multiple studies and are typically attributed to brittle fracture across
similarly oriented grain boundaries. Increases in defect generation and porosity were linked to
deviations of individual processing parameters from optimal values and decreasing electron
beam energy density. Beam energy density is a measure of the beam power acting on a unit
of area on the part surface [17]. Beam energy density is thus affected by the beam power,
scanning speed, hatch spacing, and beam width.

Fatigue testing of EBM Ti-6Al-4V has been previously conducted through stress-
based fatigue testing [7,15,16,18-20], linear elastic fracture mechanics crack-growth-rate
testing [11,21], and short crack analysis [18]. The investigations typically focused on opti-
mizing material performance through process-parameter settings. These studies generally
noted that the fatigue performance of EBM Ti-6Al-4V is influenced by both the defect
population and changes in microstructure due to varying processing conditions. All of the
common types of defects previously listed were identified as potential fatigue-damage-
initiation sites. Lack of fusion and smooth facet defects were shown to be reduced or
eliminated with optimized processing conditions. Therefore, gas and keyhole pores were
identified as the primary defects of concern in dictating the material’s fatigue performance
and were the focus of most studies.

As a result, lack of fusion and smooth-facet defects are not as well characterized, even
though their presence may significantly reduce fatigue life. Fatigue specimens containing
smooth facet flaws have been found to result in lower fatigue lives, such as outliers in fatigue
data sets [16], with large flaws being particularly harmful [14,22,23]. Un-melted powder
and smooth facets are probabilistically less likely to result from optimized fabrication
than gas or keyhole pores. However, these defects can occur due to processing deviations
or aleatoric uncertainty, requiring the inclusion of their effects on fatigue life in damage-
tolerance analysis, material qualification, and part certification.

Therefore, the objective of this paper is to intentionally induce these less characterized
defects generated by the EBM of Ti-6Al-4V and investigate their effects on fatigue life. While
the primary objective is to evaluate the reduction in fatigue life due to these larger and less
common defects, the relationship of defect morphology to material failure is also explored.
Specimens were printed, using EBM, under three different focus offsets (FOs) that are outside
the range of typical printing. The FOs were selected to produce the less common defects of
un-melted powder and smooth facets. Stress-controlled fatigue testing was performed to
populate an S-N graph. Micrograph characterization and fractography of failed specimens
provided information on the microstructural defects and crack-initiation sites.

2. Materials and Methods
2.1. Material Information

Ti-6Al-4V is a classic alpha/beta dual-phase titanium alloy with widespread engineer-
ing applications, particularly in aerospace. Extensive characterization of Ti-6Al-4V has
been performed in the past decade for process and material development specific to the
EBM process [12,15,18,19,21,24-26] and is the material investigated in this study due to its
prevalent use.

2.2. Defect Generation

Defect generation in EBM is strongly influenced by the energy density of the electron
beam. Energy density can be controlled by changing the focus offset (FO) of the electron
beam, while keeping other processing parameters (such as beam power, scanning speed,
etc.) unchanged [13]. The FO alters the current through the electromagnet/coil that
the electron beam passes through prior to focusing on the powder layer. Changing the
amount of current through this coil magnet offsets the focus plane of the electron beam,
effectively changing the beam area and consequently the energy density, melt depth, and
melt width [27-30]. Therefore, a higher FO produces a wider beam and lower energy
density. The relationship between FO and thermal distribution, as well as melt pool size,
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has been modeled [30], as thermal distribution is an important component in printing
quality. The FO parameter in this paper will be referred to in units of electrical current
(mA). Note that because the effects of this coil are dependent on the machine configuration,
such as the number of wraps and the coil gauge, the effects of FO and range for optimal
properties are machine dependent.

A change in FO creates differing types and patterns of defect formation that subse-
quently result in varying material behavior. Lower FOs lead to a smaller beam area and
deeper melt depth, and higher FOs lead to a wider beam area and a shallower melt depth
(Figure 1). When the FO is low, the spot size is small, leaving the part susceptible to void
formation between electron beam passes, as well as a deeper melt pool, which can impact
the previously built layers by re-melting them. This deeper melt pool often results in
a keyhole-type weld between the layers. If the FO is high, the spot size becomes large,
and the melt-pool overlap is reduced. This wide but shallow melt pool typically results
in a conduction-type weld between layers of material. In this case, there is a possibility
that the melt plane is above some of the un-melted powder. As a result, high FOs have
demonstrated significant increases in un-melted-powder defects [13].

Increasing focus offset

Melt Depth

Overlap

Figure 1. As the FO is increased, the spot shape changes, influencing the melt plane and shape of the
melt pool.

2.3. Fatigue Specimen Preparation

EBM was performed using an ARCAM machine with Ti-6Al-4V powder consisting
of a 45-120 pum size distribution. Cylindrical volumes of material with a diameter of
15 mm were fabricated with a vertical build orientation, and all processing parameters
other than the FO were kept constant for all specimens. These processing parameters,
such as beam power, layer thickness, etc., were proprietary to the material supplier and
not provided, as the objective was to investigate the effects of the defects, not their cause.
Defects were generated in the material by adjusting the FO in the specimen gauge length to
create varying defect sizes and shapes based on melt pool overlap and depth. To induce
regions of un-melted powder, relatively high FOs were applied. Cylinders were printed
using 36 mA, 44 mA, and 52 mA to form the test section area, and a lower FO was used to
print the grip sections of cylinders. None of the cylinders were postprocessed to maintain
the as-printed microstructure. Nine cylinders were printed for each FO. Each cylinder
was machined via lathe to create a constant radius and reduced area gauge length. The
reduced section’s diameter was 7.5 mm, and the machined specimen’s surface finish was
left unaltered (Figure 2).
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Figure 2. Specimen geometry, with gauge section manufactured using varying FOs.

2.4. Mechanical Testing

To determine maximum stress values for the fatigue testing, an additional set of four
specimens produced using the 36 mA FO were tested to tensile failure at a load rate of
0.02 mm/s (corresponding to a strain rate of 4% strain/min) to measure material properties.
Average tensile testing results for these four specimens were a Youngs’s Modulus of
117.2 GPa, 0.2% offset yield strength of 993 MPa, ultimate tensile strength of 1055 MPa, and
an elongation of 8.8% at fracture. The 36 mA EBM specimens in this study are stronger,
slightly stiffer, and less ductile than both wrought EBM Ti-6Al-4V and other reported values
for EBM Ti-6Al-4V [15].

Stress-controlled fatigue testing was performed using an MTS servo-hydraulic load
frame (MTS Systems, Eden Prairie, MN, USA) at a frequency of 10 Hz at room temperature,
ambient conditions. ASTM E466 was used in conducting the testing. Specimens were tested
to failure, using a load ratio of R = 0.05 at 344.7 MPa, 379.2 MPa, and 413.7 MPa maximum
stress levels. Due to a testing error, all specimens printed at 36 mA were tested at 413.7 MPa.
The first groups of specimens were tested at 413.7 MPa based on the tensile test results.
This value was chosen as slightly less than half of the yield strength. The original testing
plan was to then increase this stress for the next group of specimens. Given the failure at
relatively low numbers of cycles for all FOs, it was decided to instead lower the maximum
stress for the other two testing levels.

2.5. Fracture and Microscopy

Scanning electron microscopy (SEM) (Zeiss Auriga, Oberkochen, Germany) was per-
formed to analyze the fracture surface, identify and view fatigue initiation sites, and
characterize crack propagation. The number of damage-initiation sites and large flaws
on the fracture surfaces, which were large enough to be visible to the eye, were counted
on fracture surfaces, using a 3x magnifying glass. Micrographs were taken by sectioning
the specimen below the fracture surface after fatigue testing. Sections were polished with
120 to 1200 grit polishing paper under constant fluid coolant with a final 0.5-micron alu-
mina slurry to obtain the desired polished finish. Micrograph specimen surfaces were
etched at room temperature, using a solution of 1% ammonium bifluoride for 60-90 s.
These specimens were then analyzed through an SEM or optical microscope (Zeiss Axio
Observer -Al, Oberkochen, Germany) to determine the relative porosity to correlate the
microstructure characteristics to failure mechanisms.
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3. Results
3.1. Micrographs, Microstructure, and Voids

Micrographs for each FO group were taken after etching to observe the microstructure
(Figure 3). Microstructures primarily consisting of fine acicular alpha grains [31,32] were
observed for all FO groups, indicating a relatively fast cooling rate for all specimens.
Regions of high aluminum content (lighter color) and low aluminum content (darker color)
were also observed.

Figure 3. Representative micrographs of material manufactured via different FOs (a) 36 mA FO and
(b) 52mA FO.

SEM imaging of polished sections after fatigue testing showed voids and porosity in
all material groups. The voids observed on polished sections were categorized into two
groups based on their size: large regions of un-melted powder (Figure 4a) and smaller
voids, referred to as microvoids, due to either gas release or lack of fusion between fully
melted material (Figure 4b). The size of the regions of un-melted powder were larger,
ranging from 100 pm to 450 pm across, compared to the microvoids, which were typically
in the range of 2-20 pum across. Lack of fusion voids were present in all material groups.
These un-melted powder regions exhibited rough edges due to the un-melted particles
and were observed on fracture surfaces across FOs, though their average size and quantity
varied. The smooth facets observed on the fatigue-fracture surfaces were not present in the
micrographs, though this could be due to the planar nature of the facets being parallel to
the direction of sectioning, thus being less likely to appear in the material sections.

Lack of fusion

200 pm 100 um

Figure 4. (a) Voids caused by un-melted powder and lack of fusion. (b) Microvoids caused by gas
release and lack of fusion.
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The observed microvoids are either the result of trapped argon gas caused by the
atomization process or small regions of lack of fusion [33]. The gas pores observed were
relatively smooth, with a spherical or elliptical shape, whereas the microvoids attributed
to a lack of fusion were more elongated and potentially contained a rough edge similar to
those seen in the un-melted powder regions. In a prior study [12], gas pores were observed
in EBM Ti-6Al-4V in the range of 5-200 um, using computed tomography (CT). The gas
pores observed in this study were smaller, though this could be attributed to the section
imaging used in this study versus the CT method used in the comparison study or the result
of different processing parameters. Larger gas pores were not seen in these micrographs,
and little evidence of larger gas pores was identifiable on the specimen fracture surfaces.

The microdefects were orders-of-magnitude smaller and much more frequent than the
large voids comprising the un-melted powder regions. The frequency of both types of small
voids relative to each FO was quantified as the number of voids per mm? observed on the
micrographs for each specimen. Both the average number of microvoids per unit area and
the standard deviation across specimens were calculated for each FO group. The results
are provided in Table 1. The total number of microvoids per unit area was quantified, as
well as the number attributed to the specific type of microvoid (gas pore or lack of fusion).
It should be noted that the number of voids per unit area is provided, not to be confused
with a percent porosity measurement.

2

Table 1. Number of microvoids per mm~ averaged across all specimens in an FO group. Standard

deviation is provided in parentheses.

Focus Offset Total Microvoids Gas Pore Voids Lack of Fusion Voids
36 mA 69.8 (SD: 45.8) 52.3 (SD: 34.3) 17.4 (SD: 21.2)
44 mA 111.9 (SD: 28.8) 79.0 (SD: 30.4) 32.8 (SD: 9.8)
52 mA 102.9 (SD: 40.2) 57.8 (SD: 42.4) 45.2 (SD: 19.8)

SD: standard deviation.

3.2. Fatigue Testing Results

Three specimens in the 44 mA and 52 mA FO groups failed early on in the fatigue
test (at 8 and 10 cycles, at 413.7 and 379.2 MPa, respectively for the 44 mA FO specimens
and 17 cycles at 379.2 MPa for the 52 mA FO specimen). Failure occurred outside of the
gauge length at the interface between the test section material and the grip material. One
specimen in the 44 mA group was tested at an incorrect maximum stress due to a machine
error. These four specimens were excluded from the analysis.

The valid fatigue testing results exhibited a typical trend for this material, with cycles
to failure (N) decreasing with increasing maximum applied stress (S), roughly linearly
in maximum stress vs. log(n) (Figure 5). Statistical information for the FO groups at
each maximum stress level is provided in Table 2. The average fatigue life increased with
FO at the 413.7 MPa and 379.2 MPa maximum stress levels. Identification of a similar
trend at the 344.7 MPa maximum stress level is inconclusive due to the limitation of only
one valid specimen at the 44 mA FO and none at the 36 mA FO. At the 52 mA FO, two
of the specimens failed at nearly identical values of 52,895 and 53,580 cycles to failure,
and the third specimen failed at 97,948 cycles. Meanwhile, the 44 mA specimen failed at
75,451 cycles, splitting the difference between the 52 mA FO values. Given the limited
number of specimens, there are not enough data points to reasonably conclude a trend
at the lowest stress level. These observations are discussed relative to defect type in the
discussion section.
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Figure 5. S-N data for the FO groups under high cycle fatigue.

Table 2. Average number of cycles to failure, standard deviation, and number of specimens for
varying FO and maximum stress level.

Maximum Stress Level

FO 344.7 MPa 379.2 MPa 413.7 MPa
(mA) Avg SD # Avg SD # Avg SD #
36 - - - - - - 6484 1800 9
44 75451 23,049 1 24,628 5080 3 15,660 5681 2
52 68,141 25816 3 30,994 186 2 31,181 9134 3

Avg, average; SD, standard deviation; # number of specimens.

3.3. Fracture Surface Defect Classification

The imaging of the fatigue fracture surfaces showed similar types of porosity and
defects on the fracture surfaces of all three FO groups, though there was an observed
difference in the number of potential damage-initiation sites between FO groups. Defects
were characterized into three categories, with examples of each displayed in Figure 6.
Several sites contained multiple defect types/classifications. Representative examples are
presented in the discussion section.

1.  Deep un-melted powder (Figure 6a): Defects due to the incomplete melt of powder
and lack of fusion, where remnants of spherical powder are clearly observed.

2. Smooth facets (Figure 6b,c): Smooth flaws that lack clear spherical powder remnants,
appearing as outlines, potentially due to semi-fused powder or some microstructural
feature, such as grain boundaries, are present. An additional texture of parallel
lines running across the flaws is also observed on some facets (Figure 6¢). Higher
magnification of the surface texture on these flaws is shown in Figure 7.

3. Gas pores (Figure 6d): Round flaw formed by gas release during the melt process.

While defects on the fracture surfaces were relatively easy to categorize based on
visible features, classifying and describing their formation is more difficult. Un-melted
powder (Figure 6a) and gas-pore defects (Figure 6d) can easily be attributed to an in-
complete melting of powder and lack of fusion and gas release, respectively. Both defect
types are well documented in the EBM Ti-6Al-4V literature previously discussed. Fracture
surface defects similar to the smooth flaws in this study, both with surface lines [16,19,34]
and without surface lines [15,34], have been observed in other studies of fatigue of EBM
Ti-6Al-4V. The cause of these type of defects has been attributed to multiple mechanisms,
primarily either from lack of fusion [19,34] or due to cleavage fracture [16,35]. Cleavage
fracture is suggested to occur by quasi-cleavage along grains or similarly oriented grain
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colony boundaries loaded perpendicularly to their basal plains. The observed smooth
facets occurred in a variety of locations within the specimens, both near the surface and
close to the center in a variety of shapes. These smooth facets created a shiny region in
the fracture surface. Smooth facets were present on the vast majority of specimen fracture
surfaces, often in multiple locations, and were most prevalent in the 36 mA set.

Figure 6. Fracture-surface images of observed defect types. (a) Deep un-melted powder. (b) Smooth
facet without line texture. (c) Smooth flaw containing a line texture. (d) Gas pore.

Figure 7. Texture of smooth facets (a) without lines and (b) with surface lines.

3.4. Fracture Surface Observations and Trends

Failure generally appeared to initiate at regions where un-melted powder and/or
smooth facets were present. Some evidence of gas pores was also present on the fracture
surfaces, but these flaws were significantly smaller and less common than those due to
un-melted powder or smooth defect failure and deemed less impactful to fatigue failure
for the material used in this study. The average number of defects observed with a 3x
magnifying glass and the average largest flaw size in each FO are provided in Table 3.
Histograms displaying the distribution of the number of flaws and largest flaw diameter
observed on each specimen’s fracture surface are shown in Figure 8. While no significant
difference is discernible between the 44 mA and 52 mA groups in terms of number of
flaws, by comparison, the lower 36 mA group is distinguished by a substantially higher
number of flaws per fracture surface. Other than the two outliers, there is no notable
statistical difference for the size of the largest flaws on fracture surfaces across all groups.
The specimen numbers for the outliers are identified on Figure 8b for further discussion.
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Table 3. Summary of fracture surface measurements for each FO group.
FO Average Largest Flaw Size (um) Average Number of Flaws on Surface
36 mA 577 (SD: 198) 26.0 (SD:4.1)
44 mA 578 (SD: 322) 10.8 (SD: 2.1)
52 mA 537 (SD: 302) 10.9 (SD: 3.4)

= N w B>

Number of specimens

o

a)

SD: standard deviation.

N

H36mA E44mA E52mA

15 18 21 24 27 30

w

44mA-9 52mA-4

SIS Y N S NN N
WG @ AT SO

=

Number of specimens
N

o

Number of flaws on fracture surface b) Diameter of largest flaw on fracture surface

Figure 8. Histogram of (a) the number of fatigue flaws present on each specimen’s fracture surface
and (b) the size of the largest flaw present on each specimen’s fracture surface.

4. Discussion
4.1. General Trends

The most easily observable and initially surprising trend observed in the fatigue-
testing data is that fatigue life appeared to increase with increasing FO, contrary to a
previous study [13], wherein the higher energy density of lower FOs was shown to exhibit
a lower defect formation. Two potential explanations for this difference are the number of
optically observable flaws present (Figure 9a) and the type of flaws on the fracture surfaces
(Table 4). For the relationship between the number of initiating flaws on the fracture
surface versus fatigue life, a general negative relationship is clear. This correlation was also
established by Tammas-Williams [16], who concluded that close proximity between defects
could increase stress concentrations, thus increasing the potential for crack nucleation. A
greater number of defects increases the probability of defects in close proximity. However,
it is difficult to claim that the number of flaws was the primary factor in fatigue resistance
because of the lack of a trend within individual FO groups. This is most clearly seen in the
36 mA data, where there is minimal variation in fatigue life even with a large change in the
number of fatigue-initiating flaws. Additionally, the fatigue life is separated by FO groups.
However, this observation may be due to other interacting factors, such as the flaw type
and location.

Table 4. Percent of specimens within each group showing signs of each type of flaw.

Deep Smooth Facets Smooth Facets
FO Group Un-Melted without with Line Gas Pore
Powder Line Texture Texture
36 mA 25% 100% 75% 37%
44 mA 17% 100% 33% 17%

52 mA 25% 100% 43% 37%




Metals 2023, 13, 350

10 of 16

cycles to failure

50,000
40,000
30,000
20,000
10,000

0

50,000
® 36 mA 60ksi v
)
oamacoksi = 0000 ¢
= °
e52mA6Oksi 230,000
[%]
°® 2 -
AT aamacs %20,000 $44ma-7
o o 44mA-9
Qoo 10,000 o =
[ . °e o
0
10 20 30 40 0 500 1000 1500
Number of flaws Size of largest flaw (um)
(a) (b)

Figure 9. Plots comparing fatigue life at 413.7 MPa max stress level to (a) the number of flaws
observed on fracture surfaces and (b) the size of the largest flaw present on each fracture surface.

Therefore, in addition to the number and size of flaws present on the fracture surfaces,
we investigated trends in the types of defects present on the fracture surfaces of each
group to explain the difference in fatigue lives. The prevalence of different types of flaw
classifications in each FO group is shown in Table 4. Evidence of each type of flaw is present
in each group, with relatively uniform occurrence across all FO groups, except for smooth
facets with surface lines, which were much more prevalent in the 36 mA group than in the
44 mA or 52 mA groups, potentially contributing to the lower fatigue life of the 36 mA
group. A prior study by Rafi [15] also noted such smooth facets at fracture-initiation sites.
There is, however, limited evidence in the statistics to explain the difference in fatigue lives
between the 44 mA and 52 mA sets.

To explore this difference, the fracture surfaces for the 44 mA specimens tested at
413.7 MPa that exhibited lower fatigue lives than their 52 mA counterparts (Figure 9) are
provided in Figure 10. Both specimens contained smooth facet flaws with surface lines, and
these flaws are on or near the specimen surfaces. It is well established in the literature that
pores near the surface shorten the fatigue life of specimens produced by both EBM and
SLM [16,36—40]. Moreover, Xu et. al. [41] demonstrated the increase in stress concentration
caused by pores within one diameter of the specimen surface relative to internal pores
through a finite element study. It is evident from these specimens that these conclusions
also pertain to smooth facet flaws. Both factors (flaw type and location) could account for
the shortened fatigue life of the 44 mA specimens relative to the 52 mA specimens.

Figure 10. Micrographs of 44 mA specimens tested at 413.7: (a) 44mA—7 and (b) 44mA—9.

Alternatively, when comparing the fracture surfaces of the 44 mA and 52 mA FO
specimens at 344.7 MPa, no significant differences were noted. The number, type, and
size of defects were statistically consistent across the specimens of both FO groups. It can
therefore be reasonably hypothesized that the difference in fatigue lives among specimens
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and lack of a trend between groups at this stress level is due to aleatoric scatter. This finding
is considered a hypothesis and not a conclusion, as there was only one valid specimen in
the 44 mA group. Therefore, there are not enough data points to conclusively state that
there are no other material differences between the groups that could cause a difference in
fatigue life that would be noticeable with more data.

There is no conclusive trend relative to the size of the largest flaw vs. fatigue life in
general (Figure 9b). Specimens containing flaws of approximately the same size exhibited
substantial variance in fatigue life. When differences did exist between specimens with
significantly different flaw sizes, it was not discernible whether flaw size alone dictated the
variation in fatigue life. For example, specimen 44mA —9 contained a significantly larger
surface flaw than the other 44 mA specimen tested at the same stress level of 413.7 MPa.
Specimen 44mA —9 failed at 11,643 cycles relative to specimen 44mA —7, which failed at
19,677 cycles. As discussed in the previous paragraph, both specimens contained a smooth
facet with surface lines; however, the smooth facet observed in specimen 44mA—9 was
closer to the surface than specimen 44mA—7. There is not enough data to conclusively
determine if the difference in fatigue life is due to the flaw being closer to the surface,
the flaw being considerably larger, or aleatoric uncertainty. The other outlier, 52mA—4,
was tested at 379.2 MPa and failed at nearly the same number of cycles (30,862) as its
counterpart specimen 52mA —2 (31,125). Both specimens exhibited similar fracture surfaces
with multiple flaws and smooth facet flaws, which seem to be more influential than flaw
size. Prior studies have concluded that the flaw area normal to loading is more dominant in
shortening fatigue life than the total volume of the flaw [40,42]. From the presented results
and prior studies, it appears that flaw type, location, and other factors are more influential
than the size of the flaw.

A trend that is notably lacking is that flaws containing deep un-melted powder are not
more likely to be present on fracture surfaces of the higher (44 mA and 52 mA) FO groups.
This finding is surprising, because regions of un-melted powder have been reported to
serve as fatigue-initiation sites and to be more likely to occur in high-FO conditions [15].
Additionally, the prevalence of microvoids due to the lack of fusion was observed at higher
FOs. Based on the specimen fracture surfaces, the smaller pores do not seem to influence
the cycles to failure of the high-FO groups for the investigated fatigue loadings. Due to
the relatively small size and the spherically dominated shape of the pores caused by gas
release, these pores may be significant in more dense prints and may pose problems when
evaluating the density of the parts [43].

4.2. Classification of Defects

Further interpretation of the results strongly depends on classification of the defects
observed on the fracture surface, especially of the smooth facets (Figure 6b,c), due to their
prevalence in the 36 mA group, which exhibited the shortest fatigue life. Two types of
lack-of-fusion flaws were observed: (1) defects with observable un-melted powder and
(2) fully melted material in layers above and below the facet, resulting in the smooth texture,
but with no or weak bonding between layers. As previously mentioned, the two competing
explanations for the smooth facets (both with and without a line texture) are either from lack
of fusion [14,34] or cleavage fracture [16,35]. An interesting result from the current study
is that the highest FO (52 mA) specimens exhibited better fusion and less porosity than
those printed at the lowest FO value (36 mA), going against the literature trends [12,15,29]
or possibly suggesting that there is an FO value above which the lack of fusion begins
to decrease or is less detrimental to fatigue behavior. If the smooth facets are caused by
a lack of fusion, the surface lines would be attributed to solidification lines forming as
the material cools after melting. This explanation, however, does not explain the higher
incidence of surface lines on the smooth facets in the 36 mA group relative to the higher-FO
groups. Alternatively, if the smooth facets are attributed to a quasi-cleavage fracture, then
the quasi-cleavage of grains is a more important factor in the fatigue resistance of EBM
Ti-6Al-4V than void content due to lack of fusion for this set of manufacturing parameters.



Metals 2023, 13, 350

12 of 16

This could be due to the fact that the FO and other processing parameters used in this study
are more likely to produce neighborhoods of grains with the basal plain perpendicular to
the applied load. In this case, the surface lines seen on some of the smooth defects would
be attributed to steps or changes in the cleavage fracture plane.

A further explanation of the cause of these defects is provided in Figure 11, showing
magnified images of some regions of interest near smooth flaws. These images show
features of both smooth texture with several un-melted powder beads in and around the
flaw (Figure 11a,c). The presence of un-melted particles retaining their spherical shape on
the surface is evidence of a lack of fusion. Figure 11d also supports this conclusion, though
instead of spherical powder particles, the smooth facet texture (shown with surface lines)
is interspersed with regions of ductile fracture. These regions of ductile fracture, with a
texture suggesting void coalescence, could be due to particles that partially fused across
the smooth flaw. The image in Figure 11b shows a higher magnification of surface texture
on smooth facets, revealing a texture similar to the fine acicular alpha microstructure seen
in the micrographs. This could be the texture above the melt if the smooth flaw was due to
lack of fusion, or it could be the cleavage fracture through the microstructure, pointing to
the quasi-cleavage mechanism for the formation of the smooth facet flaws.

A%

Figure 11. (a) Smooth flaw, no surface lines, and what appears to be a near-fully un-melted powder
particle on the flaw surface. (b) Closer image of the flaw shown in (a), with a texture similar to the
fine acicular alpha microstructure seen in the micrographs. (c) Image of smooth flaw, where the
distinction between un-melted particles and microstructural outlines is blurred. (d) Close image of a
smooth flaw with surface lines, with areas containing a texture indicative of ductile fracture.

Overall, the images present more evidence for a lack of fusion as the source of these flaws,
though we cannot completely rule out a cleavage fracture mechanism. Care should be taken
in classifying defects of this type in future studies due to the multiple possible explanations.
An interesting consequence of this conclusion is the different qualities of these two types of
lack of fusion defects; the flaws where beads of powder remain un-melted (described as deep
un-melted powder elsewhere in this paper) and the flaws where the material fails to fuse
across the melt plane (the smooth flaws). This distinction could explain the increase in the
smooth lack of fusion defects and shorter fatigue lives as FO decreases in this study, with the
smoother flaws containing less free space while still weakening the material.
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4.3. Comparison to Other Data

When the fatigue data collected in this study are compared to fatigue data published in
other research on EBM Ti-6Al-4V [15,16] (Figure 12), the fatigue life measured in this study
consistently underperforms. The fatigue data in these other studies were collected using
R =0.1 and R = 0.0, respectively, and the results were normalized to the R = 0.05 testing
value in this study, using the Smith—-Watson-Topper (SWT) mean stress correction [44]. A
critical observation is the extreme drop in fatigue life relative to the Tammas-Williams [16]
data, even though the specimens in the current study were tested at significantly lower
stress levels. The current data also exhibited significantly lower fatigue life than the Rafi
data [15], which were obtained at similar stress levels.
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Figure 12. Fatigue-test data comparison to published results. An early failure in the Tammas-Williams
data is highlighted, as it contained a smooth facet flaw on the fracture surface.

The higher prevalence of the smooth facets and the lower prevalence of keyhole
pores in this study versus those seen in the Rafi [15] and Tammas-Williams [16] specimens
provided a higher number of large potential fatigue-damage-initiation sites. This difference
in flaw types may explain the poorer fatigue behavior of the 36 mA FO group compared to
the 44 mA and 52 mA groups, due to larger number of smooth facet sites in the 36 mA FO
group than the others in this study. It is interesting to note that the circled data point in
the Tammas-William data was identified as fracturing at a smooth facet, and this specimen
failed earlier than the others. This specimen was also tested at a slightly higher maximum
stress than the next stress level; however, the specimen failed at a significantly lower
number of cycles. Additional factors, such as a more conduction-type weld in this study
versus a keyhole-type weld in the others and the microstructure indicating a fast cooling
rate in this study are also likely to have negatively impacted the fatigue performance
of the material. These data reinforce the extent to which large regions of lack of fusion
can degrade fatigue performance, so extra care should be taken in process control and
inspection procedures when fatigue damage is a concern.

It is also important to consider the maximum stress levels relative to the yield strength
when evaluating the effects of smooth facets on fatigue life. The maximum stress levels as
a percentage of yield strength in the current study are 413.7 MPa (42%), 379.2 MPa (38%),
and 344.7 MPa (35%). The effects of smooth facets are concerning when considering that all
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specimens were tested at less than half of the yield strength. This finding has significant
implications when determining safety factors.

5. Conclusions

The increased FOs beyond typical values generated voids indicative of insufficient
energy density to fully melt the beads, resulting in a substantial lack of fusion flaws. Major
takeaways from the fatigue test results and imaging are as follows:

e  Failure initiation sites consistently showed signs of smooth facets and/or lack of
fusion. Lower FOs led to more smooth facet initiation sites. Damage initiating at these
locations had a strong negative effect on the fatigue performance compared to other
studies in which these defects were better controlled.

e The higher FOs showed increases in the number of voids and lack of fusion with
un-melted powder, but a lower number of smooth facets were present on fracture
surfaces, resulting in an increased fatigue life.

e The number of smooth/facet flaws were determined to be the primary factor in
differentiating fatigue life performance. These smooth facets are more likely due to
a lack of fusion between layers during the EBM process than cleavage fracture, but
similar examples of this defect type have been attributed to both mechanisms in the
literature, and care should be taken in classifying them in the future.
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