

















MPa. In addition, there is a compelling distino between the two surface conditions such as
intersection (A) between two trend lines and slope (B).
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Figure 4. Stress amplitude (MPa) versus reversal to failu@)8raph of force-controlled fatigue
testing.

Figure 5. Fracture surfaces of strain-controllested as-built condition specimen #04. The
strain amplitude was 0@ (mm/mm) and the reversab failure was 139,312.
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The fractography analysis provides details regarding the fracture surface such as crack
initiation and crack propagation. The observed fractographic image of specimen # 04, shown in
Figure 5§, details many of the common features observed for as-built specimens. This specimen
was tested in the HCF regime at a strain amplitude of 0.002 (mm/mm). The fracture surface
indicates that multiple cracks initiated on the north surface, coalesced into a single dominant crack,
and grew through ~98.0% of the cross-sectional area before final rupture. Figure 6 shows cross-
sectional fracture surfaces two specimens tested under strain-control at ea = 0.003 (mm/mm) for
(a) as-built condition specimen # 37 which has 47156 reversals to failure and (b) as-machined
condition specimen # 18 which has 64080 reversals to failure. For the as-built condition, multiple
cracks initiated from the southern side of specimen. On the other hand, the as-machined specimen
had the dominant crack initiate on the surface, however, several cracks also initiated sub-surface.

Figure 7 shows the fracture surfaces of two specimens tested under force-control at 375
MPa in the (a) as-built condition specimen # 13 and (b) as-machined condition specimen # 30. The
crack initiation under force-controlled conditions show similar characteristics as strain-controlled
fatigue such as multiple cracks initiating on the surface of the as-built condition and sub-surface
cracks initiating on the as-machined condition. In addition, there is a striking difference in the
crack growth behavior between strain-controlled fatigue as shown in Figure 6 and force-controlled
fatigue as shown in Figure 7. While the strain-controlled tests showed stable crack growth through
the majority of the specimen cross-section, the force-controlled tests fail abruptly at approximately
40% of the cross-sectional area.

500pum

S00pum
i —

Figure 6. (a) Fracture surfaces of strain-controlled tested as-built condition specimen # 01. (b)
Fracture surfaces of strain-controlled as-machined condition specimen # 18. For both specimens,

383



entire surface images were taken by 300X magnification and zoomed images were taken by
1000X magnification. Strain amplitude was 0.003 (mm/mm) for both of them.
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Figure 7. (a) Fracture surfaces of force-controlled tested as-built condition specimen # 13. (b)
Fracture surfaces of force-controlled as-machined condition specimen # 30. For both specimens,
entire surface images were taken by 300X magnification and zoomed images were taken by
1000X magnification. Stress amplitude was 375 MPa for both.

Discussion

In this study, the tests in the as-built condition always showed cracks initiating from the
rough surface, however, the actual crack initiation regions were often different from the highest
surface roughness region. All of the crack initiation regions were investigated by fractography and
compared with surface roughness data (Table 1). Arithmetical mean deviation (R,) can explain
the surface roughness but it does not give the critical information needed to determine the crack
initiation point. Maximum profile valley (R,) was also investigated as a different approach, but
the results were also not sufficient to identify the critical location of the specimens. This is mostly
due to the roughness values not capturing the geometry of the micro-notches. Previous studies on
surface roughness effects of additive manufactured Ti-6Al-4V has shown that sufficient
predictions can be made by incorporating a geometric term into the effective stress concentration
factor estimation [15].

There are many factors that affect surface roughness such as the direction of a recoater arm,

distribution of powder particle’s size, and gas flow [16], [17], [18]. First, the powder was diffused
by the recoater arm from the feedstock bin (east) to the overflow bin (west) between layers, hence
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the height of each layer can be different because the blade on the recoater arm extrude the powder.
Second, the variations in particle sizes can result in changes in the surface condition. If there is a
large particle at the end of the part, this particle will remain as an un-melted powder on the surface
because of the insufficient energy produced by laser process. This discrepancy is directly related
to the distribution of powder. Third, the inert gas such as argon or nitrogen flow in the machine
from north to south to decrease oxygen content during the printing. Some powder is ejected into
the air when the laser interacts with the powder bed, at the same time the gas flow can carry these
scattered powders which can disturb the powder bed near an unfused part or adhere them to a
previously fused part. In the latter case the subsequent spreading of the powder can lead to an
uneven layer of powder near the adhered particle and result in poor fusion at the surface or even
within the part. In addition, the gas flow can become turbulent, especially at the corners of the
plate resulting in the plume not being carried directly away from the laser beam path. When the
plume interacts with the laser it can slightly defocus the laser leading to larger/smaller spot sizes
and insufficient melting. This complicated gas flow gives rise to a higher probability of surface
roughness variation as well as internal defects.

The main difference between fracture surfaces of as-built and as-machined specimens is
the region of crack initiations. For as-built specimens under both strain-controlled and force-
controlled fatigue, cracks are initiated from multiple places on the surface. They grow separately
at the beginning, then coalesce leading to a single dominant crack. On the other hand, for as-
machined specimens under both conditions, the main crack initiation point is at the surface and
does not appear to be influenced by other cracks at the surface but does coalesce with cracks
initiated from internal defects, as shown in Figure 6 (b) and Figure 7 (b).

The specimens tested in force-control were revealed to be more sensitive to surface
roughness than specimens tested in strain-control. For strain-controlled fatigue tests as shown in
Figure 6, the crack growth is mostly similar between as-built and as-machined surface conditions.
The cracks propagated up to 97.50% for (a) and 97.01% for (b). Under strain-controlled conditions
the force to maintain the actual strain of the specimen reduces as the strain accumulates allowing
the crack to remain stable throughout the entire fatigue life. On the other hand, for force-controlled
fatigue tests as shown in Figure 7, the crack propagated to 30.36% for (a) and 45.30% for (b). The
force-controlled fatigue testing maintains the force, thus increasing the actual stress as the crack
develops and eventually leads to unbounded deformation. Thus, in the as-built condition this
occurs suddenly as the multiple crack interact and coalesce leading to unstable crack growth.
Conversely, under stain-control conditions the deformation in each cycle is limited by the loading
condition and thus the crack grows at a stable rate regardless of its interaction with other cracks.

Conclusions

The effects of surface roughness of the as-built condition of LB-PBF 304L SS AM under
strain-controlled and force-controlled fatigue testing were investigated in this study. For
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comparison, as-machined specimens were also fabricated and tested under the same conditions.
As a result, four different fatigue life curves and the fractography images for each condition were
obtained. The following conclusions can be made as a result of the findings:

1.

Surface roughness can vary with no obvious correlation to direction. Even though the
specimen has cylindrical design, surface roughness of each sides (north, west, south, and
east) show variations.

The mechanical debit on fatigue life as-built and as-machined specimen under strain-
control is much smaller than under force-control.

Multiple cracks initiated on the surface of the as-built specimens. However, there is only
one crack initiation close to the surface of as-machined specimens.

Crack growth stability of force-controlled conditions is much lower for a propagating crack
than strain-controlled conditions resulting in the observed discrepancy in fatigue resistance
for the loading conditions.
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