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Abstract

This study investigates the effect of laser-polishing on the fatigue behavior of Inconel 718
fabricated using laser powder bed fusion process. Three different conditions including as-built and
laser-polished using two different process parameters are considered. Uniaxial tension-
compression fatigue tests are conducted in strain-controlled mode to examine the fatigue behavior
for each condition. In addition, surface roughness measurements and fractography using optical
microscopy and porosity measurements using the X-ray computed tomography are also performed
for all conditions. The results indicate that laser-polishing alone does not improve fatigue
performance, even though it can significantly reduce surface roughness. The beneficial effects of
the smoother surfaces may have been countered by the volumetric defects close to the surface
induced by laser-polishing. The fracture surfaces also reveal that fatigue cracks are initiated from
the defects close to the surface, and therefore, fatigue behavior is not improved.
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Introduction

Metallic additive manufacturing (AM), a layer-by-layer fabrication method, has received
significant attention due to the feasibility of building complex geometries such as lattice structures
that cannot be constructed by traditional subtractive manufacturing methods [1]. Laser powder bed
fusion (L-PBF) is one of the well-known and popular AM methods because it provides arguably
the most accurate built dimension and the least surface roughness (SR) through relatively thin layer
thicknesses among various AM methods [2]. Although L-PBF fabricates geometrically precise
parts, post-processing including thermal and surface treatments are still often applied required to
employ L-PBF parts in engineering applications [3].

Inconel 718 (IN718) is a well-known nickel-base superalloy in many applications, such as
in gas turbines due to its excellent mechanical properties and corrosion resistance [4]. However,
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IN718 has high production costs owing to its expensive machinability [5]. Through the near-net-
shaping capability of L-PBF, manufacturing of IN718 can achieve reduced machining costs and
enable light-weighting. Therefore, IN718 fabricated by L-PBF technique has been studied by
numerous researchers to verify practical applicability [6][7][8]. Gruber et al. [9] reported that L-
PBF IN718 fabricated by optimized process parameters can have comparable hardness and tensile
properties to wrought counterparts after appropriate heat treatments including stress relief, hot
isostatic pressing (HIP), solution annealing, and standard double aging.

Although L-PBF fabricates parts with the smoothest surface among AM methods, the SR
is still the most critical factor for fatigue properties. The fatigue lives of as-built (AB) L-PBF parts
are significantly less than machined and polished counterparts because SR of AB L-PBF parts can
act as micro-notches on the surface resulting in early fatigue crack initiations [11]. Therefore, post
surface treatments are still required especially for fatigue critical applications. Lee et al. [12]
studied the effects of various post surface treatments on fatigue behavior of L-PBF IN718 and
reported that all post surface treatments including sand-blasting, drag-finishing, turning, and
grinding can improve fatigue performance compared to the AB condition.

The post surface treatments, especially conventional techniques such as milling, turning,
and grinding, can significantly improve fatigue performance. However, post surface treatments are
not always feasible due to the complex geometries of the parts. In addition, these techniques hinder
the benefits of AM which are fabricating complex geometries and near-net-shape parts within a
single AM process. Laser techniques such as laser-polishing (LP) and laser-shock-peening have
been employed as non-subtractive post surface treatment techniques for AM parts since they can
reconstruct surface topography without wasting materials. Lee et al. [13] showed that the laser-
polished L-PBF Ti-6Al-4V not only have better fatigue strength than AB counterparts but also
have comparable fatigue lives to machined and polished counterparts.

The effects of LP on the fatigue behavior of L-PBF IN718 are examined in this study. Surface
topographies and porosities of AB and LP specimens were measured followed by uniaxial strain-
controlled fatigue testing to correlate the fatigue properties for each condition. The results show
that LP successfully improves the surface quality of L-PBF IN718. However, LP processes
generate defects close to the surface. As a result, LP specimens have similar fatigue lives compared
to AB counterparts due to the defects close to the surface that introduce early crack initiations
although the surface is smoother.

Experimental Procedure

IN718 fatigue specimens were fabricated using an EOS M290 L-PBF system in an argon
atmosphere with the default process parameters provided by the manufacturer: laser power of
285W, laser scanning speed of 960 mm/s, hatching space of 110 um, and layer thickness of 40
pm. According to ASTM E606, with the exception of the gage diameter of 5 mm [14], the
geometry of specimens was designed as shown in Figure 1 and the specimens were fabricated
vertically. One of the grips has a longer length to provide space to provide enough grip for the LP
process. The specimens were heat treated based on ASTM F3301 and AMS 5564C: stress relief
(1065°C for 1.5h followed by furnace cooling), solution treatment (1065°C for 1lh, argon
guenching), and two-step aging (760°C for 10h, furnace cooling to 650°C and holding for a total
precipitation time of 20h) [15,16]. Two different LP conditions (i.e., LP1 and LP2) were processed
by two different LP process parameters: LP1 — power of 400W, frequency of 600 Hz, scanning
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speed of 100 mm/s, pulse duration of 0.5 ms, defocus of 14 mm and LP2 - power of 250 W,
frequency of 700 Hz, scanning speed of 50 mm/s, pulse duration of 0.7 ms, defocus of 14 mm.
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Figure. 1 Fatigue specimens’ geometry according to ASTM E606.

Surfaces of AB, LP1, and LP2 specimens were scanned by a Keyence VHX-6000X optical
microscope using 500X magnification with a scanned area of 2 mm by 1 mm. In order to obtain
surface height data, a 3D stitching function was used. The captured 3D images were analyzed by
software provided by Keyence. The 3D images were converted to the CSV files to calculate SR
values using MATLAB.

The porosities of AB, LP1, and LP2 specimens were measured by Zeiss Xradia 620 Versa
X-ray computed tomography (XCT) system. The gage sections with a diameter of 5 mm were
scanned using the following settings: voltage of 160 kV, current of 156 pA, and voxel size of 5.5
pum. The scanned files are reconstructed by the software provided by Zeiss and saved as TIFF
image files. The obtained TIFF image files were post processed by ImageJ and Dragonfly to
visualize defects.

Fully reversed uniaxial strain-controlled fatigue tests with the constant strain rate of 0.0025
mm/mm/s were conducted on an MTS Landmark hydraulic system according to ASTM E606 [14].
Five different strain amplitudes (ea = 0.006, 0.005, 0.004, 0.003, and 0.0025 mm/mm) were tested
for all three surface conditions to evaluate their influences in both low and high cycle fatigue
regimes. If plastic deformation was not observed from the hysteresis loops during strain-controlled
tests, the extensometer was removed after a few thousand cycles and the tests were switched to the
force-control to reduce the testing times by increasing frequency.

Results and Discussion

The surface topographies of AB, LP1, and LP2 specimens generated by Keyence software
are presented in Figure 2. The calculated SR values such as the arithmetical mean height (Ra), the
maximum profile valley depth (Rv), and the maximum height of profile (R;) are listed in Table 1.
The AB specimen has partially melted powder particles and layer-wise undulations on the surface
as shown in Figure 2(a). Both LP1 and LP2 not only removed partially melted powder particles
but also reconstructed surfaces by remelting surfaces. As a result, Ra and Ry, which are considered
important SR values in fatigue applications, are reduced by LP processes.
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Figure. 2 Surface topographies of AB, LP1, and LP2 specimens overlaid with micrographs and
colormaps.

Table. 1 The calculated SR values including Ra, Ry, and R; of AB, LP1, and LP2 specimens.

Surface conditions Surface roughness parameters
Ra (Um) Ry (Um) Rz (um)
AB 4,75 12.23 39.19
LP1 2.91 8.12 18.32
LP2 2.35 9.16 19.54

Visualized XCT 3D images of AB, LP1, and LP2 specimens are presented in Figure 3 and
porosity measurement results are listed in Table 2. AB specimens have significantly less defects
in both number and size compared to LP1 and LP2 specimens. Interestingly, they have a similar
number of defects in the center but LP1 and LP2 have slightly more defects close to the surface
compared to AB, which were likely induced by the LP process itself. According to Table 2, the
number of defects for both LPs was almost identical although the process parameters for LP1 and
LP2 are different. The correlation might be that the total energy input per unit surface area for both
parameters was kept almost the same to each specimen (LP1 ~0.2 J/mm? and LP ~0.175 J/mm?)
and therefore a similar melt pool depth and width due to LP processes might be expected. In order
to remedy the LP process induced defects, HIP might be required as a post treatment, especially
for fatigue critical applications.
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Figure. 3 Visualized XCT 3D images of AB, LP1, and LP2 specimens.
Table. 2 Porosity measurement results of AB, LP1, and LP2 specimens.
Surface conditions AB LP1 LP2
Number of defects 42 632 622
Maximum volume of defects (mm®) 3.83E-05 1.21E-04 1.17E-04
Porosity (%) 0.0005 0.0074 0.0078

Strain amplitude versus reversals to failure fatigue plots of AB, LP1, and LP2 specimens
are generated based on fully reversed uniaxial strain-controlled fatigue test results and presented
in Figure 4. The effects of SR on fatigue behavior are typically significant in the high cycle regime
since SR act as micro-notches that can induce early fatigue crack initiation [11]. However, LP1
and LP2 specimens have similar fatigue lives compared to AB specimens even in the high cycle
regime (i.e., at ea = 0.003 and 0.002 mm/mm), although SR is decreased. Other surface treatments
such as sand-blasting and drag-finishing were shown to successfully improve fatigue performance,
although SR of them are similar to or even higher than LP1 and LP2 [12]. It indicates that other
factors such as defects or tensile residual stresses induced by LP processes can hinder any expected
improvements in fatigue strength due to the lower SR.
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Figure. 4 Strain amplitude versus reversals to failure fatigue plots of AB, LP1, and LP2
specimens.

Fracture surfaces of AB, LP1, and LP2, specimens tested at the lowest strain amplitude
(i.e., ea = 0.002 mm/mm) are presented in Figure 5. As shown in Figure 5(a), the AB specimen
shows multiple crack initiation sites from the surface. LP1 and LP2 specimens not only have
multiple crack initiation sites at the surface but also crack initiations from the defects close to the
surface as shown in Figures 5(b) and (c). It confirmed that fatigue performances of LP1 and LP2
are not improved partly because of the defects close to the surface produced through LP processes.
The two different process parameters utilized for LP processes were both prone to form defects.
HIP process and two-step aging followed by LP processes can be suggested to close minimize
defects without changing process parameters and improve fatigue strengths.
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Figure. 5 Fracture surfaces of AB, LP1, and LP2, specimens tested at e = 0.002 mm/mm (crack
initiation sites are shown by the yellow arrows).

Conclusions

In this study, the effects of laser polishing on the fatigue behavior of L-PBF IN718 have
been investigated. Two different laser polished surface conditions and the as-built surface
condition were considered. Through surface and porosity measurements, fatigue tests, and
fractography analyses, the following conclusions were drawn:

e The laser-polishing can remove partially melted powder particles and reconstruct surface
topography by remelting the surface. The surface roughness of laser-polished specimens is
lower than as-built specimens.

e The laser-polishing produced defects, which resulted in a higher number of defects near
the surface in the melted layer. The laser-polishing process parameters such as defocus,
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speed, power, and pulse duration should be considered in further study to reduce creating
defects.

Fatigue life cannot be improved by laser-polishing regardless of the process parameters of
laser-polishing processes. Since the tensile residual stresses and defects produced by laser-
polishing processes can cause early crack initiations resulting in shorter fatigue lives.

Hot isostatic pressing is recommended to improve fatigue strengths by reducing defects
close to the surface without changing laser-polishing process parameters.
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