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ARTICLE INFO ABSTRACT

Keywords: Metallic additive manufacturing produces undesired surface roughness due to the nature of the layer-by-layer
Additive manufacturing fabrication process. As-built surface roughness can accelerate surface crack initiation and result in an early fa-
Ti-6Al-4V

tigue failure under cyclic loading. Therefore, the effect of surface roughness on the structural integrity of additive
manufactured parts needs to be characterized before they can be used in fatigue-critical applications. In this
study, the surface roughness of Ti-6Al-4V specimens fabricated by a laser beam powder bed fusion system is
characterized, using a non-destructive data-driven approach, and correlated with their fatigue performance.
Using a data-intensive surface topographical investigation, standard surface roughness parameters with statis-
tical robustness are generated. The results confirm that conventional standard surface roughness parameters
cannot appropriately represent the correlation between surface roughness and fatigue lives. Accordingly, a
hybrid surface roughness parameter consisting of the maximum valley depth (Ry/S,), the skewness (Rsk/Ssk), and
the kurtosis (Rku/Sky) Of the profiled lines/areas is suggested to explain the fatigue behavior. The proposed
hybrid surface roughness parameter is validated by vertically fabricated flat specimens and diagonally built
cylindrical dog-bone specimens to investigate the effect of design and build orientation. Moreover, a fatigue
prediction model which considers the surface roughness as a micro-notch has been modified using the proposed
hybrid surface roughness parameter and the part’s layer thickness and validated against experimental data.

Statistical analysis
Surface roughness parameter
Fatigue prediction

conducted to investigate many different aspects such as mechanical and
material behaviors of parts fabricated via LB-PBF [6-10], a compre-
hensive understanding of the effect of surface roughness on fatigue
behavior is not yet fully obtained.

Titanium alloys are commonly-used materials for biomedical and
aerospace applications because of their remarkable properties such as
high strength to weight ratio, corrosion resistance, and weldability [11,
12]. Among the various titanium alloys, Ti-6Al-4V, composed of hex-
o . o . agonal close-packed alpha-phase and body-centered cubic beta phase, is
with high resolution compare to other AM processes, which is partially the most widely used [12,13]. Therefore, Ti-6Al-4V has been studied by

du.e to utilizing smaller size of [.)owder particles and thm.ner la)fer many researchers and adapted by the AM community to utilize in several
thickness [1-4]. Therefore, the biomedical and aerospace industries applications [14-16]. LB-PBF Ti-6Al-4V, especially, has been investi-

have shown particular interest in LB-PBF for fabrications that require gated in terms of microstructural and mechanical characterization to

meticulous and complex'geonlletr.u?s such as bone implants and lattice understand the process-structure-property relationships specific to this
structures [2,3,5]. While significant research works have been

1. Introduction

The advancement of metallic additive manufacturing (AM) has
enabled the fabrication of complex geometries that are otherwise un-
obtainable through traditional subtractive methods. Among the various
metallic additive manufacturing methods, laser beam powder bed fusion
(LB-PBF) has gained more attention because it can fabricate components

Abbreviations: AM, Additive manufacturing/Additively manufactured; HCF, High cycle fatigue; ICF, Intermediate cycle fatigue; LB-PBF, Laser beam powder bed
fusion; LCF, Low cycle fatigue; SIF, Stress intensity factor; SR, Surface roughness; UTS, Ultimate tensile stress.
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Nomenclature R, Minimum to maximum stress ratio
R2 Coefficient of determinations
€max Maximum applied strain R./Sa Arithmetical mean height of the profiled line/surface
€min Minimum applied strain Riu/Sku  Kurtosis of the profiled line/surface
Ce Fatigue endurance limit Rimode/Smode Distance between the mean and the mode of the
Omax Maximum stress response profiled line/surface
Omin Minimum stress response Rp/Sp Maximum peak height of the profiled line/surface
f Fatigue strength fraction Ry/Sq Root mean square deviation of the profiled line/surface
N¢/2N¢  Cycles/Reversals to failures Ra/Ssk Skewness of the profiled line/surface
K, Effective elastic stress concentration factor Ri/S¢ Total height of profiled line/surface
j & Effective fatigue notch factor R,/Sy Maximum valley depth of the profiled line/surface
q Notch sensitivity of the material Rzso 10-point height roughness
R. Minimum to maximum strain ratio p Effective radius of curvature

AM process [14,17-19]. Accordingly, appropriate processing methods
and process parameters have been suggested to reliably fabricate LB-PBF
Ti-6Al-4V components that have comparable static properties to
conventionally manufactured counterparts [20,21].

Among the various mechanical properties, however, LB-PBF Ti-6Al-
4V parts show relatively inferior fatigue strength compared to conven-
tionally manufactured counterparts [22,23]. One of the main demands
for additively manufactured (AM) components is for fatigue critical
applications, hence comprehending the fatigue behavior of AM parts is
very important [22-24]. LB-PBF process produces unavoidable internal
defects such as gas entrapped pores and lack-of-fusion defects which
notably deteriorate the fatigue strength compared to microstructural
effects. In order to enhance the fatigue performance of LB-PBF
Ti-6Al1-4V, multiple studies have been conducted in terms of opti-
mizing process parameters and performing various post-process treat-
ments such as conventional heat-treatment, hot isostatic pressing, and
various surface enhancement techniques [17,25,26]. Improved fatigue
lives can be obtained through these post-process treatments, with the
most beneficial effect on fatigue behavior being obtained by subtractive
machining processes to remove the as-built surfaces [27].

The surface roughness (SR) in AM parts is inevitable due to the layer-
by-layer fabrication process as well as the attachment of partially melted
powder particles to the surface [3,8,28]. SR is deleterious to the fatigue
performance, even though LB-PBF fabricates components with relatively
low SR compared to other AM techniques, such as direct energy depo-
sition [29-33]. Various surface enhancement techniques such as
machining, shot-peening, and laser polishing have been proposed to
reduce the SR and result in an improved fatigue performance [34-39].
However, besides the cost and time associated with these surface
enhancement techniques, such treatments are difficult to conduct on
complex geometries such as porous/lattice components or parts with
internal features. Therefore, utilizing AM parts without the need of
extensive surface enhancement is an outstanding goal in the AM com-
munity. An overall understanding of SR effects on fatigue resistance of
AM parts and establishing predictive methods are required to accom-
plish this goal.

The standard SR terminology was developed by the International
Organization of Standardization (ISO) [40], and those standardized SR
parameters are widely used in the conventional manufacturing com-
munity as well as in the AM community [28,41]. Among the various
standard SR parameters, the arithmetical mean height (R, for line and S,
for area roughness) which indicates the average of the height along the
profiled region is most commonly used since it can describe the general
topography of a surface [42]. SR induced fatigue failures, however, are
dependent on localized crack initiations due to plastic deformations
corresponding to stress concentrations at the critical micro-notches. As a
result, the maximum profile valley depth (Ry for line and S, for area
roughness) which indicates the lowest point from the mean line is usu-
ally used for fatigue analysis [43].

Furthermore, calculating the stress concentration factor which in-
troduces early fatigue life crack initiation requires both the depth of SR
and the topographical factors such as radii and steepness of valleys [44,
45]. Some works have suggested estimating fatigue lives based on the
combination of standard SR parameters and the radii of ten deepest
valleys on the surface [46,47]. The proposed models, however, involve
constraints; limited precision of techniques for characterizing surface
topography to identify the radii, the human induced artificial inaccuracy
of estimating radii from the obtained data, and more. The measurement
of surface features (e.g. radii of ten deepest valleys) especially may cause
disparities between observers due to the lack of standard criteria for
determining these dimensions. Therefore, a simplified model using
modified hybrid SR parameter seems to be critical to understand and
estimate the fatigue behavior without introducing unnecessary errors.

In this study, the SR for LB-PBF Ti-6Al-4V specimens in as-built and
half-polished surface conditions have been thoroughly characterized by
empirical analysis using digital microscopy. Not only the numerical
standard SR parameters, but also the alteration of radii and steepness of
surface notches are considered before and after the polishing process. In
addition, hybrid area SR parameters including the maximum valley
depth of the profiled surface (Sy), the distance between the mean and the
most frequently observed value of the profiled surface (Spode), the
kurtosis of the profiled surface (Sk,), and the skewness of the profiled
surface (Sg) are calculated. Subsequently, the specimens with various
surface conditions have been tested under cyclic loading. The correla-
tion of various SR parameters with fatigue lives of as-built and half-
polished specimens, especially in the high cycle fatigue (HCF) regime,
is examined. In addition, the hybrid line SR parameter as a substitute for
the hybrid area SR parameter is investigated to be utilized for parts with
complex geometries that do not allow measuring the surface easily.
Finally, a proposed hybrid line SR parameter is employed to predict
fatigue performance and the results are compared with experimental
data.

2. Material and methods
2.1. Experimental procedures

A net shape flat specimen with a uniform rectangular gage section
was designed for this study based on ASTM E466 [48], as shown in
Fig. 1. Grade 23 alpha-beta Ti-6Al-4V powder made by Carpenter Ad-
ditive was used to fabricate specimens. The chemical composition of the
powder is listed in Table 1. The specimens were fabricated by an EOS
M290 LB-PBF machine using the default process parameters for
Ti-6Al-4V as follows: laser power of 280 W, laser scan speed of
1200 mm/s, hatching distance of 0.14 mm, and layer thickness of 30
pm. The build orientation was vertical and the entire build process was
conducted under argon atmosphere. Before detaching specimens from
the substrate, the whole plate was stress relieved under an argon
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Fig. 1. The design and dimensions of fatigue specimens based on ASTM E466 [48], the standard test method for force-controlled fatigue testing.

Table 1

The chemical composition of Ti-6A1-4V powder produced by Carpenter Additive.
Element Al C Fe H N (0] Ti A
wt% 6.2 0.01 0.09 0.002 0.01 0.09 Bal 4.0

environment at 700 °C for an hour and furnace cooled to eliminate the
effect of residual stresses [49,50]. After stress relief, the specimens were
carefully removed from the substrate to preserve the as-built surfaces.

Two categories of surface conditions, as-built and half-polished, were
investigated in this study to explore the effect of peaks and valleys on
fatigue behavior. The goal of the half-polished condition is to isolate the
effects of the valleys and identify the role, if any, the peaks may have on
the fatigue resistance. For the half-polished surface condition, the
specimens were manually hand-polished, using abrasive papers with a
grit size of 320, enough to eliminate the relatively higher peaks on the
surface while not affecting the valleys. According to the caliper mea-
surement, the thickness of half-polished specimens was decreased by
approximately 0.1 mm. In addition, the sides of the specimens were
mirror-polished (less than 0.2 pm SR based on ASTM E466 [48]) in order
to prevent crack initiations from the side surfaces. The surface topog-
raphy of the gage section of as-built and half-polished specimens was
measured using a Keyence VHX-6000 3D digital microscope. Every
specimen (18 in total, 9 of each as-built and half-polished condition) was
investigated to obtain more raw data that provide enough sample size
for statistical analysis. The obtained 3D surface images were converted
to.csv point height data to facilitate further surface topographical data
investigation.

Strain- followed by force-controlled uniaxial fatigue tests with
strain/stress ratio of R, = 0.1 and R; = 0.1 were conducted on an MTS
Landmark servo-hydraulic test frame with a load capacity of 100 kN.
The switch to pseudostrain control under force control once cyclic sta-
bility is achieved provides flexibility for testing in the HCF regime and
was considered in this study following note 5 in ASTM E606 [51]. The
strain/stress ratio was set to 0.1 to prevent buckling failures. According
to Pegues et al. [32], SR should be excluded from the load-bearing areas
calculated by manually measured cross-sections. Therefore, the
strain-controlled tests were conducted first up to ~200 cycles by the
extensometer attached on the side of the specimen to obtain the
constitutive stress-strain relationship for each test. The control mode
was then switched to force-control based on the obtained force from the
strain-controlled portion of the test and progressed up until failure. If the
running cycles reached 5 million cycles (10 million reversals), the test
was suspended and considered as run-out. Ti-6Al-4V specimens show
mostly linear hysteresis loops and very stable cyclic behavior without
cyclic hardening or softening so the tests can be simply regarded as
force-controlled tests.

The fractography analysis was performed on the final fracture sur-
faces to find crack initiation cites from the as-built and half-polished
surface regions. The overall fracture surfaces were observed by Key-
ence VHX-6000X using 3D stitching mode to cover the entire area.
Contour maps of final fracture surfaces were generated using the ob-
tained point height data to investigate the crack initiation regions.

2.2. Data pre-processing

The images obtained from the 3D digital microscope were converted
from.csv format to a binary format. A pixel in a 500X microscopy image
represents approximately a 0.429 x 0.429 um surface area. Therefore,
each file contains about 15,000 x 15,000 data points. The images were
appropriately down-sampled to reduce the computational expense so
each pixel represents 1 x 1 um area. Further smoothing was done by
applying a 2D Gaussian kernel of size 5 x 5 and a standard deviation of 1
to the images. Slight smoothing is necessary to remove ridges that might
be caused by digital noise.

It was observed that the specimens were not aligned exactly parallel
to the image frame. Such misalignments were programmatically detec-
ted and fixed since they can potentially have a significant influence on
the calculation of standard SR parameters. Fig. 2 describes how mis-
alignments were corrected with (a) reconstructed and (b) schematic
surface images. The alignment adjustment was performed by fitting a
line to the upper edge of the specimen in the image using linear
regression. The upper edge is detected via adaptive thresholding which
separates the specimen from the background. A rotation angle can be
extracted from the slope of the fitted line. Finally, the image is rotated by
this angle in the opposite direction, resulting in an upper edge with
angle 0°.

In addition, as an artifact of the microscopy process, the surface of
the parts may not be perfectly flat when the images are obtained. For
example, it might be slightly tilted from one side to the other as illus-
trated in Fig. 3(a) and (b) as 3D and 2D demonstrations, respectively.
These tilts were also programmatically detected and corrected. The
procedure of tilt adjustment is performed by regressing a 2D plane to the
surface of the image in the form of:

aX+bY =2 @
where X and Y are pixel coordinates and Z is the intensity of the pixel in
the image. The parameters a and b are estimated by a regression that fits
a plane to the surface of the image. Finally, a correction is made on the
intensities subtracting estimated intensity from the actual intensity of
each pixel:

Z =7 — (aX +bY) @)
where Z' is the zero-centered and corrected surface height after tilt
adjustment.

The top and bottom images of Fig. 3(a) illustrate the same location
with original and tilt-adjusted views. Note how the coloring of minima
and maxima changes before and after tilt adjustment. To verify the
alternation of height numerically, 2D profiles of surfaces in Fig. 3(a)
were generated as shown in Fig. 3(b). This figure illustrates the average
pixel intensities over the x-axis in the image before and after tilting. Note
how the intensity profile is flattened in Fig. 3(b) after the process. In this
study, all height data acquired from images passed through the above
steps to adjust the alignment and tilt of the images, to minimize nu-
merical errors in further SR analysis.
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Fig. 2. The descriptions of before and after the misalignment correction using (a) reconstructed and (b) schematically drawn surface images. The units are pm.
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Fig. 3. (a) 3D demonstration of tilt correction and (b) 2D profiled lines before and after tilt/alignment correction with numerical height values.
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3. Experimental results

3.1. Surface topography

One challenge faced when comparing images before and after pol-
ishing, is matching the as-built microscopy image to the one obtained
after polishing. Fig. 4 shows the surface topography of a specimen using
a color map that indicates peaks in red and valleys in blue: (a) before
polishing (as-built) and (b) after polishing (half-polished). Most of the
peaks from the as-built surface (Fig. 4(a)) were removed in the polishing
process which resulted in relatively lower and flatter peaks as shown in
the half-polished part (Fig. 4(b)). Interestingly, a valley observed in the
half-polished surface (black dotted circle Fig. 4(b)) used to be a peak in
the as-built surface (black dotted circle Fig. 4(a)). The results show the
presence of “hidden” valleys underneath peaks, which may be caused by
partially melted features on the surface, using the comparison between
as-built and half-polished surface topographies. The “hidden” valleys
were also claimed from other studies using images of the polished
transverse sections close to the surface of specimens [52]. Therefore,
surface topography via optical methods may not exactly pinpoint local
minima that can initiate fatigue cracks due to the possible presence of
deep/sharp valleys that are occluded from the view of microscope by
unmelted powder resting on the surface.

The conventional standard SR parameters based on the ISO
4287:1997 [40] are calculated and listed in Table 2, including both
one-dimensional line roughness and two-dimensional area roughness.
Linear (1D) metrics are averages taken over all the line profiles in the
image. According to Table 2, all values that indicate height of profiled
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Fig. 4. Reconstructed surface topography of a specimen (a) before and (b) after
half-polishing from the top view using Python. Black dotted circles indicate
“hidden” valleys which were not distinguished before polishing. All units
are pm.
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Table 2
Calculated standard 1D (line) and 2D (area) SR parameters based on the ISO
4287:1997 [40].

Standard SR parameters As-built Half-polished
1D 2D (area) 1D 2D
(line) (line) (area)
Arithmetical mean height (R,/S,) 18.8 um 19.8 ym 9.0 um 11.6 pm
Root mean square deviation (Rq/ ~ 23.2 um 24.5 ym 11.0 ym 14.0 ym
Sq)
Maximum profile peak height 62.8 um 111.8 ym  15.5um 31.0 um
(Rp/Sp)
Maximum profile valley depth 58.7 um 87.7 ym 35.2 um 56.7 um
(Rv/Sv)
Kurtosis (Ryu/Sku) 2.9 2.9 3.9 2.7
Skewness (Rgk/Ssk) 0.1 0.1 -1.0 -0.6
Distance between the mean and -0.8 um -3.1 ym 8.2 um 9.5 um

mode (Rmode/Smode)

line/surface such as Ra/S,, Rq/Sq, Rp/Sp, and Ry/S, were decreased after
polishing. Even though the surface was half-polished, Ry and S, were
also decreased. This is due the fact that R, and Sy, are calculated based on
distances from the mean and the mean goes down when peaks are
flattened through polishing. This observation confirmed that simple
standard SR height parameters (such as Ry/Sy) can be skewed due to the
effect of the average characteristics of the surface height, which do not
affect the mechanical performance.

To explore the effect of polishing on height data distribution, surface
topography was investigated by comparing profiles from the same re-
gion of a specimen in three different polishing states: as-built, polished
and more polished. Fig. 5 shows profile lines for the three different
polishing states in (a) and their height probability density in (b). A
profile which does not cross the aforementioned “hidden” valleys and
can cause undesirable differences in height distribution was selected. As
shown in Fig. 5(a), the peaks of the surface were flattened by the light
hand-polishing processes and indicated as dotted lines with corre-
sponded colors for each condition. It should be noted that these dotted
lines illustrate how much depth of material has been removed and they
are matched with the highest height probability density as shown in
Fig. 5(b). On the other hand, the valleys, and their topographical fea-
tures such as radii of valleys indicated by blue shaded areas in Fig. 4
were not significantly affected by the polishing processes.

The height distribution indicated by height probability density in
Fig. 5(b) can be examined using skewness, kurtosis, and the location of
modes. Skewness is a measure of asymmetry of the distribution. A
completely symmetric distribution has a skewness of zero and asym-
metric distributions have either negative or positive skewness depend-
ing on the location of peaks. Kurtosis is a measure of weight of the tails of
the distribution. A high kurtosis means there is a higher probability for
extreme values to occur. The as-built surface had a height distribution
with a lower kurtosis (resulting in a wide distribution) and a skewness
close to zero (resulting in a less distance between the mean and median).
On the other hand, the height distribution of polished surfaces shows a
relatively higher kurtosis and a negative skewness, indicating that the
height data has asymmetry and more extreme values correlated to the
valleys, which are more influential to fatigue resistance. Tracking the
changes in peaks show that as the process of polishing continues, the top
peaks are reduced proportional to the amount of polishing. This can be
explained by the fact that polishing flattens the peaks, resulting in a
larger number of high points with roughly the same height. This
observation verifies that surface polishing can influence the character-
istics of the height data distribution, while not eliminating the delete-
rious effect of the valleys on fatigue performance. Therefore, some of the
standard SR parameters cannot adequately characterize the influence of
surface condition on fatigue resistance.



S. Lee et al.

Additive Manufacturing 46 (2021) 102094

90 (a)

(=2}
o

Height (um)
w
o

—— As-built | (b)

Polished

——— More polished

40
30
20
10
0 200 400 800 0.00 0.02 0.04 0.06
Length (um) Density

Fig. 5. (a) 1D surface topography and (b) height probability density of the profiles along with the build orientation and loading direction of as-built, half-polished,

and more-polished surfaces.

3.2. Fatigue and fractography

The strain- followed by force-controlled fatigue testing results are
listed in Table 3, including frequency, applied maximum strain (emax),
applied minimum strain (epi,), strain ratio (R¢), maximum stress
response (Omax), Minimum stress response (Gmin), stress ratio (R;) and
reversals to failure (2Nf). The effective cross sectional area is calculated
by offsetting the total height of profiled surface (S) to obtain the applied
maximum stresses by only considering the load-bearing area. Based on
the data points in Table 3, the strain-life and stress-life fatigue plots are
generated and presented in Fig. 6. The red squares and blue circles in
Fig. 6 represent as-built and half-polished specimens, respectively. The
run-out data points are indicated by arrows with each corresponding
color. Under gpax = 0.0020 mm/mm (~ 0pyax = 445 MPa), specimens
with either surface condition reached 107 reversals, and therefore, are
marked as run-outs.

As can be seen from Fig. 6, fatigue lives are very similar for both as-
built and half-polished surface conditions among all cycle regimes. It has
been shown that, depending on the ductility, the effect of SR on fatigue
strength in low cycle fatigue (LCF) and intermediate cycle fatigue (ICF)
regimes is not as significant due to the global plastic behavior leading to
a much greater influence of the crack growth rather than crack initiation
[47]. On the other hand, SR can be much more influential in the HCF
regime since the fatigue failure in this life regime is mostly governed by
the crack initiation process, which can be affected by the SR significantly

Table 3

in the absence of plastic deformation. Therefore, the specimens with
lower SR will generally have longer fatigue lives compared to the
specimens with higher SR in the HCF regime. Interestingly, data points
in the HCF regime (emax = 0.0020 and 0.0025 mm/mm) in this study
indicate that as-built and half-polished specimens have similar fatigue
lives even though their standard SR parameters are quite distinct. The
standard SR parameters provided in Table 2 suggest that the negative
impact of SR on fatigue performance would be reduced for the
half-polished conditions. However, the similar fatigue performance
observed for the two distinct surface conditions demonstrate the valleys,
which provide the critical crack initiation features under cyclic loading,
are not significantly altered, their detrimental effect on fatigue perfor-
mance is not reduced. This is a cautionary example of the complexities
associated with correlating fatigue properties to surface topography and
the need for new parameters that are capable of distinguishing critical
differences in surface conditions affecting fatigue.

According to the fractographic analysis, different crack initiations
were observed in terms of ICF versus HCF regimes. Interestingly, for
each life regime, similar failure mechanisms were observed for both
surface conditions. Fig. 7 shows the final fracture surfaces with/without
color contour maps to indicate the main failure mechanism of multiple
specimens: (a) V02 (as-built surface in ICF regime), (b) V09 (half-pol-
ished surface in ICF regime), (c) V14 (as-built surface under in regime),
and (d) V13 (half-polished surface in HCF regime). Regardless of the
surface condition, the cracks are initiated from the surface. Relatively

Strain-followed by force-controlled fatigue testing results of LB-PBF Ti-6Al-4V in as-built and half-polished surface conditions.

Surface condition Spec ID Freq (Hz) €max (MMmM/mm) €min (Mm/mm) Re Omax (MPa) Omin (MPa) Rs Reversals to failure (2N¢)
As-built V02 5 0.0040 0.0004 0.1 479.4 48.9 0.10 91,718
V10 5 0.0040 0.0004 0.1 489.5 56.7 0.12 98,354
V16 7.5 0.0030 0.0003 0.1 357.6 35.6 0.10 220,026
Vo4 7.5 0.0030 0.0003 0.1 376.4 49.0 0.13 182,444
Vo8 7.5 0.0030 0.0003 0.1 356.5 39.1 0.11 272,928
V18 8 0.0025 0.00025 0.1 283.2 28.3 0.10 518,256
A2V 8 0.0025 0.00025 0.1 310.8 36.3 0.12 384,808
V14 8 0.0025 0.00025 0.1 307.2 31.2 0.10 641,712
V06 10 0.0020 0.0002 0.1 243.2 32.4 0.13 >10,000,000
Half-polished Vo7 5 0.0040 0.0004 0.1 496.6 57.9 0.12 101,832
Vo9 5 0.0040 0.0004 0.1 490.5 61.5 0.13 121,984
V15 7.5 0.0030 0.0003 0.1 359.8 37.2 0.10 265,336
V05 7.5 0.0030 0.0003 0.1 378.9 50.0 0.13 307,080
Vo3 7.5 0.0030 0.0003 0.1 361.0 41.6 0.12 326,246
V13 8 0.0025 0.00025 0.1 303.9 30.7 0.10 574,122
V11 8 0.0025 0.00025 0.1 307.2 34.3 0.11 582,412
V17 8 0.0025 0.00025 0.1 300.4 32.6 0.11 791,602
Vo1 10 0.0020 0.0002 0.1 248.1 24.8 0.10 >10,000,000
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Fig. 6. (a) Strain-life and (b) stress-life plots of LB-PBF Ti-6Al-4V specimens
with as-built and half-polished surface conditions.

more crack initiations on different planes and coalesces are observed in
the ICF regime, while a primary crack initiation dominated the fatigue
failure in the HCF regime. This can be explained by the relatively longer
crack growth stage in the ICF regime allowing for other cracks to initiate
[53,54]. As a result, fractography reveals that fatigue failure mecha-
nisms can be similar for as-built and half-polished specimens, even
though the specimens have very different values of conventional stan-
dard SR parameters.

4. Data analysis and parameter development
4.1. Data validation

It is important to ensure that imaging data is robust enough for the
sake of analysis. Specifically, we need to know whether the resolution
employed and the area scanned are sufficient to accurately represent the
SR of the entire part and to obtain accurate estimates of standard (and
new) SR parameters. Hence, data validation procedures were conducted.
First, the resolution of the image was inspected, namely, whether 500X
magnification could provide high enough accuracy regarding height
data compared to higher magnifications. Fig. 8 shows bar plots of
standard SR parameters measured at 500X and 1000X magnifications.
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All the measurements in Fig. 8 are close to each other, regardless of
magnifications, which means that for the sake of calculating standard SR
parameters, using 1000X does not provide significantly different results
than 500X. On the other hand, 1000X imaging takes four times more
time and memory than 500X. As a result, the height data measured by
processing microscopy images at 500X magnification in this study was
considered sufficient and it was deemed a good compromise for image
resolution versus time and storage efficiency.

The entire area of the gage section of the specimen could not be
scanned due to the limitations of the Keyence VHX-6000 3D digital
microscope; hence, the gage section was divided into two sub-areas and
scanned. This required determining whether there was any difference
between the standard SR parameters of the entire area and sub-areas or
not. In case the parameters obtained from the sub-areas differed
significantly, this implied having to take two scans for each part and
somehow combine them after the fact. To examine these differences,
statistical analysis regarding the effect of measuring each sub-area on
resulting standard SR measurements was conducted. A simulation pro-
cess was designed in which the original microscopy image was randomly
divided into multiple sub-areas (25% area, 25% length, 25% width, 50%
length, and 50% width). The multiple sub-areas are schematically
described with different colors in Fig. 9(a). This process was applied to
all specimens for which microscopy images were present. SR parameters
of each sub-area were computed and compared with the parameters of
the whole surface. The results are plotted in Fig. 9(b). In this image, each
color denotes a sub-area category and the length of the bars are average
measurements over all the parts. The length of the bars are 95% confi-
dence intervals associated with each measurement.

As can be viewed in Fig. 9, 50% length measurements (colored or-
ange in Fig. 9) yield similar values of R, and Rq but provide lower values
of Ry and R, compare to original measurements. This is because either
the maximum or minimum height value of the entire profile and part of
the profile can be significantly different, while the average values will
remain similar. However, the discrepancy in R, and R, was not observed
between 50% width measurements (colored dark golden in Fig. 9) and
original measurements. SR profile lines of AM parts need to be parallel to
the build orientation based on the ISO standard [40]. The layer-by-layer
process tends to produce surface undulations with a period on the order
of the layer thickness. Therefore, 50% length measurements result in
shorter horizontal profile lines, while 50% width measurements keep
the same length of horizontal profile lines compared to the 100% length
measurements. As a result, a longer sampling length will tend to give
greater values of Ry and R, compared to shorter lengths. This observa-
tion using a data-driven comparison between various sub-sectional areas
confirmed that SR analysis for fatigue critical applications should be
conducted with longer profiled lines as much as possible.

4.2. Surface roughness parameters modification

The effect of the polishing process on surface topography can be
visualized as a histogram of the point height data from the surface
profile. Fig. 10 describes the number of data points in terms of profiled
surface height of specimen V17 before and after the polishing process.
The modes, the most counted value in a set of height data, before and
after polishing are ~2 ym and ~18 pm from the mean, described as
dotted lines in Fig. 10, respectively. In addition, the shape of the his-
togram shows that the surface before polishing has normally distributed
height data. On the other hand, the surface after polishing has a distri-
bution with negative skewness and the data is more weighted (or
centered) around both the mean and the mode compared to the as-built
surface data, where the data has a wider distribution. This negative
skewness demonstrates that the polishing step results in a higher fre-
quency of data points along the newly generated surfaces created by
removal of the peaks. A height distribution that is negatively skewed and
heavily concentrated around the mode may be observed not only after
polishing, but also other surface treatment methods such as shot-
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peening and sand-blasting since these treatments will also physically
smoothen the surface from the top, without much effect on valleys. As
such, modified SR parameters that can distinguish these statistical
characteristics regarding height data distributions are critical to
advancing the use of AM parts that will be subjected to structural loads
without sufficient removal of the as-built surfaces (e.g. internal features,
complex or topology optimized structures).

The current standard SR parameters listed in ISO [40] are based on
the distance from the mean of profiled height (e.g. R, and S, are the
lowest height point from the mean line). These standard SR parameters
can adequately characterize the surface with normally distributed
height data (e.g. as-built specimens) as explained in the introduction. In
order to examine the correlation between SR and fatigue life, the

standard SR parameters (Ry, and S,) versus reversals to failures plot for
both as-built and half-polished specimens at the applied maximum
strain of emax = 0.0025 mm/mm are generated and shown in Fig. 11(a).
A simple linear regression analysis using standard SR parameters as
explanatory variables and reversals to failure as the response variable is
conducted (2N = By + P1 x (Ry or Sy)). In addition, the coefficient of
determination (R?) for each corresponding regression line is calculated
and provided in Fig. 11(a). Obtained R? values from different standard
SR parameters are utilized to compare the strength of the linear
relationship.

According to the R? values from Fig. 11(a), the one-dimensional
parameter, Ry with R? = 0.479, exhibits less correlation with fatigue
lives as compared to the two-dimensional parameters, S, with R®
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Fig. 10. The histogram of surface height data of specimen V17 before and after the polishing process. Both histograms are centered by the mean. The mode of each

surface condition is indicated by different dotted lines.

= 0.708. This is because the profiled lines of one-dimensional parameter
may miss deeper valleys among the entire surface, but the profiled areas
of two dimensional parameter sample a greater region and are more
capable of capturing the deepest valley on the surface. Gockel et al. [43]
have also shown a similar observation using AM Inconel 718 alloy that
Sy inversely correlates with the fatigue lives. Therefore, S, shows better
success than other standard SR parameters when correlating fatigue
lives to SR.

When considering the Sy values of only as-built specimens to char-
acterize fatigue lives, R? was 0.99. However, the presence of half-
polished specimens provides invalid S, values and results in less fitted
trendlines of R? = 0.708, as shown in Fig. 11(a). Therefore, several
modifications, mostly combining standard SR parameters regarding the
valley of surface and distribution of height data, were conducted to
adjust the correlation between SR and fatigue lives regardless of surface
conditions. Fig. 11(b) includes two different hybrid area SR parameters
that represent a reliable trend in terms of fatigue lives compared to other
combined parameters. These two different hybrid area SR parameters
are suggested based on the shifted baseline from the mean to the mode of
the profiled surface. The first hybrid area SR parameter Sy + Spode, the
sum of the maximum valley depth of the profiled surface (Sy) and the
distance between the mean and the most frequent value of the profiled
surface (Smode), describes the deepest valley of the profiled surface
considering the height distribution. As a result of this correction, the R
between SR values to fatigue lives was increased from 0.708 (S,) to
0.875 (Sy + Smode), compare Fig. 11(a) and (b). This observation con-
firms that by shifting a baseline from the mean to the mode, more
descriptive SR parameters regardless of the surface condition can be
obtained.

Height direction characteristics such as the kurtosis of the profiled
surface (Sky) and the skewness of the profiled surface (Sg) were also
employed according to the literature to suggest better representative SR
parameters in terms of fatigue lives [55-57]. Griffiths claimed that
distribution and shape of surface topography can also influence fatigue
behavior based on a survey about the relationship between the surface
integrity and functionality [55,56]. Therefore, Spode Was multiplied by
both Sk, and Sg to obtain a hybrid area SR parameter which can yield a
better correlation. The Sy was multiplied by —1 because the negative
skewness indicates the mass of the distribution is concentrated on the
right side of the mean. The obtained hybrid area SR parameter, S, +
Smode X Sku X Ssk shows considerable improvement with R? =0.978
compared to Sy + Spode With R? = 0.875(see Fig. 11(b)).

The proposed hybrid area SR parameter results in an improved R>
value for the combined dataset of as-built and half-polished surfaces. In
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addition, the Sy + Spode parameter shows a significantly improved
correlation as compared to Sy since it considers the effect of height
distribution. Moreover, the Sv + Spode X Sku X Ssk parameter can
represent the maximum valleys of the surface as a single parameter
containing statistical remarks regarding the surface condition. As a
result, the proposed Sy 4+ Smode X Sku X Ssk hybrid area SR parameter can
be used as a concise and comprehensive SR parameter especially for the
surface treated LB-PBF parts.

4.3. Effect of design and build orientation

The previous results suggest that the two-dimensional area SR pa-
rameters can provide more accurate description of the critical SR
characteristics related to the fatigue failure as compared to parameters
based on the line roughness. However, measuring area roughness is not
always feasible because of the shape of fabricated parts (e.g. cylindrical
shape specimens). Many of conventional SR analysis equipment provide
correction functions which can adjust geometrical/dimensional effects
on SR measurement. These shape/tilt correction methods center the data
points on the average based on statistical analysis. However, it is always
beneficial to avoid correction especially for the fatigue critical appli-
cations since the correcting process may result in some artificial errors.
An alternative method of evaluating SR in real applications is utilizing
the line roughness in the direction of loading. In this section, the SR data
from a previous study [32] is employed to verify whether the proposed
hybrid line SR parameter can successfully capture the differences in
roughness among the various geometries and their associated effects on
the fatigue performance.

The specimen design from the previous study was cylindrical dog-
bone with uniform gage section and the build orientation was diago-
nal [32]. Hence, both geometrical effects from the cylindrical design and
stair effects from the diagonal layer-by-layer fabrication process can be
considered. Since the specimens were cylindrical and diagonally built,
the critical roughness occurs as a line along the down-skin surface where
the stair effects are most detrimental [58]. Therefore, the SR of five
specimen batches with different dimensions were investigated by the 3D
digital microscope using line profiles in [32]. Based on profiled line
roughness data, standard (Rp, Ry, Rz, Ra, Rsk, Rku, @and Ryode) and sug-
gested hybrid (Ry + Rmode and Ry + Rmode X Rku X Rsk) line SR pa-
rameters are calculated and listed in Table 4. Both down-skin and
up-skin surfaces were measured; however, since all fatigue cracks were
initiated from down-skin surface due to the relatively higher SR compare
to the up-skin, only SR values of down-skin are listed in Table 4. It
should be also noted that the values in Table 4 are average of 6 profiled



S. Lee et al.

(a)

140
K A 1DIine(Rv)
~
120 \\\ v 2Darea(Sv)
3 RN == -Y = -8.602e-05X + 99.16 (R?=0.479)
= R = ==Y = -1.49e-04X + 161.1 (R?=0.708)
= 100 SR
< ~
5 Y
O 8oF-~. S
2 sl A ~d
= S A N
o e v %
o 60 ~ v v
5 RNV S
£ 40 A S AN
3 BRSNS
= ‘
20 =\
~
0
2*10° 4*10° 6*10° 8*10° 108
(b) Reversals to Failure, 2N{
140 (-
=120 NN
100 g
T N
£ i
© & O
S 80 8.
a o
14 SO
7 0. 0%
e
< 40 : AR
2 o 1Dline R) N
2 O 2Darea(s) NN
I 20 2
Y = -1.571e-04X + 167.9 (R?=0.875)
~ = -Y =-1.491e-04X + 169.5 (R%=0.978)
0
2*10° 4*10° 6*10° 8*10° 108

Reversals to Failure, 2Nf

Fig. 11. SR values versus reversals to failure for specimens tested at €max
= 0.0025 mm/mm are plotted regardless of surface conditions (both as-built
and half-polished are included): (a) Existing standard SR parameters and (b)
the proposed hybrid area SR parameters. Their trendlines and coefficient of
determinations are also plotted and written, respectively.

line roughness measurements.

Fig. 12 shows the standard and hybrid line SR parameters versus
fatigue lives similar to the Fig. 11(b) to validate the use of hybrid line SR
parameters rather than hybrid area SR parameters. All data points in
Fig. 12 were tested under ~200 MPa stress amplitude and include all
five geometries from the previous study. The SR parameter needs to
capture this trend since other conditions that affect fatigue strength are
restricted and cracks were initiated from the surface. The standard and
suggested hybrid line SR parameters (Ry and Ry + Rpode X Rku X Rsk)
were used to generate Fig. 12, yielding R? = 0.693 and R? = 0.485,
respectively. It should be noted that the scatter observed for hybrid line

Table 4
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SR is much greater as compared to the hybrid area SR, which is related to
the smaller sample size of line measurements compare to area mea-
surements. Additionally, for these specimen geometries and build di-
rection the location of the highest roughness region of the specimen is
easily identifiable due to the down skin surface condition. Despite the
small difference in the coefficient of determination, agreement between
the standard and hybrid surface parameter for these surface conditions
further demonstrates the usefulness of the hybrid parameter to
adequately describe the surface condition.

It is demonstrated here that using the hybrid line SR parameter as a
substitute for the hybrid area SR parameter is valid for geometries, such
as cylindrical surfaces, where area measurements may introduce un-
certainty/errors in the measured values. The hybrid line SR parameter,
Ry + Rmode X Rku X Rsk, appropriately captures the SR effects on fatigue
life in the HCF regime, while standard SR parameters require additional
efforts such as slope/tilt corrections. To investigate whether this
parameter can replace the standard SR parameters in existing fatigue
prediction models or not, further discussions are included in the
following modeling section.

5. Fatigue modeling based on surface roughness

Neuber [44] has proposed a semiempirical relationship to rationalize
the stress concentration factor using SR parameters, expressed by Eq.

3):

_ R,
Ki=14n4/A—
p

where n is the stress state (i.e. n = 1 for shear and n = 2 for tension), A is
the ratio between spacing and height of surface irregularities, and p is
the radius of notch on the surface. Based on this semiempirical
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Fig. 12. The proposed hybrid line SR parameters (Ry + Rmode and Ry + Riode X
Riu X Rsk) versus reversals to failure for specimens tested at 6, = ~200 MPa.

Calculated standard and suggested hybrid line SR parameters based on the data from a previous study [32].

Geometry R, (pm) Ry (um) R, (um) R, (um) Rex Riw Rmode (pm) Ry + Rumode (pm) Ry + Rimode X Rsk X Riy (pm)
Batch 1 42.3 33.6 75.9 13.8 0.3 3.1 0.7 33.0 39.0
Batch 2 48.4 45.0 93.4 20.3 0.2 2.4 9.3 54.3 57.4
Batch 3 71.7 49.4 121.1 20.3 0.6 3.5 6.7 42.7 49.6
Batch 4 51.0 46.0 97.0 19.6 0.2 2.6 3.7 42.4 58.3
Batch 5 64.9 50.8 115.7 22.1 0.4 2.9 6.7 44.1 75.3

11



S. Lee et al.

approach, Arola and Ramulu [59] proposed a model for fiber reinforced
plastics. In this model, the effective elastic stress concentration factor
(K,) is obtained by various SR parameters and radii of curvatures,
expressed by Eq. (4):

Ri,, R

K= n(z)(

4

Ruso

where n is again the stress state, p,, is the effective radius of curvature
taken from the dominant profiled valleys of the 10-point height rough-
ness (Rzs0) and R, and R, are standard SR parameters. Therefore, valleys
on the surface are considered as micro-notches and both depth and
shape of micro-notches are utilized in this model. The calculated effec-
tive elastic stress concentration factor derives the effective fatigue notch
factor (K;), which can be utilized as a knock-down factor for the fatigue
endurance limit (o), obtained from specimens with machined/polished
surfaces. Egs. (5) and (6) describe the notch sensitivity of the material
(q) and the effective fatigue notch factor (Ky):

1
1=17 (5)
Pio
K =1+qK 1) 6)

where y is a material characteristic length.

The Arola-Ramulu model was used in previous studies [46,47] to
predict fatigue lives of as-built LB-PBF 304LSS and Ti-6Al-4V specimens
from the machined/polished ones. However, the equation of K to obtain
the final notch factor are quite complicated due to the measurement of
P19, Which can introduce human induced measurement errors. There-
fore, in this section, a simplified fatigue prediction model using the
proposed data driven hybrid SR parameter to accommodate various
surface conditions is explored. To adequately challenge the proposed
hybrid SR parameter, the fatigue test results from the aforementioned
previous studies, as-built round specimens fabricated diagonally from
[32,60]. The different specimen geometries in [32] resulted in
measurably different surface roughness and a shift in HCF performance.
Even though the data originated from different studies, the specimens
were fabricated by the same LB-PBF EOS M290 machine with the same
process parameters.

The modified fatigue prediction model is based on using simplified
variables to reduce the number of parameters with the goal to minimize
user related measurement errors. Variables K; and q to derive K; are
modified using the proposed hybrid SR parameter and the effective
radius of curvature (p). The fundamental mechanism of LB-PBF is a
layer-by-layer melting process; thus, each layer tends to create new
topographical features on the top of the previous layer. Since the pri-
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mary roughness can be related to the layer thickness, it stands to reason
that the critical micro-notches that lead to failure will be on the order of
the layer thickness, approximately [61]. This is demonstrated in Fig. 13
where the diameter of the primary roughness is considered to be the
layer thickness and therefore the effective radius (p) is half the layer
thickness. It should be noted that this is an oversimplification in esti-
mating p;,, but eliminates the subjective measurements of these radii,
and thus, improves the repeatability of the predictions across different
users. The depth of the effective notch can be approximately represented
by the hybrid SR parameter as statistical effects due to post surface
treatments are already considered in the hybrid SR parameter.

The proposed hybrid line SR parameter (Ry + Rmode X Rku X Rgk) is
employed instead of Ry, Ry, and Rysp in the equation for K, proposed by
Arola-Ramulu (Eq. 4) since hybrid SR parameter can capture both sta-
tistical effects and concomitants due to post-process surface treatments
without additional terms. As a result, the effective elastic stress con-
centration factor (K;) and the notch sensitivity of the material (q) have
been modified as followed in Egs. (7) and (8):

K= 1+n(Ry)(Re) = 1+n<R“ - Ronose X Ry R“) %)
Pio” Raso p
Y
q=1/(1+= (8)
Ja+D

where the material characteristic length (y) was 1.5 pm which is the
average acicular o grain width of the Ti-6Al-4V material [32]. The
width of the o grains generally represents the slip length of martensitic
titanium alloys. Williams and Luetjering [62] showed that, for Ti-Al
alloys of constant slip character, the fracture strain increases with the
inverse of slip length, while the fracture stress increases with the inverse
square root of the slip length. As such, the average grain size has been
used to represent notch sensitivity [63] and is considered here as a
measurable, rather than empirical, material characteristic length.

The proposed new fatigue model derived from modified K; and q is
validated with experimental data from previous studies: the fatigue test
results of batch 1 and 3 are adopted from Pegues et al. [32] and
machined/polished data is adopted from Carrion et al. [60]. Fig. 14
contains stress-life plots with referenced fatigue data points and esti-
mated fatigue lives using the Arola-Ramulu model and the proposed
approach in this study. For clarify, modified K;, q, and K are listed in
Table 5. The fatigue test results of batch 1 and batch 3, which respec-
tively represent least and most severe surface roughness of the five
batches, are considered [46]. It should be noted that statistical analysis
carried out in [32] suggests that the surface roughness among batches
2-5 were not significantly different, and thus, similarity in their fatigue
lives were observed. Fig. 14(a) shows the fatigue prediction curves based

Effective notch

(3

(i)
(i

(i) Layer thickness, t
(ii) Effective radius
of curvature, p

Fig. 13. Schematic image of the gage section of specimen and the enlarged as-built surface with indications of each layer. The highlighted area indicates effective
notch which is determined by the hybrid SR parameter (Ry + Rmode XRku X Rsk) with indications of layer thickness (t), and effective radius of curvature (p).
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Fig. 14. (a) Fatigue prediction curves based on the Arola-Ramulu model, and (b) the estimated fatigue lives compare to empirical data with the scatter band of 2. (c)
Fatigue prediction curves based on the modified K; model and the proposed hybrid SR parameter, and (d) the estimated fatigue lives compare to empirical data with

the scatter band of 2.

Table 5

Calculated modified K;, q, and Ky of batch 1 and 3.
# of Batch K q K¢
Batch 1 4.45 0.91 4.14
Batch 3 4.75 0.91 4.41

on the previously used Arola-Ramulu model (Eqs. 4-6) and Fig. 14(b)
shows the estimated fatigue lives compare to experimental data. In
addition, the fatigue prediction curves using the proposed fatigue model
(Egs. 6-8) are plotted in Fig. 14(c) and the estimated and experimented
fatigue lives are indicated in Fig. 14(d).

Arola-Ramulu model slightly overestimated the fatigue lives in ICF
regime; however, the estimated endurance limit at 107 cycles is within
the scatter bands of 2. While the proposed model from Egs. (7) and (8)
better represents the failed tests, the predicted endurance limit at 107
cycles is lower than what was observed experimentally. This over-
estimation of the surface effect on fatigue strength in the HCF regime is
most likely related to the increasing role of internal cleavage crack
initiation, a well-known failure mechanism for low stress cyclic behavior
of Ti-6Al-4V [64,65]. Considering the presence of volumetric defects
associated with AM, the shift from surface to internal crack initiation
would ultimately result in fatigue performance more closely related to
the machined and polished condition requiring tens of millions of cycles
to reach failure. To overcome the discrepancy between experimental
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and estimated fatigue lives of LB-PBF Ti-6Al-4V specimens close to
endurance limits, the tri-slope model can be adapted to better represent
the HCF behavior of materials such as titanium alloys that do not have
well defined endurance limits [24]. Testing into the VHCF regime would
be a necessary approach to fully understand this transitional behavior
for AM Ti alloys and is beyond the scope of the present work. An
important observation, however, is the predictions with the new model
are more conservative even in the high cycle regime which is an
important consideration for design of fatigue critical components. From
the perspective of designing components for fatigue critical applications,
a model that conservatively estimates fatigue lives is often preferred.
Therefore, the proposed fatigue model shows more conservative pre-
dictions as compared to the Arola-Ramulu model, especially for the
failed tests in the HCF. The results confirmed that the hybrid line SR
parameter (Ry + Rimode X Rku X Rsk) and the simplified effective radius of
curvature (p) can be utilized as alternative variables to predict the fa-
tigue performance of AM parts with SR. The data driven hybrid SR
parameter is not sensitive to post-process surface treatments that alter
the standard SR parameters without significantly impacting on the fa-
tigue behavior.

6. Conclusions
The main objective of this study was to examine the correlation be-

tween surface roughness parameters and fatigue behavior of LB-PBF Ti-
6Al-4V specimens using conventional universal measurement methods.
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The surface roughness parameters were examined using data-driven
surface topography analysis. From the performed experiments and an-
alyses, the following concluding remarks can be made:

1. Fatigue lives of as-built and half-polished specimens were similar
even though their standard surface roughness parameters (i.e. Ry and
S,) were significantly different due to their distinct height data
distributions.

2. In order to accurately correlate surface roughness parameters and
fatigue lives regardless of the surface condition, the values that
represent height data distribution such as mode, skewness and kur-
tosis need to be considered together with the maximum valley depth
value, Sy + Smode X Sku X Ssk-

3. Geometry must be considered to adequately determine the appro-
priate surface roughness measurement approach. While area mea-
surements may be feasible for flat surfaces, and therefore,
recommended, cylindrical surfaces may require line measurements
along the loading direction. The hybrid line roughness parameters
with the suggested formula (e.g. Ry + Rimode X Rku X Rsk) can be used
as an alternative parameter.

4. The modified fatigue modeling based on the proposed hybrid surface
roughness parameter estimated the fatigue lives of LB-PBF Ti-6Al-4V
specimens with different levels of surface roughness reasonably well
with most of the data within the scatter bands of 2.

The proposed fatigue model not only demonstrated accurate pre-
dictive capability for failed test specimens but also reduced the number
of variables that require additional efforts to measure. It should also be
noted that this fatigue prediction model requires only standard tensile
properties, the endurance limit of machined/polished specimens, layer
thickness, and the proposed hybrid surface roughness parameter. The
value of such predictive capabilities without requiring additional fatigue
data is remarkable for AM materials which, depending on process and
post-process conditions, can have considerable differences in surface
roughness. This fatigue life prediction pathway, therefore, has great
potential as a non-destructive approach for design engineers concerned
with the fatigue behavior of AM parts with complex geometries or to-
pological optimized features for which the surface roughness cannot be
completely removed by post-processing.
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