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ARTICLE INFO ABSTRACT

Keywords: The surface topography of 3D printed parts differs from that of wrought or machined parts of the same material.
L-PBF This work specifically focuses on Inconel 718 specimens manufactured with laser powder bed fusion (L-PBF).
Additive manufacturing Predicting the surface topography of the as-built surfaces based on the L-PBF process parameters is important to
Isvfll;lf:;’:r;;grffgﬁ?on manufacture parts with a specific surface topography without costly post-processing. We measure the surface
topography of Inconel 718 as-built surfaces manufactured with different bulk and contour laser power, scan
speed, layer thickness, and build orientation, and perform multivariate regression analysis with traditional R-
and S-parameters, statistical and deterministic parameters, and even combinations of surface topography pa-
rameters, to determine which parameters most closely relate to the L-PBF process parameters. The deterministic
surface topography parameters derived from a 9-point peak-identification scheme resulted in the best-fit
regression equations with the highest adjusted-R? and, thus, showed the closest relationship to the L-PBF pro-
cess parameters. In contrast to the R-, S-, and statistical parameters, the deterministic approach considers the
actual peaks of the surface topography rather than relying on a discrete number of traces of the surface. This
conclusion is different from existing knowledge on the surface topography of as-built L-PBF surfaces, which only

considers traditional R- and S-parameters.

1. Introduction

Powder bed fusion is a class of additive manufacturing (AM) tech-
niques that includes selective laser melting (SLM), which is also known
as laser powder bed fusion (L-PBF) and electron beam melting (EBM) [1,
2]. L-PBF uses a laser to selectively melt and fuse metal powder particles
in a layer-upon-layer fashion [3,4] and, thus, enables manufacturing
specimens with complex three-dimensional (3D) geometry that cannot
be manufactured with traditional subtractive methods [5,6], e.g. for use
in biomedical [7] or aerospace [8] applications. The L-PBF process has
been advanced in recent years by expanding the number of printable
metals [9], increasing process speed and throughput, and tuning the
process parameters for improved print quality [10].

However, L-PBF parts often require costly post-processing techniques
to modify the surface topography of the as-built surfaces before they can
be used in engineering applications. Three common methods exist [11];
heat treatment including hot isostatic pressing [12,13] and annealing
[14] to reduce porosity [15] and surface roughness [6]; chemical
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treatment [16,17] to remove unmelted metal powder particles from the
as-built surfaces; and mechanical treatment such as shot peening to
modify surface topography through mechanical impact [18,19].

Predicting the surface topography of the as-built surfaces based on
the L-PBF process parameters is crucial to designing and manufacturing
parts with user-specified surface topography that does not require post-
processing. It is well-known that increasing contour laser power and
laser energy density, which depends on laser power, laser scan speed,
hatch spacing, and layer thickness, increases the size of the melt pool.
Furthermore, increasing the laser scan speed increases the temperature
gradient between the melt pool and previously melted tracks [20], and
decreases the melt pool size because the energy of the laser beam dis-
tributes over a larger area [21].

Even though the properties of the melt pool, driven by the L-PBF
process parameters, have a substantial effect on the surface topography
of the as-built surfaces, their relationship is currently not well-
understood. Recent publications have attempted to shed light on this
relationship using trial-and-error methods, regression analysis, and
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machine learning methods.

Several researchers have performed parameter studies in trial-and-
error fashion. Triantaphyllou et al. [22] documented that surface
topography parameters (Ra, Sa, Sq, and Ssk) of as-built surfaces of
Ti-6A1-4V SLM and EBM parts allow distinguishing the up-facing from
the down-facing surfaces, especially using the skewness Ssk. Specifically,
they explained that unmelted metal powder particles adhere to the
down-facing surfaces whereas pits exist on the up-facing surfaces. This
results in a more symmetric surface height distribution of the former
than the latter as-built surfaces, which is represented in the skewness
parameter Ssk. Eidt et al. [23] studied the effect of bulk laser power and
scan speed on the surface topography of vertical and down-facing sur-
faces of Inconel 718 L-PBF parts and observed that the surface topog-
raphy parameters (Sa, Sq, Sv, and Sp) decrease with increasing bulk laser
power and appear almost independent of scan speed. They explained
that the melt pool size increases with increasing bulk laser power, which
increases overlap between adjacent melt tracks, “smoothens” the surface
topography, and decreases the number of peaks and valleys on the
as-built surface. Strano et al. [24] compared the surface roughness (Ra)
measurements of the up-facing surfaces of a 316L steel truncheon test
specimen to the values they determined using a mathematical model
that accounts only for the part geometry (build orientation and layer
thickness). They concluded that a model solely based on material ge-
ometry does not accurately predict the surface roughness (Ra) for
up-facing surfaces, in part because it neglects unmelted metal powder
particles that adhere to the as-built surfaces.

Multivariate regression analysis has also been used to relate the
surface topography of the as-built surfaces to the L-PBF process pa-
rameters. Calignano et al. [18] studied the effect of contour laser power,
scan speed, and hatch spacing on the surface roughness (Ra) of the up-
and down-facing surfaces of AlSi10Mg parts, and used linear regression
to relate the surface roughness (Ra) to the process parameters (R%=0.7).
Furthermore, they observed that the surface roughness (Ra) increases
with increasing contour laser power and hatch spacing because liquid
metal ejection from the melt pool increases with increasing contour laser
power, and the gaps between melted tracks increase with increasing
hatch spacing, which increases the number of peaks and valleys on the
as-built surface. Charles et al. [25] studied the effect of L-PBF process
parameters and build orientation on the surface roughness (Sa) of
down-facing as-built surfaces of Ti-6Al-4V L-PBF parts, and observed
that the surface roughness (Sa) decreases with increasing contour laser
power and increasing build orientation because the melt pool size in-
creases with increasing contour laser power, thus increasing overlap
between adjacent melt tracks. Furthermore, the size of the solidified
layer below the melt pool increases with increasing built orientation,
which increases heat conduction away from unmelted metal powder
particles and, thus, results in fewer partially melted metal powder par-
ticles that adhere to the down-facing as-built surface. Fox et al. [26]
evaluated the effect of build orientation, contour laser power, and scan
speed on the surface topography of the as-built down-facing surfaces of
stainless steel L-PBF parts, and observed that the peak count (Rpc) de-
creases and the mean element profile width (Rsm) and mean element
profile height (Rc) increases with decreasing build orientation. They
attributed this result to the number of unmelted metal powder particles
that adhere to the as-built surfaces, which increases with decreasing
build orientation, similar to the observations of Charles et al. [25].
However, they did not document a statistically significant relationship
between the surface topography parameters and the contour laser power
or scan speed.

The relationship between the surface topography and the L-PBF
process parameters is not only relevant to the up- or down-facing as-
built surfaces, but also the side surfaces. Thus, several researchers have
used multivariate regression analysis considering the surface topog-
raphy of all as-built surfaces. Safdar et al. [27] studied the effect of part
thickness, beam current, offset focus, and scan speed, on the surface
roughness (Ra) of EBM printed Ti-6Al1-4V as-built surfaces and
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documented that the surface roughness (Ra) increases with increasing
part thickness and beam current and decreases with increasing offset
focus and scan speed. They derived a best-fit equation that relates the
surface roughness (Ra) of any side surface (i.e., parallel to the build
direction and orthogonal to the top surface) to the EBM process pa-
rameters and obtained an adjusted-R2 of 0.989. Galati et al. [28] studied
the effect of build orientation on the surface roughness (Ra) of up-facing
and down-facing as-built surfaces for EBM printed Ti-6Al-4V, and
showed that the surface roughness (Ra) increases and decreases for up-
and down-facing as-built surfaces, respectively, with increasing build
orientation. Whip et al. [29] studied the effect of contour laser power
and scan speed on the S- and R-parameters of as-built Inconel 718 L-PBF
surfaces and determined that R-parameters are inaccurate metrics to
describe the surface topography of AM parts because unmelted metal
powder particles that are not representative of the actual surface
topography of the as-built surface may corrupt them. They also observed
that the melt pool size increases with increasing contour laser power and
decreasing scan speed, thus decreasing the surface topography param-
eters (Sa, Sv, Smr2, and Svk) because increasing melt pool size increases
overlap between adjacent melt tracks.

Furthermore, Khorasani et al. [30] used an artificial neural network
(ANN) to relate the surface roughness (Sa) of as-built Ti-6Al-4V surfaces
to the L-PBF process parameters, including contour laser power, scan
speed, hatch spacing, and pattern angle, as well as post-processing heat
treatment, and they determined a correlation coefficient greater than
95.3% between ANN model predictions and experimental data. In
addition, they showed that the surface roughness (Sa) increases with
increasing contour laser power and decreasing scan speed because gas
entrapment in the melt pool causes keyholes. These results contrast
those documented by Eidt et al. [23] and Charles et al. [25] who only
analyzed down-facing as-built surfaces. Ozel et al. [31] used genetic
programming and an ANN to relate the surface topography parameters
(Sa, Sq, Ssk, and Sku) of the up-facing as-built surfaces to energy density,
scan speed, and contour laser power, and predicted those surface
topography parameters with an average prediction error of 5.5%, 1.1%,
7.4%, and 18%, respectively.

The literature shows that research into the relationship between L-
PBF process parameters and the corresponding surface topography of as-
built surfaces has mostly focused on using the traditional R- and S-pa-
rameters. Moreover, most publications only consider the average surface
roughness parameters (Ra and Sa for a trace and surface, respectively),
in addition to less common surface topography parameters (Sq, Sv, Sp,
Ssk, and Sku). Furthermore, the context of these studies is primarily
geared towards relating the surface topography of as-built surfaces to
the fatigue life of L-PBF parts. However, no publications evaluate the
relationship between other metrics that quantify or describe the surface
topography of the as-built surfaces and the L-PBF process parameters.
Since it is well-known that e.g., the average surface roughness (Ra or Sa)
does not unambiguously quantify the surface topography of engineering
surfaces [32], other metrics, including statistical and deterministic pa-
rameters, might more closely relate the surface topography of the
as-built surfaces and L-PBF process parameters. Furthermore, those pa-
rameters can be determined from the same surface topography mea-
surement than that to calculate R- and S-parameters.

Thus, the objective of this paper is to determine the relationship
between the surface topography parameters of as-built Inconel 718
surfaces and their corresponding L-PBF process parameters. We measure
the surface topography of as-built Inconel 718 surfaces, manufactured
with different bulk and contour laser power, scan speed, layer thickness,
and build orientation, and we use multivariate regression analysis with
traditional R- and S-parameters, statistical and deterministic parame-
ters, and even combinations of surface topography parameters, to
determine which parameters most closely relate to the L-PBF process
parameters. In addition, we attempt to explain the physical mechanisms
underlying the experimental observations.
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2. Methods and materials
2.1. Specimen fabrication

We use Inconel 718 specimens manufactured with an L-PBF printer
(3D Systems ProX DMP 320) and recycled 3D Systems IN718 powder
that follows ASTM F1877 for particle size and aspect ratio distribution
[33]. Fig. 1 schematically illustrates the build plate, indicating the
location and build orientation (0° (red), 60° (blue), 90° (green)) of 75
standard 101.60 mm x 19.05 mm x 3.10 mm (fatigue) specimens that
follow ASTM E466-07 [34], which we previously used for fatigue ex-
periments in Refs. [35,36]. Fig. 1 also introduces a numbering scheme
for the five as-built surfaces (S1 — S5) of the specimens. The recoater,
which creates a uniform layer of metal powder prior to selective melting
and solidification, travels from S1 to S2 (positive x-direction) and the
gas flows from S3 to S4 (positive y-direction). Inert gas flow during the
L-PBF process prevents oxidation of the metal and evacuates process
emissions from the melt pool to preserve an unobstructed path between
the laser and the powder bed [37]. S5 is the top surface of the specimens,
orthogonal to the build direction (positive z-direction).

Table 1 lists the different L-PBF process parameters of each of the 24
specimens we used in this work for surface topography measurements
(selected out of 75 specimens, originally printed on the build plate for
fatigue experiments [35,36]). These parameters include bulk laser
power 115 W < P < 465 W, laser scan speed 620 mm/s < v < 1770
mm/s, layer thickness t = 30 pm or t = 60 pm, build orientation a = 0°,
60°, or 90°, and the (volumetric) laser-energy density E, = P/vht, which
is a function of the laser power P, laser scan speed v, layer thickness t,
and the hatch spacing h. We used a constant contour laser power of 115
W and 165 W for the specimens with t = 30 pm and t = 60 pm,
respectively, independent of the build orientation. The parameter sets
were chosen to maintain 30 J/mm? < E, <907 /mme', which is the range
that 3D Systems recommends, and to include parameter sets for each
build orientation (0°, 60°, 90°) that span the range 30 J/mm? < E, <90
J/mm®3. All other parameters remained constant, using standard 3D
Systems specifications, i.e., a contour scan speed of 625 mm/s, hatch
spacing of 100 pm, and laser spot size of 50 pm.

2.2. Surface topography measurement

Three techniques are commonly used to measure the surface
topography of L-PBF specimens [38,39]; optical profilometry, confocal
laser scanning microscopy (CLSM), and scanning electron microscopy
(SEM). Based on specimen size, size of surface topography features,
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resolution and accuracy [40], we used a CLSM (Olympus LEXT
OLS5000) to measure the surface topography of the as-built surfaces of
all 24 specimens, with 0.006 pm vertical resolution, 0.625 pm lateral
resolution (20X optical zoom), and 1.8 mm x 1.8 mm field-of-view,
selected based on convergence studies.

Fig. 2 (a) shows a photograph of a typical L-PBF specimen, sche-
matically indicating its relationship to the original fatigue specimen, and
Fig. 2 (b) identifies the different as-built surfaces of the specimen (gray
shaded). Note that surfaces A, B, C, and D correspond to four as-built
surfaces out of S1-S5, depending on their location and orientation on
the build plate (see Fig. 1). Surfaces E and F are not as-built surfaces; for
specimens built with a = 0° surfaces E and F correspond to S1 and S2 and
for specimens built at @ = 60° and @ = 90° surface E corresponds to S5.
We only consider as-built surfaces in this analysis. Fig. 2 (b) indicates the
different surface topography measurement locations on each as-built
surface; we perform twelve measurements per specimen (four as-built
surfaces and three locations on each as-built surface). Fig. 2 (c) and
(d) illustrate two typical surface topography measurements for specimen
2.

We correct the surface topography data z = f(x,y) of each measure-
ment for specimen tilt, and perform high-pass trace and areal digital
filtering using a 9th-order high-pass Butterworth filter (which maxi-
mizes frequency response function roll-off), to separate the roughness
(R-profile) from the surface topography (P-profile) and the areal surface
roughness (SL-surface) from the primary surface, respectively, according
to ISO 25178-2 [41]. Specifically, it removes the large wavelength
components caused by the track-by-track L-PBF process from the surface
topography, only leaving the roughness (R-profile and SL-surface). The
cutoff frequency of the high-pass 9th-order Butterworth filter derives
from a convergence analysis of Ra for a trace of the surface and Sa for the
entire surface. We did not attempt to filter high spatial frequency
measurement noise.

2.3. Surface topography parameters

We calculate the surface topography parameters from the high-pass
filtered surface topography data. We determine the R- and S-parame-
ters over the length of each measurement location because they are in-
dependent of the evaluation length, but the variability of the
measurements decreases with increasing evaluation length. We consider
the mean height (Ra/Sa), the average maximum height of the profile
(Rz/Sz), the maximum positive deviation from the mean plane (Rp/Sp),
the maximum negative deviation from the mean plane (Rv/Sv), the root
mean square deviation (Rq/Sq), the skewness (Rsk/Ssk), and the kurtosis
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Fig. 1. Schematic of the build plate, indicating the location and build orientation of the specimens, and identifying the different as-built surfaces (S1-S5) of the
specimens. A Cartesian coordinate system indicates the recoater movement (S1 to S2) in the x-direction, gas flow (S3 to S4) in the y-direction, and build direction (S5)

in the z-direction.
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Table 1
List of specimens and their corresponding L-PBF process parameter values.
Specimen number Contour laser power Bulk laser power Laser scan speed Layer thickness Build orientation Energy density
wl w1 [mm/s] [pm] ! [3/mm®]
1 115 220 1180 30 60 62.15
2 115 220 1180 30 60 62.15
3 115 330 1770 30 0 62.15
4 115 115 620 30 90 61.83
5 115 115 620 30 90 61.83
6 115 168 1475 30 0 37.97
7 115 168 1475 30 0 37.97
8 115 275 1200 30 0 76.39
9 115 115 915 30 60 41.89
10 115 330 1475 30 60 74.58
11 115 168 1180 30 90 47.46
12 115 200 800 30 90 83.33
13 115 275 1770 30 60 51.79
14 165 315 1050 60 60 50.00
15 165 165 850 60 0 32.35
16 165 390 1050 60 60 61.90
17 165 465 1400 60 90 55.36
18 165 240 1250 60 60 32.00
19 165 390 1450 60 90 44.83
20 115 220 1180 30 90 62.15
21 165 315 1050 60 0 50.00
22 165 315 1050 60 90 50.00
23 165 315 1050 60 90 50.00
24 165 200 1000 60 90 33.33
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Fig. 2. (a) Photograph of a typical L-PBF specimen used in this work, and (b) schematic of the different as-built surfaces of the specimen (A-D), identifying the
different surface topography measurement locations (1-12). Surfaces A, B, C, and D map to four surfaces of S1-S5, depending on their location and orientation on the
build plate. Surfaces E and F are not as-built surfaces. (c) and (d) illustrate typical surface topography measurements (specimen 2).

(Rku/Sku) (see ISO 4287 [42] and ISO 25178-2 [41]). We quantify the
R-parameters for each digital trace of z = f(x,y) in the x- and y-directions
and report the average R-parameters for all traces [42]. ISO 4287
specifies that the direction of a trace should cross the preferential di-
rection of the surface topography, for instance resulting from a
machining process. However, this direction is not defined unambigu-
ously for the L-PBF process because the laser does not follow a
uni-directional path and the recoater blade direction also comes into
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play. Furthermore, R-parameters can vary substantially between single
traces. Therefore, based on earlier work [43], averaging the R-parame-
ters over multiple traces yields repeatable results.

We also use a statistical method derived by McCool [44], which
quantifies the surface topography parameters based on the spectral
moments mo, mp, and my4 of a single, arbitrary trace z(x) of a surface with
isotropic surface topography. The spectral moments are
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my=AVG|(Z)], (€]
2
1y = AVG (?) } @
X
9z :
my=AVG (E) } 3)

where the AVG operator calculates the arithmetic mean. The surface
topography parameters follow from the spectral moments, including the
summit density 5, the average summit radius R,, and the standard de-
viation of summit heights o;, i.e.,

n= <@> / 613 @
my
R,=0.375, |~ 5)
my
o 108968 ©
ac

with ac = (mgmy)/ms? the bandwidth parameter. 1, R;, and o5 may vary
considerably for different, arbitrary selected traces [45]. Furthermore,
the surface topography parameters calculated from the spectral mo-
ments also depend on the finite difference discretization scheme used to
calculate the derivatives in Egs. (2) and (3) [43,44]. While several
schemes can be used, and the results obtained with different schemes
can be related to each other [43], we used central finite difference dis-
cretization throughout this work for consistency. We calculate the
spectral moments and corresponding , R, and o, for each digital trace of
2 = f(x,y) in the x- and y-directions and report the average 7, R;, and o;
for all traces.

We also calculate deterministic surface topography parameters from
the surface topography measurements that, in contrast with R-, S-pa-
rameters, and statistical methods, consider the entire surface topog-
raphy rather than a single or a discrete number of traces. We determine
the peaks of the surface topography as the local maxima using a 5- or 9-
point peak (5 PP or 9 PP) identification scheme [43,45].

The standard deviation of summit heights o results directly from the
peaks, and the summit density # = N/A,, with N the number of peaks and
A, the nominal surface area of the surface topography measurement
(1.8 mm x 1.8 mm). The curvature of each peak i in two orthogonal
directions is ky,; = d?z/dx? and Kyi = dzz/dyz, and the radius of curvature
pi of that peak is the inverse of the average of its ky and Ky, i.e., p; = - [(iy,
i+ Ky,i)/Z]_l. The mean summit radius R is the arithmetic mean of all
individual peak radii. Finally, § = nRs0, is a dimensionless roughness
parameter.

Table 2 summarizes the surface topography parameters we calculate
for each surface topography measurement of each specimen in this
work, including R-, S-, statistical, and deterministic parameters.

Table 2
Summary of all surface topography parameters we consider in this work.

Parameter type Parameters

R-parameters
S-parameters
Statistical parameters

Ra, Rq, Rp, Rv, Rsk, and Rku

Sa, Sq, Sp, Sv, Ssk, and Sku

Summit density n

Mean summit radius Ry

Standard deviation of summit heights o;

Summit density (5 PP and 9 PP)

Summit radius (5 PP and 9 PP)

Standard deviation of summit heights (5 PP and 9 PP)
Number of peaks (5 PP and 9 PP) N

Deterministic parameters
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2.4. Multivariate regression analysis

Multivariate regression analysis relates the surface topography pa-
rameters (dependent variable) to the L-PBF process parameters,
including bulk laser power P, laser scan speed v, volumetric energy
density E,, build orientation a, and layer thickness t (independent var-
iables). The surface topography parameters that result from each mea-
surement location are independent data points in the regression
analysis, i.e., three measurement locations on each of the four as-built
surfaces (see Fig. 2), for each of the 24 specimens, or 288 data points
in total.

We first consider the surface topography of all as-built surfaces as
one dataset, i.e., we do not distinguish between the different as-built
surfaces S1-S5. Hence, we derive a best-fit regression equation that re-
lates the surface topography parameters to the corresponding L-PBF
process parameters, independent of any specific as-built surface. This
represents a simplified approach because it is well-known that distinct
differences exist between the surface topography of the as-built surfaces,
depending on their orientation and location on the build plate. Never-
theless, it is a common approach in conventional manufacturing because
existing standards do not specify a measurement location [41,42]. We
also consider the surface topography of each as-built surface (S1-S5) as
an individual dataset to determine the parameters that drive the surface
topography of each distinct as-built surface. Thus, we derive a best-fit
regression equation that relates the surface topography parameters to
the corresponding L-PBF process parameters for each specific as-built
surface.

Throughout this work, we only include significant terms (p-value <
0.05) in the best-fit regression equations, and we only consider regres-
sion equations where all assumptions of the multivariate regression
analysis are satisfied, i.e., the residuals are independent, homoscedastic,
follow a normal distribution, and show no significant multicollinearity
between independent variables [46]. We evaluate regression equations
that include each process parameter individually, as well as linear,
polynomial, exponential, and logarithmic combinations of (any)
different process parameters to determine the best-fit regression equa-
tion that relates the surface topography parameters to the L-PBF process
parameters. It is undesirable to split our small dataset in separate train
and validation data to evaluate the prediction accuracy of the best-fit
regression equations [47]. Instead, we quantify the goodness-of-fit
using adjusted—R2 [48], root mean square error (RMSE), and mean ab-
solute error (MAE) [49] metrics.

2.5. Analysis of variance

We perform one-way ANOVA and Tukey’s honestly significant dif-
ference (HSD) tests to evaluate the average values of the surface
topography parameters as a function of their location and orientation on
the build plate, and as a function of the layer thickness. The dataset
satisfies all assumptions for ANOVA and Tukey’s HSD tests, i.e., the
residuals are independent, homoscedastic, and follow a normal distri-
bution. A p-value of less than 0.05 corresponds to a statistically signif-
icant difference between the population means. However, we also report
the actual p-values.

3. Results and discussion

3.1. Best-fit multivariate regression equations that relate surface
topography parameters to L-PBF process parameters

Table 3 shows the surface topography parameters of Table 2, the
best-fit regression equation for each parameter, and the corresponding
adjusted-R%, MAE, and RMSE. Since adjusted-R? is dimensionless and
scale-independent it provides a better comparison between surface
topography parameters with different units than MAE and RMSE [50].
We determine that the deterministic surface topography parameters (1,
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Table 3
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Surface topography parameters, best-fit regression equations, and corresponding adjusted-R?, MAE, and RMSE. All regression coefficients are significant (i.e., p-value

< 0.05). Table Al in the supplemental information shows all p-values.

Surface topography parameter Best-fit regression equation MAE RMSE ADJ-R?
R-parameters

Ra Ra = 6.61 — 4.050107°P + 5.77¢10 %y — 1.21e10 2 0.813 1.094 0.287
Rq Rq=11.1 + 6.25e10 % — 3.84¢10 % 1.397 1.976 0.142
Rp Rp = 80.8 - 0.10t — 0.13a 8.520 12.70 0.196
Rv Rv =81.7 - 0.13t — 9.68010 2 8.505 12.57 0.186
Rsk - - - -
Rku Rku = 12.8 + 7.59¢10 %P + 6.89¢10 %t + 1.42¢10 % 2.360 3.401 0.315
S-parameters

Sa Sa = 4.83-2.121073P + 7.04¢10 *v - 1.2110 % 0.700 0.898 0.331
Sq Sq =7.74-7.16010 3P + 1.36010 >y — 1.83e10 2 1.244 1.587 0.308
Sp - - - -

Sv - - - -

Ssk - - - -

Sku Sku = 25.6-1.840107% + 7.1010 ¢ + 3.06010 *va 0.104 0.135 0.257
Statistical parameters

n 7 =0.31 + 4.43¢10 °P - 8.09¢10 °a 0.014 0.020 0.120
R Ry =2.0301072 4 1.140107°P — 1.93¢10 % + 4.50010 °a 0.003 0.004 0.237
o; 0 = 10.2-5.480107°P + 9.94010 %y — 1.74010 2a 1.123 1.495 0.299
Deterministic parameters

7 (5 PP) 7=0.14 + 7.27¢10 % + 1.10e10 *a 0.018 0.022 0.255
R, (5 PP) Ry = 7.7501072 + 6.23010 “t + 1.30010 %a 0.011 0.013 0.411
o5 (5 PP) 0;=11.2 - 6.77010 %t — 2.61010 2 1.169 1.510 0.507
N (5 PP) N = 4.47¢10° + 2.5110% + 352a 56380 70460 0.286
7 (9 PP) 7= 0.10 + 7.89¢10 % + 8.1710 °a 0.014 0.017 0.409
R, (9 PP) R; = 8.49¢1072 + 4.91010 5P + 1.62010 *a 0.010 0.013 0.257
05 (9 PP) 0; = 10.1 - 7.50010 %P — 3.57¢10 2 1.555 1.968 0.382
N (9 PP) N = 3.25010° + 2.5110%t + 264a 42890 52960 0.412

R, and o;) derived from the 9 PP scheme provide the best relationship to
the L-PBF process parameters based on the adjusted-R?> metric when
considering one dataset of all as-built surfaces (S1-S5). Some parame-
ters did not yield a regression equation that satisfies all assumptions of
multivariate regression analysis, specified in Section 2.5. All regression
coefficients are significant (i.e., p-value < 0.05). Additionally, Table A1l
in the supplemental information shows all p-values. Note also that the
input to the layer thickness process parameter is t = 30 pm or t = 60 pm,
because this dataset only includes two different values of the layer
thickness, and the build orientation is limited to vertical (¢ = 0° and a =
90°) and a = 60° specimens.

From Table 3 we observe that for all surface topography parameters,
the best-fit regression equations result in adjusted-R? values below 0.5.
Also, regression equations with adjusted-R > 0.1 only exist for half of
the S-parameters, suggesting that no close relationship exists between
that type of surface topography parameters and the L-PBF process pa-
rameters. The R- and statistical parameters, which are based on digital
traces of the surface, show an average adjusted-R? of 0.225 and 0.219,
respectively. In comparison, the S- and deterministic (9 PP and 5 PP)
parameters, which are based on the entire surface, show an average
adjusted-R2 of 0.298, 0.365 (9 PP), and 0.365 (5 PP), respectively. Un-
like the R-, S-, and statistical parameters, the deterministic approach
considers the actual peaks of the surface topography and, thus, results in
best-fit regression equations with the highest adjusted-R2. The build
orientation a appears in each best-fit regression equation, except root
mean square deviation Rq and average roughness Sa, indicating that the
build orientation has an effect on almost all surface topography pa-
rameters, as expected from the literature (see e.g., Refs. [24-26]).
Finally, Table 3 shows that all best-fit regression equations are linear,
which is similar to what other papers have documented [18,25-27,29].
For instance, Liu et al. [20] determined a linear relationship between the
L-PBF melt pool energy and laser scan speed and laser power. Similarly,
Keshavarzkermani et al. [21] and Yadroitsev et al. [51] experimentally
determined linear relationships between the melt pool size and laser
power (150-300 W) and scan speed (30-240 mm/s), respectively.

It is well-known that the directions of the recoater movement and gas
flow, build orientation, and specimen proximity on the build plate,
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among other factors, influence the surface topography of the different
as-built surfaces of the specimens (see e.g., Refs. [26,52]). Hence,
instead of aggregating the surface topography information of the
different as-built surfaces into one dataset, we consider the surface
topography information of the different as-built surfaces separately (see
Fig. 1, S1-S5). Table 4 shows the five different as-built surfaces (S1-S5)
(blue shaded), schematically indicating their location with reference to
the build plate (see also Fig. 1). For each as-built surface, Table 4 lists the
surface topography parameter for which we determined the best-fit
regression equation with the highest adjusted-R2. Table 4 also shows
the best-fit regression equation for Ra and Rq with their respective
adjusted-R? because these two metrics are commonly used in other
publications. All adjusted-R? values of the best-fit equations are greater
than 0.1. All regression coefficients are significant (i.e., p-value < 0.05).
Additionally, Table A2 in the supplemental information shows all
p-values.

From Table 4, we observe that the best-fit regression equations for
different as-built surfaces involve different surface topography param-
eters, i.e., not a single parameter can be used to compare the surface
topography of different as-built surfaces. The adjusted-R? values of the
best-fit regression equations are substantially higher than those of
Table 3, by considering the surface topography measurements of each
different as-built surface separately, rather than aggregating them in one
dataset. However, for three out of five different as-built surfaces (S2, S4,
and S5) the deterministic (9 PP) surface topography parameters still
relate most closely to the L-PBF process parameters, likely because they
consider the actual peaks and, thus, include the most detailed infor-
mation about the surface topography. Notably, when determining the
surface topography parameter that results in the best-fit regression
equation with the highest adjusted-R? for each as-built surface individ-
ually, the adjusted-R? is on average 50.5% higher compared to using the
best-fit regression equation based on Ra. Furthermore, all best-fit
regression equations include a term for the build orientation a, except
for the top surface S5, indicating that the surface topography of all as-
built surfaces except S5 depends on the build orientation. The latter
result is similar to those presented in Ref. [38], which also show that the
build orientation does not affect the surface topography of the top
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Different as-built surfaces (S1-S5) in blue, the best-fit regression equation of the surface topography parameter with the highest adjusted-R?, and the best-fit regression
equation of Ra and Rg, with their respective adjusted-R%. All regression coefficients are significant (i.e., p-value < 0.05). Table A2 in the supplemental information

shows all p-values.

As-built surface ID Surface topography parameter Best-fit regression equation MAE RMSE ADJ-R?
Recoater inlet (S1) Sa Sa = 3.58 + 3.2401073P - 1.48e10 73y + 2.41e10 20 — 4.61010™ % 0.433 0.505 0.684
= Ra Ra = 6.19 — 3.85¢10 P - 2.19¢10 %y + 1.50010 %z — 4.26010 %t 0.429 0.525 0.660
Rq Rq=11.4-6.17e107°P - 3.13e10 >y — 5.80010 ¢ 0.724 0.862 0.505
R, (9 PP) R = 2.2001072 + 6.680107°P + 9.82¢10 %« 0.008 0.011 0.760
Ra Ra = 6.83 - 5.71e107°P + 1.99¢10 3y — 2.53¢10 %« 0.457 0.581 0.605
Rq Rq=13.8-5.96010"3P - 6.16010 2a 0.731 0.950 0.667
Rku Rku = 13.5 + 1.3001072P + 5.54010 % 1.739 2.072 0.577
Ra Ra = 6.67 — 8.9010 % + 8.380107°E, 0.917 1.184 0.247
Rq - - - -
Gas outlet (S4) o5 (9 PP) 05 = 9.22 — 7.020107°P + 1.60010 3y - 2.77¢10 % 1.048 1.316 0.568
Ra Ra = 5.77 — 4.830107°P + 1.22¢10 3y 0.675 0.933 0.216
Rq - - - -
Top surface (S5) 7 (9 PP) 7 =9.27010"2-1.34e10 P + 1.73e10 3t 0.012 0.014 0.750
= Ra Ra =7.78 — 1.2501072P + 2.49¢10 3y 0.912 1.072 0.492
Rq Rq = 13.6 — 2.79¢10 2P — 5.04e10 3y 1.615 1.912 0.522

surface of the specimens. The parameter E, only appears in one equation
for Ra of S3 (gas inlet), likely because E, is constrained within a tight
range due to L-PBF process requirements and, thus has a smaller influ-
ence than the other process parameters (P and v), which we vary over a
larger range than that of E,.

We also observe that the surface topography relates most closely to
the L-PBF process parameters for the S2 (recoater outlet) and S5 (top) as-
built surfaces because the best-fit regression equations of those as-built
surfaces show the highest adjusted-R% This is because the surface
topography of S2 and S5 remains mostly undisturbed from external ef-
fects (mechanical contact with the recoater or gas flow) for which we do
not account in the multivariate best-fit regression equations. In contrast,
the as-built surfaces at the gas inlet (S3) and outlet (S4) show best-fit
regression equations with the lowest adjusted-R? and, thus, the surface
topography of S3 and S4 relates least closely to the L-PBF process pa-
rameters. The gas flow disturbs the IN718 powder particles, which alters

Table 5

Three highest adjusted-R?values that result from best-fit regression equations for
each as-built surface (S1-S5) and the corresponding surface topography
parameters.

ADJ-R? Recoater Recoater outlet Gas inlet  Gas outlet Top
inlet (S1) (S82) (S3) (S4) surface
(85)
1 Sa R (9 PP) Rku 6s(9PP) 15 (9PP)
(0.684) (0.760) (0.577) (0.568) (0.750)
2 Rku o5 (9 PP) o5 (9 PP) N (9 PP) N (9 PP)
(0.672) (0.735) (0.514) (0.536) (0.741)
3 R, (5 PP) o, (statistical)  Sa n (9 PP) o5 (9 PP)
(0.653) (0.687) (0.489) (0.532) (0.738)

309

the surface topography, similar to the results documented by Fox et al.
[26]. The best-fit regression equation for the as-built surface at the gas
inlet (S3) involves the kurtosis Rku, i.e., the “spikiness” of the surface
topography, because the surface topography of S3 is affected by
unmelted metal powder particles that adhere to the surface, driven by
gas flow. Similarly, the recoater creates a mechanical disturbance of the
unmelted metal powder particles, which also affects the resulting sur-
face topography [52].

Table 5 shows the three highest adjusted-R?values (in descending
order) that result from best-fit regression equations for each as-built
surface (S1-S5), and their corresponding surface topography parame-
ters. It includes deterministic surface topography parameters for each
as-built surface, and the standard deviation of asperity heights o5 ap-
pears for all surfaces except S1. We observe that the difference between
the three highest adjusted-Rvalues is minimal for each as-built surface,
thus illustrating that deterministic surface topography parameters relate
more closely to the surface topography of the different as-built surfaces
than traditionally used R- and S-parameters.

3.2. Effect of the location and orientation of the specimen on the build
plate on the predictability of the surface topography parameters

Table 6 shows the average and standard deviation of the 9 PP
deterministic surface topography parameters (1, R, and o;) for each as-
built surface of the specimens (S1-S5) and the p-values resulting from a
Tukey’s honestly significant difference (HSD) test, which compares the
average of each parameter for each as-built surface. We indicate sig-
nificant values with ‘*’ (i.e., p-value < 0.05).

From Table 6, we observe that no statistical difference exists between
any combination of the deterministic (9 PP) surface topography



S. Detwiler et al.

Table 6

Precision Engineering 74 (2022) 303-315

Average and standard deviation of 9 PP deterministic surface topography parameters (15, R, and o;) of the five as-built surfaces (§1-S5) and corresponding p-values
resulting from a comparison of the average of each deterministic parameter for each of the five as-built surfaces, using a Tukey’s HSD test. Significant p-values (i.e., p-

o

value < 0.05) show with an

average/standard deviation S1 S2 S3 S4 S5
7 (9 PP) 0.141/0.017 0.140/0.021 0.142/0.022 0.143/0.018 0.160/0.027
R, (9 PP) 0.098/0.012 0.096/0.018 0.094/0.015 0.096/0.012 0.087/0.010
05 (9 PP) 7.299/1.869 7.683/2.301 7.976/2.416 7.586/1.847 10.908/0.305
Tukey HSD p-values S1 S2 S3 S4 S5
17 (9 PP) S2 9.99¢1071 - - - -

S3 9.98¢10°! 9.82¢10°! - - -

S4 9.81¢107! 9.230107" 9.98¢107" - -

S5 5.820107% * 3.0801073 * 7.480107° * 1.37¢1072 * -
R, (9 PP) S2 9.4801071 - - - -

s3 5.14e107" 9.34e10 7" - - -

S4 9.34010°! 1.00 9.14e10°1 - -

S5 3.60e1072 * 1.34¢10°! 3.28010°1 1.12¢10°! -
o5 (9 PP) S2 8.68010 71 - - - -

S3 3.6001071 9.33e10°! - - -

S4 9.37¢10°! 9.99¢10 ! 7.8701071 - -

S5 2.00010716 * 2.0001071° * 1.40010°© * 2.00010716 * -

Build
Unmelted S4 S1 direction (z)
metal
powder | Gas flow ()
particles 52 Recoater

direction (x)

Fig. 3. Optical microscopy images of S1, S2, S3, and S4 for a specimen with a
= 90° (specimen 24), identifying unmelted metal powder particles on each of
the as-built surfaces, and showing a lower density of unmelted metal powder
particles (highlighted in red) in the recoater direction (S1 and S2) than in the
gas flow direction (S3 and S4). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

parameters for the as-built surfaces in the recoater (S1, S2) and gas flow
(S3, S4) directions, despite the different physical phenomena driving the
surface topography of those respective as-built surfaces. For instance,
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the build orientation drives the surface topography parameters of S1 and
S2, whereas unmelted metal powder particles from the gas flow adhere
to S3 and S4 and affect the resulting surface topography parameters,
even though the unmelted metal powder particles are not actually part
of the as-built surface [53]. Thus, the best-fit regression equations for S1
and S2 result in a higher adjusted-R2 than for S3 and S4 (see Table 4)
because the build orientation is an input parameter to the multivariate
regression analysis and the number of particles adhering to the different
as-built surfaces, driven by the gas flow, is not. Fig. 3 shows optical
microscopy images of S1, S2, S3, and S4 of specimen 24 (a = 90°, t = 60
pm, E, = 33.3 J/mm?) and illustrates that the density of unmelted metal
powder particles (approximately 40 pm diameter and highlighted in red)
that adhere to the different as-built surfaces depends on their orientation
with respect to the gas flow direction.

From Fig. 3 we observe fewer unmelted metal powder particles on
the as-built surfaces in the recoater direction (S1 and S2) than in the gas
flow direction (S3 and S4), as expected. The unmelted metal powder
particle density is approximately 25.0 unmelted metal powder particles/
mm? (S1), 41.7 unmelted metal powder particles/mm2 (S2), 152.8
unmelted metal powder particles/mm2 (S3), and 125.0 unmelted metal
powder particles/mm? (S4), which is typical for all specimens we have
examined. These results are also in agreement with those documented
by Li et al. [53] and Chen et al. [52], who determined that gas flow over
the metal powder bed deposits unmelted metal powder particles on the
as-built surfaces in the gas flow direction, which increases the surface
topography parameters of those as-built surfaces.

3.3. Surface topography parameters as a function of layer thickness

Table 7 shows the average and standard deviation of the 9 PP
deterministic surface topography parameters (1, R, and o;) for each as-
built surface of the specimens (S1-S5), and for different layer thickness t
= 30 pm and t = 60 pm. The one-way ANOVA p-values show the effect of
layer thickness on the deterministic surface topography parameters, and
we indicate significant p-values with “*’.

From Table 7 we observe that the average values of the summit
density # and mean summit radius R increase and the standard devia-
tion of summit heights o, decreases with increasing layer thickness (from
t = 30 pm to t = 60 pm), i.e., the surface roughness decreases with
increasing layer thickness. All deterministic parameters except R, of S5
show a p-value of less than 0.05, demonstrating that the surface
roughness decreases with increasing layer thickness. However, the
number of summits also increases with increasing layer thickness
because the number of globules increases. This is because increasing the
layer thickness requires increasing the laser power or decreasing the
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Average and standard deviation of 9 PP deterministic surface topography parameters (, R, and o;) and one-way ANOVA p-values show a comparison of average

deterministic parameters, for t = 30 pm and ¢t = 60 pm for the five as-built surfaces. Significant p-values (i.e., p-value < 0.05) show with an

o

S1 S2 S3 S4 S5
t =30 pm t =60 pm t =30 pm t =60 pm t =30 pm t =60 pm t =30 pm t= 60 pm t =30 pm t =60 pm
n (9 Average/Standard 0.133/ 0.150/ 0.128/ 0.155/ 0.130/ 0.159/ 0.133/ 0.157/ 0.145/ 0.191/
PP) deviation 0.017 0.011 0.015 0.019 0.014 0.018 0.014 0.015 0.016 0.016
ANOVA p-value 9.300107° * 3.0001077 * 6.87¢107 11 * 1.470107° * 2.9801075 *
Rs (9 Average/Standard 0.092/ 0.106/ 0.085/ 0.108/ 0.086/ 0.105/ 0.090/ 0.104/ 0.086/ 0.092/
PP) deviation 0.011 0.007 0.016 0.013 0.008 0.013 0.011 0.008 0.010 0.009
ANOVA p-value 1.59¢10© * 5.8201077 * 7.52010 711 * 1.02010°7 * 2.34e107}
o5 (9 Average/Standard 8.276/ 6.077/ 9.075/ 5.943/ 9.166/ 6.310/ 8.473/ 6.346/ 12.39/ 7.955/
PP) deviation 1.932 0.710 1.924 1.354 0.858 2.467 1.811 0.980 2.969 1.436
ANOVA p-value 2.4801076 * 1.26010°8 * 1.520107° * 1.481077 * 3.27¢107° *
150 — Layer structure <
: 100 7
]
]
=y, 50 —
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-100 0.5 mm g
: direction
V
Globules Globules
S N A
i A 150
« 100 o=0° a=60° a=90°
N
=1 50 )
g 5 Fig. 5. Schematic of fatigue specimens with build orientations @ = 0°, 60°, and
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8 4 N 90°. Inset optical microscopy images show the layer-upon-layer structure o:
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) 50 P
-100

Fig. 4. (a) Optical microscopy images and (b) corresponding surface topog-
raphy maps z = f(x,y) for as-built surface S1 of specimen 11 (a = 90°, t = 30 pm,
E, =475 J/mm®) and specimen 22 (a = 90°, t = 60 ym, E, = 50.0 J/mm3),
identifying an increasing number and size of globules with increasing
layer thickness.

scan speed to maintain constant energy density E, during the L-PBF
process. This can overheat the melt pool, which increases the tempera-
ture gradient between the melt pool and the previously melted tracks,
and the hot molten metal flows towards the cold already solidified
material (“Marangoni effect”), thus creating globules [54]. These results
are in agreement with those of Lou et al. who determined that surfaces
with globules show 3.5% and 9.3% higher average roughness Sa and
root mean square deviation Sq, respectively, compared to surfaces
without globules [38]. Fig. 4 (a) depicts optical microscopy images and
Fig. 4 (b) shows the corresponding surface topography maps z = f(x,y)
for as-built surface S1 of specimen 11 (a = 90°, t = 30 pm, E, = 47.5
J/mm3) and specimen 22 (o = 90°, t = 60 ym, E, = 50.0 J/mmg).

From Fig. 4, we observe four large, smooth globules, the largest
approximately 200 pm by 750 pm, on S1 of specimen 22 (t = 60 pm),
whereas we observe three small globules, approximately 100 pm by 100
pm, on S1 of specimen 11 (t = 30 um). Fig. 4 (b) shows that the globules
protrude approximately 100 pm-150 pm above the mean surface
topography plane. These results are typical for all specimens in this
work.

3.4. Surface topography parameters as a function of build orientation

Fig. 5 schematically illustrates the specimens on the build plate with
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build orientations a = 0°, 60°, and 90°, and with inset optical micro-
scopy images that show their layer-upon-layer structure in the build
direction.

Table 8 shows the average and standard deviation of the 9 PP
deterministic surface topography parameters (1, Rs, and o;) for as-built
surfaces (S1-S4) of the specimens. We do not include S5 because the
surface topography of the top as-built surface remains almost indepen-
dent of the build orientation, as we showed in Table 4. Note also that
specimens with @ = 0° do not have as-built surfaces S1 and S2.

From Table 8, we observe that the average values of summit density 7
and mean summit radius R; decrease and the standard deviation of
summit heights o5 increases when comparing build orientations a = 60°
to @ = 90° for up-facing surfaces (S1). In contrast, the average values of
the summit density # and mean summit radius R, increase and the
standard deviation of summit heights o5 decreases for down-facing sur-
faces (S2), and mean summit radius Ry increase for side (S3 and S4) as-
built surfaces when comparing build orientations @ = 60° to a = 90°. The
average values of summit density 7 and the standard deviation of summit
heights o5 do not change when comparing build orientations & = 60° to
a = 90° for side (S3 and S4) as-built surfaces.

Specimens with build orientations « = 0° and a = 90° are funda-
mentally different than those with a > 0° and @ < 90°; e.g. in this work
we use @ = 60°. When a = 0° and @ = 90°, a new layer builds entirely
upon a previously solidified layer, whereas when 0° < a < 90° a new
layer partially builds upon unsupported metal powder particles. When
0° < a < 90°, we observe the staircase-effect, which is particularly
visible in the up-facing as-built surfaces. Additionally, unmelted
(partially melted) metal powder particles can more easily adhere to the
up- and down-facing surfaces because the heat flux is not entirely
directed towards previously solidified material, but unsupported metal
powder particles instead, as previously documented in Refs. [16,25].
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Average and standard deviation of 9 PP deterministic surface topography parameters: 7, R, and o for different build orientation @ = 0°, 60°, and 90°, for as-built

surfaces (§1-S4). Specimens with a = 0° do not have as-built surfaces S1 and S2.

Average/ S1 S2 S3 54
Standard -
. a= a = 60° a =90° a= a = 60° a =90° a=0° a = 60° a = 90° a=0° a = 60° a =90°
deviation
0° 0°

n (9 PP) - 0.148/ 0.135/ - 0.129/ 0.149/ 0.125/ 0.147/ 0.147/ 0.130/ 0.142/ 0.148/
0.012 0.018 0.012 0.023 0.020 0.019 0.020 0.016 0.014 0.021

Rs (9 PP) - 0.105/ 0.093/ - 0.081/ 0.107/ 0.088/ 0.092/ 0.097/ 0.093/ 0.092/ 0.099/
0.008 0.012 0.012 0.014 0.016 0.015 0.011 0.012 0.013 0.012

o5 (9 PP) - 6.469/ 7.963/ - 9.238/ 6.438/ 9.883/ 7.720/ 7.341/ 8.993/ 7.756/ 7.066/
0.905 2.154 1.750 1.896 2.704 2.102 1.786 1.813 1.842 1.634

(b)

Unmelted metal (a) ' S "

powder particles

(SS

Fig. 6. (a) Photograph of specimen 14 (a = 60°, t = 60 ym, E, = 50.0 J/mm?®) with optical microscopy image of S1, (b) optical microscopy image of S2 of specimen 1
(a = 60°, t = 30 pm, E, = 62.2 J/mm®) (¢) photograph of specimen 23 (@ = 90°, t = 60 pm, E, = 50.0 J/mm®) with optical microscopy image of S1 (d) optical
microscopy images of S2 of specimen 11 (@ = 90°, t = 30 pm, E, = 47.5 J/mm?), illustrating a higher and lower density of unmelted metal powder particles
(highlighted in red) on as-built surface S1 and S2 for specimens with a = 60° and a = 90°, respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

Fig. 6 illustrates the effect of the build orientation (¢ = 60° and a =
90°) on the number of unmelted metal powder particles that adhere to
the different as-built surfaces. Fig. 6 (a) and (c) show photographs of
specimens 14 (a = 60°, t = 60 pm, E, = 50.0 J/mm?) and 23 (a=90°t
= 60 pm, E, = 50.0 J/mm®), respectively, with optical microscopy im-
ages of an up-facing as-built surface (S1). Fig. 6 (b) and (d) show optical
microscopy images of down-facing as-built surface (S2) of specimen 1 (a
=60°, t = 30 pm, E, = 62.2 J/mm3) and specimen 11 (¢ = 90°, t = 30
pm, E, = 47.57J /mm?), respectively. We also schematically illustrate the
orientation of each specimen (@ = 60° and a« = 90°) and its up-facing (S1)
and down-facing (S2) as-built surfaces. From Fig. 6 (a) and (c) we
observe fewer unmelted metal powder particles on S1 of specimen 14
with a = 60° (approximately 156.7 unmelted metal powder particles/
mm?) than on S1 of specimen 23 with @ = 90° (approximately 350.0
unmelted metal powder particles/rnmz), because S1 of specimen 14 is
entirely built on top of previously solidified material. These results
explain the experimental data of Table 8, which indicate that the surface
roughness of as-built surfaces S1 with a = 90° is greater than with o =
60°. Conversely, from Fig. 6 (b) and (d) we observe more unmelted
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metal powder particles on S2 of specimen 1 with @ = 60° (approximately
433.6 unmelted metal powder particles/mm?) than on S2 of specimen
11 with @ = 90° surface of specimen 11 (approximately 141.1 unmelted
metal powder particles/mm?). Heat flux into previously solidified ma-
terial layers is greater for the specimens built parallel to the build di-
rection than the specimens built at @ = 60° [16,25] and, thus, fewer
unmelted metal powder particles adhere to S2 of specimens with a = 90°
than with a = 60°. These results also explain that the surface roughness
of as-built surfaces S2 with @ = 60° is greater than with a = 90°
(Table 8). Note also that the unmelted metal powder particle density on
S1 and S2 of specimens with ¢ = 90° is almost identical, because
physically these surfaces are similar, i.e., parallel to the build direction
and orthogonal to the top surface, even though the labeling system in
this work refers to them as up- and down-facing, respectively.

The surface topography of the up-facing as-built surfaces (S1) is in
agreement with the results obtained by Strano et al., who showed that
the staircase-effect geometry of the layer-upon-layer fabrication drives
the average roughness Ra of the up-facing as-built surfaces [24]. Simi-
larly, the surface topography of the down-facing as-built surfaces (S2) is
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Unmelted
metal
powder
g3 particles

Fig. 7. Optical microscopy images of as-built surfaces at the gas flow inlet (S3)
with different build orientations, showing (a) specimen 15 (a = 0°, t = 60 pm,
E,=32.4 J/mm®), (b) specimen 18 (@ = 60°, t = 60 pm, E, = 32.0 J/mm?), and
(c) specimen 24 (a = 90°, t = 60 pm, E, = 33.3 J/mm”).

in agreement with the results presented by Fox et al., who showed that
adhesion of unmelted metal powder particles (highlighted in red) drives
the surface topography parameters of the down-facing as-built surfaces
[26].

Fig. 7 (a), (b), and (c) show optical microscopy images of the as-built
surface (S3) at the gas flow inlet of specimens 15 (¢ = 0°, t =60 pm, E, =
32.4 J/mm?®), 18 (a = 60°, t = 60 pm, E, = 32.0 J/mm>), and 24 (a =
90°, t = 60 pm, E, = 33.3 J/mm®), respectively, illustrating the density
of unmelted metal powder particles (highlighted in red) on S3 as a
function of the different build orientations used in this work. We also
schematically illustrate the orientation of each specimen (a = 0°, a =
60°, and @ = 90°) and its different as-built surfaces S1-S5.

We qualitatively observe from Fig. 7 (a) that unmelted metal powder
particles appear uniformly distributed on the S3 as-built surface of
specimens with a = 0°. In contrast, from Fig. 7 (b) and (c) we observe
that the unmelted metal powder particles agglomerate around the layer-
upon-layer interfaces on the S3 as-built surface of specimens with a =
60° and a = 90°. The density of unmelted metal powder particles is
independent of the build orientation @ = 0° (624.9 unmelted metal
powder particles/mm?), 60° (653.3 unmelted metal powder particles/
mmz), and 90° (681.7 unmelted metal powder particles/mmz). The
unmelted metal powder particles carried by the gas flow settle at the
interfaces of the layer-upon-layer structure for specimens with a = 60°
and a = 90° specimens and, thus, the surface roughness of specimens
with build orientations « = 60° and @ = 90° is lower than that of
specimens with build orientation @ = 0°, where the unmelted metal
powder particles do not preferentially settle at the interfaces of the
layer-upon-layer structure. We observe similar results for the as-built
surface at the gas flow outlet (S4). These observations explain the
experimental data of Tables 8 and i.e., the surface roughness of as-built
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surfaces S3 and S4 is higher for specimens with a« = 0° than for speci-
mens with a = 60° and 90°.

4. Conclusions

We have determined the relationship between the surface topog-
raphy parameters of as-built Inconel 718 surfaces and their corre-
sponding L-PBF process parameters using multivariate regression
analysis with traditional R- and S-parameters, statistical, and deter-
ministic parameters, and even combinations of surface topography pa-
rameters, to determine which parameters most closely relate to the LBPF
process parameters. We conclude that:

1) The deterministic surface topography parameters (1, Rs, and o),
derived from the 9 PP scheme result in the best-fit regression equa-
tions with the highest adjusted-R2 and, thus, show the closest rela-
tionship to the L-PBF process parameters, when considering one
dataset of all as-built surfaces (S1-S5), and when considering each
as-built surface separately. However, the adjusted-R? values of the
best-fit regression equations are substantially higher when consid-
ering the different as-built surfaces separately as opposed to aggre-
gating them into one dataset. This is because the surface topography
of the different as-built surfaces is distinctly different due to their
location and orientation on the build plate with respect to the gas
flow and recoater directions. In contrast to the R-, S-, and statistical
parameters, the deterministic approach considers the actual peaks of
the surface topography rather than relying on a discrete number of
traces of the surface and, thus, includes the most detailed informa-
tion of the surface topography. This conclusion is different from
existing knowledge of the surface topography of as-built L-PBF sur-
faces, which rely on traditional R- and S-parameters.

The surface roughness expressed using deterministic surface topog-
raphy parameters decreases with increasing layer thickness, but the
number of peaks increases with increasing layer thickness because of
increased globule formation. Globules result from increasing bulk
laser power or decreasing scan speed to maintain the laser energy
density within the recommended range when increasing the layer
thickness.

The surface roughness expressed using deterministic surface topog-
raphy parameters of the up-facing (S1) as-built surfaces increases
and of the down-facing (S2) as-built surfaces decreases, for speci-
mens with a build orientation different than « = 0° and a = 90° (i.e.,
a = 60° in this work). The presence of unmelted metal powder par-
ticles dominates the surface topography of the down-facing as-built
surfaces, whereas the staircase-effect dominates the surface topog-
raphy of the up-facing as-built surfaces.
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