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Influence of build angles on thin-wall geometry and surface texture in laser 
powder directed energy deposition 
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b Space Systems Engineering, Delft University of Technology, Delft, Netherlands 
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A B S T R A C T   

Metal additive manufacturing (AM) is being used for mission-critical applications in both developmental and production components, driven by economic and 
technical benefits. Laser powder directed energy deposition (LP-DED) allows manufacturing of thin wall geometric features for various components at diameters 
larger than 2 m. The characterization of geometric capabilities and limitations is critical for establishing guidelines for end users of the technology. Within this study, 
several samples of enclosed vertical tracks were fabricated and characterized using LP-DED, with 1 mm-thick walls and varying inclination angles up to 45◦ using the 
NASA HR-1 alloy (Fe-Ni-Cr). The wall thickness, melt pool, and surface texture, inclusive of waviness and roughness, were evaluated and results presented. The 
experimental results indicate that the wall thickness increases exponentially above 30◦. The surface texture was shown to be dependent on 1) excess powder 
adherence, 2) melt pool irregularities causing material droop, and 3) excess material. The experiment revealed that the mean roughness reduces with increasing wall 
angle for the downskin surface. The upskin roughness reaches a maximum peak at 20◦ and slowly reduces as powder adheres within the valleys. Both the downskin 
and upskin surface textures are dominated by irregular waviness generated by the melt pool.   

1. Introduction 

Additive manufacturing (AM) is gaining recognition as a viable 
manufacturing solution across multiple industries, transitioning from a 
mere prototyping tool to encompass the production of end-use parts and 
systems. The key advantages of AM distinguishing it from conventional 
manufacturing methods include cost reduction, complex part produc
tion, reduced schedules, and consolidation of components. Another 
advantage is the ability to create complex features unattainable through 
traditional or emerging manufacturing techniques, even when employ
ing novel metal alloys. Metal AM encompasses a myriad of processes, 
with unique benefits and disadvantages affecting different build sizes, 
microstructure based on various melting or solid-state bonding methods, 
and geometry ranging from coarse to finely detailed features. These 
high-level process categories include:  

• powder bed fusion (PBF),  
• directed energy deposition (DED), and  
• solid-state (cold spray, ultrasonic additive manufacturing, additive 

friction stir deposition, and binder jetting) [1]. 

These metal AM processes are being developed and actively used in 

aerospace, medical, and industrial applications [2]. As each AM process 
evolves, it becomes imperative to comprehensively characterize the 
achievable geometries, microstructure, resulting properties, and pro
cessing economics associated with each specific technology and the 
corresponding metal alloys. Design for additive manufacturing (DfAM) 
guidelines are unique for each AM process and cannot be applied 
broadly from one process to another. Without a proper understanding of 
these guidelines, an end-use AM component may not meet the intended 
structural, thermal, dynamic, fluid flow, or life requirements. Most AM 
research on PBF and DED processes focuses on microstructure and 
related mechanical and thermophysical properties. There is limited 
research on the DfAM process as it relates to geometry capabilities and 
limitations [3–6]. 

Laser Powder Bed Fusion (L-PBF) is one of the most widely used AM 
processes, providing the ability to fabricate highly intricate details with 
internal features and resolutions with dimensions of 0.25 mm or finer 
[7–9]. The inherent complexity of L-PBF makes it an ideal 
manufacturing process for production of heat exchangers used in aero
space, power plants, electronics cooling, chemical processing, energy 
storage and conversion systems, and oil and gas applications [10]. L-PBF 
has reached a state of maturity and is actively employed in commercial 
and military aviation and spaceflight applications. It is utilizeded 
extensively for components such as liquid rocket engine heat exchangers 
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(combustion chambers, nozzles), and parts incorporating integral cool
ing channels [11,12]. While L-PBF is common for components such as 
heat exchangers, it is limited in terms of achievable overall build vol
ume. L-PBF components can be commonly built up to 400 × 400 × 400 
mm with some machines capable of handling parts of up to 1 m diameter 
and height [1]. For parts that are beyond this size, directed energy 
deposition (DED) is an alternative [1,13]. Several review papers have 
been published on additively manufactured heat exchangers with an 
emphasis on L-PBF, but none mention the use of DED for thin-wall heat 
exchangers [14–18]. 

Laser Powder DED (LP-DED) can overcome the L-PBF size limitation 
while incorporating thin-wall (1 mm) internal channels. LP-DED (Fig. 1) 
uses a laser as the energy source and powder feedstock is blown into a 
melt pool to deposit beads [19]. The blown powder deposition head and 
the laser beam optics are mounted on a gantry (or robot) to allow for the 
precise motion control needed to manufacture thin-wall features [20]. 
Freeform structures are fabricated based on toolpaths generated from 
CAD models. The process allows for internal features such as channels 

and flow passages to be produced [21,22]. Examples of LP-DED appli
cations include casting and forging replacements, cladding and repair, 
fabrication of primary structures, as well as thin-wall large diameter 
structures such as heat exchangers with integral channels [13,23]. 

Research has been conducted to explore the feasibility of creating 
vertical single-bead thin-walls (<1.5 mm) using the LP-DED process, but 
focused on materials characterization and mechanical testing of vertical 
or horizontal surfaces [24–33]. A gap in prior LP-DED studies is the 
characterization of thin-wall geometric limitations including build an
gles, features (holes, channels, slots, etc), thickness variation, surface 
texture, and the combination of these attributes [13,34–36]. These 
features, including thin-walls and internal flow passages, are common in 
complex AM parts, particularly in applications such as aerospace or 
industrial heat exchangers. Thin-wall feature characterization is 
particularly important due to decreased powder efficiency in the pro
cess, which can impact the geometry [37]. The understanding of the 
DfAM guidelines for thin-wall LP-DED bridge the divide between 
fundamental research and practical implementation [20]. 

Terminology 

α angle of wall in degrees 
AM Additive manufacturing 
BD Build direction 
DED directed energy deposition 
DfAM Design for additive manufacturing 
F powder feedrate, in grams/min 
K’ Proportionality constant (2.35) 
λc large-scale band pass filter (also Lc) 
λs small-scale (noise) filter (also Ls) 
L-PBF Laser powder bed fusion 
LP-DED laser powder directed energy deposition 
n Exponent (0.005) 
NASA HR-1 Fe-Ni-Cr alloy for hydrogen resistant applications 
P Power, in watts 
PBF powder bed fusion 

PSD particle size distribution 
Ra Arithmetic mean directional roughness 
Rz Average directional maximum profile height 
Sa Average texture 
Sdr Developed interfacial area ratio 
SEM Scanning Electron Microscope 
Sk Core roughness 
Sku Kurtosis 
Sp Maximum peak height 
Sq Root mean square (RMS) height 
Ssk Skewness 
Sv Maximum valley depth 
Sz Maximum surface height 
V Traverse scan speed of deposition head, in mm/min 
Wa Arithmetic mean directional waviness 
Wt Wall thickness, in mm  

Fig. 1. Laser Powder DED System. A) Large scale integral channel part (>1 m) during fabrication, B) Overview of the LP-DED system components [11].  
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A few studies explored LP-DED of thin angled walls limited to 
stainless steel (SS) alloys. Kalami and Urbanic conducted LP-DED ex
periments to produce a SS 410 dome structure with 2 mm walls, which 
focused on developing an algorithm for process planning multi-axis 
toolpaths and collision avoidance of the deposition head and the part 
[38]. The research was expanded to study directional surface roughness 
(Ra) and concluded that the interfaces between toolpath partitions 
caused significant changes in roughness [39]. As a result of utilizing 
partitioned toolpaths and maintaining the deposition head in a normal 
position, no definitive conclusions could be drawn regarding the impact 
of changing angles on surface roughness. Kaj et al. studied 2 mm walls 
deposited with LP-DED SS 316L and focused on 5-axis motion control 
[40]. The research indicated a 32.5◦ wall was achievable with LP-DED 
but did not provide any corresponding surface texture or roughness 
data. Wang et al. deposited 1 mm thick angled walls up to 32.9◦ using SS 
17-4PH with collapses occurring above that angle [41]. The research 
concluded that lowering the layer height (Z–increment) to 0.43 mm 
resulted in more consistent angles (+/-0.9◦), but also collapsed above 
31◦; no data on the surface texture was included. 

Surface texture is another key geometric attribute for design since it 
can impact mechanical properties such as fatigue life, and, in case of 
internal fluid flows, heat transfer, and friction factors [42]. It is well 
known that the surface texture for AM produced parts is higher 
compared to traditional manufacturing techniques [43,44]. Proper 
filtering of measurements is of paramount importance when analyzing 
surface texture, encompassing form, waviness, and roughness. When 
defining the surface (i.e. roughness) as an input for fluid flow analysis, 
relying solely on roughness data may not provide an accurate repre
sentation of the complete surface profile. [45,46]. The combination of 
height, spatial, hybrid, and functional parameters within comprehensive 
parameter groups enables a holistic understanding of the surface prop
erties. [47]. Each of these texture parameters aid in describing results 
from manufacturing processes or end-use function (i.e. wear, lubrica
tion, friction, fatigue, sealing, etc) [47]. Surface texture measurement is 
important during manufacturing to validate design assumptions and 
reduce uncertainty. It is also critical to measure and characterize sur
faces throughout manufacturing operations. These experimental data 
are used to discern the underlying mechanisms behind the observed 
texture, such as waviness and roughness. This helps guide the total 
amount of material that needs to be removed during subsequent pol
ishing or machining operations if a certain texture is required. 

Surface texture is a direct outcome of the AM build process and is 
influenced by various factors, including the build orientation, wall an
gles, feedstock, process parameters, wall thickness, and the material 
being used [48]. It is known for L-PBF that surface texture varies 
significantly based on the angle and orientation (upskin or downskin) of 
a surface [49,50]. It has been shown that increasing the angle of 
downskin surfaces, relative to the build direction, increases the surface 
roughness due partially to unmelted powder adherence and dross for
mation [51,52]. Dross is excess material from overheating that forms at 
surface as the laser melts the powder and the material subsequently 
cools [53,54]. These studies all focused on evaluating the upskin and 
downskin surface texture related to L-PBF, but a gap exists related to this 
characterization for LP-DED. 

Prior studies about L-PBF and LP-DED indicated that the observed 
stair step (or stair case) effect increases the surface roughness 
[32,55,56]. The stair stepping is the result of slicing the part into defined 
layers. The part is built in these layers with a determined height increase 
(Z-orientation step up) of the deposition head that is programmed. The 
step is a resultant of these layers, which can be more pronounced as the 
surface angle increases relative to the build direction [57,58]. While the 
literature addresses the impact of the stair step as a form of roughness, it 
often does not segregate the data to distinguish waviness, creating a gap 
with respect to the full characterization of the LP-DED process. 

This paper summarizes research that used a variety of experimental 
data to characterize the geometry dependency of various samples 

fabricated using LP-DED. The study focuses on 1 mm wall thickness 
samples fabricated at angles up to 45◦ using hydrogen-resistant NASA 
HR-1 (Fe-Ni-Cr) alloy. These samples were deposited as freeform 
“racetracks”, with a straight wall on each side and 180 bends. The 
purpose of this experiment was to characterize deposition angle de
pendency for build limitations, upskin and downskin surface texture, 
wall thickness, and general microstructure. An equation was developed 
to predict wall thickness. These results are intended to advance the 
understanding of DfAM for the LP-DED process and to establish attri
butes for design and research engineers. The experimental results ob
tained are specifically applicable to the NASA HR-1 alloy. However, it is 
worth noting that the observed trends may have broader applicability to 
other alloys, provided that additional data collection is conducted. 

2. Methodology 

2.1. DED system and samples 

Ten NASA HR-1 alloy samples at angles varying every five degrees 
were deposited on an RPM Innovations (RPMI) 557 LP-DED machine 
with an argon-inert build chamber. The 557 system incorporated an 
infrared (IR) continuous wave gaussian profile 3 kW IPG laser, three 
coaxial nozzle within the deposition head, 5-axis motion control, and 
disc powder feeder with agitation capabilities. The motion control sys
tem was a Cartesian gantry-type system with a tilt and rotate trunnion 
table, although the trunnion table was not used in this experiment. The 
samples were built using a 2 +1 axis approach, meaning each layer was 
deposited and the deposition head translated in height by +0.254 mm to 
deposit the next layer. The deposition head remained perpendicular to 
the build plate for all samples. 

The samples were deposited as an enclosed racetrack (straight walls 
and 180◦ radii) to provide for dimensional stability. The baseline sample 
was built vertically, with the identifier referencing the build direction 
(0◦); subsequent samples are identified in reference to the angle offset 
from the vertical build direction (5◦, 10◦, …45◦). The baseline 0◦ sample 
geometry was identical to a prior study in which deposition parameters 
were varied using the same NASA HR-1 alloy [59]. While the use of 5- 
axis systems is possible, it is not feasible for every part and the prac
tical application of complex LP-DED parts still uses a 2 +1 (layer-wise 
slicing) and a combination of multi-axis toolpath planning. The samples 
were single-width passes (1 mm) at 76 mm length (Y-direction), 25 mm 
height (Z-direction), and 25 mm span between the adjacent wall (X-di
rection). The samples were built on an A36 mild steel 12 mm thick base 
plate. The layers for each sample were built individually, but simulta
neously to allow for proper cooling between passes. All samples were 
evaluated in the as-built condition with no stress relief or other heat 
treatments and no surface cleaning or post-processing. The samples were 
removed from the build plate using a bandsaw and deburred on the 
bottom edge only. The samples from each angle are shown in Fig. 2. 

The upskin is referred to as the surface angled upward relative to the 
deposition head. This is also the outer surface on all samples. The 
downskin is the downward facing and the inner surface. The upskin and 
downskin terminology is consistent with previous L-PBF research [4]. 

The samples were built successfully up to 30◦ (Fig. 2). The 35◦ and 
40◦ specimens featured discontinuities in the radius. The 45◦ specimen 
had discontinuities in the radius and failed in the opposing wall. Once 
the deposition had challenges in a layer, this discontinuity would 
propagate and become worse with increased height. The straight wall 
that was successfully built served as the basis for all characterization and 
analysis. 

2.2. Deposition parameters 

The deposition parameters used for the experiment are listed in 
Table 1. The optimal parameters were selected based on a prior design of 
experiments to optimize high density microstructure and reduced build 
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time [23,59,60]. Argon was used as the powder feedstock carrier and 
shielding gas. The deposition head was fixed normal to the surface and 
the standoff distance was actively monitored and controlled. The layer 
height remained constant at 0.254 mm and X-axis translation adjusted 
based on the angle of the sample. The start and stop points were ran
domized for each sample. The trunnion table was locked and not used 
for these samples. While acknowledging that the use of a trunnion table 
could potentially increase the maximum build angle, it is important to 
note that this build approach for thin-wall complex hardware designs 
may not always be feasible and is not the primary focus of this study. 

2.3. NASA HR-1 alloy 

NASA HR-1 is a Fe-Ni-Cr superalloy used in high pressure hydrogen 
components, such as heat exchangers. It was developed for resistance to 
hydrogen environment embrittlement (HEE). NASA HR-1 provides high 
strength and high ductility in harsh hydrogen environments such as 

liquid rocket engine nozzles and heat exchangers and it is derived from 
the A-286 and JBK-75 alloys [61,62]. The powder was rotary atomized 
by Homogenized Metals Inc. (HMI), with a particle size distribution 
(PSD) of 55–105 µm meeting +140 mesh at 0 % and − 325 mesh at 3.2 % 
per ASTM B214 using a Microtrac (Ver 11.1.0.6), and chemical 
composition provided in Table 2 (HMI powder lot HRA7). A SEM image 
of the morphology is shown in Fig. 3. The Oxygen content was 59 ppm 
and Nitrogen content was 9 ppm. The chemistry was measured using 
Inductively Coupled Plasma (ICP) at HMI. The peak powder size was 69 
µm and a Vega3 Tescan Scanning Electron Microscope (SEM) using 
Backscatter Electron (BSE) showed mostly spherical particles with a few 
satellites and random distribution of occasional oblong particles. The 
powder cumulative distribution has 10 % of particle sized below 58 µm 
(D10), 90 % below 85 µm (D90), and 99 % below 105 µm (D99) with a 
median particle size of 69 µm. Virgin powder was used for all builds. The 
samples were evaluated in the non-heat treated (as-built) condition. 

2.4. Surface metrology and imaging 

Surface texture measurements were obtained using a non-contact 
Keyence VR-5200 pattern light projection optical profilometer. The 
setup included three telecentric lenses with 80x magnification capability 
and an overlap of 20 %. Each sample was measured on the upskin (outer) 
surface and then sectioned inside of the radii to allow access to the inner 

Fig. 2. As-built NASA HR-1 alloy angled specimens removed from the build plate.  

Table 1 
Parameters used for angled racetrack sample deposition.  

Power (W) Powder Feed rate (grams/min) Travel Speed 
(mm/min) 

Layer Height 
(mm) 

350 23 762  0.254  

Table 2 
Chemical composition of NASA HR-1 alloy powder (HMI Lot HRA7).   

Fe Ni Cr Co Mo Ti Al V W 

Wt. % Bal.  34.03  14.64  3.75  1.84  2.46  0.23  0.3  1.59  
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surface. The downskin (inner) surface was then measured. The surface 
scanning covered a total area of 43 mm by 16 mm shown in Fig. 4. Areal 
surface measurements were reported in addition to directional legacy 
measurements. The texture measurements are reported along with a 
brief explanation and mathematical definition [46,47,63] in Table 3. 

All areal surface measurements are reported according to ISO 
25178–2:2021 [63,66]. A surface form correction was applied to remove 
any tilt and curvature from any residual stress distortion of the samples. 
The data around the edges of the measurement was eliminated using an 
end effect correction. A reference plane was then established. For the 
area surface measurements, the primary texture profile was unfiltered 
(denoted as primary) using form correction only. To extract roughness 
from the areal surface, a λc spatial frequency cut-off filter of 0.8 mm (i. 
e., a roughness filter) was applied per ISO 4288–1996. A λc of 2.5 mm 
was also evaluated but was too large. Measurement uncertainty was 
obtained by repeating measurements on a single sample five times to 

determine a 95 % confidence interval. 
When analyzing texture measurements, it is important to consider 

the end use application to obtain appropriate results [39]. One potential 
application of the thin-wall LP-DED process is the fabrication of heat 
exchangers with integral channel fluid flow. These heat exchangers are 
built with the channels running in the vertical build direction (Z). Thus, 
the directional measurements are reported in the vertical build direction 
(Fig. 4). Five symmetrical vertical lines were placed on the sample image 
and measurements averaged to report the waviness and roughness. For 
the directional measurements, form correction was also applied along 
with λc of 0.8 mm and a λs of 2.5 µm to eliminate noise at a 300:1 ratio 
(λc/ λs) per ISO 4228–1996. This allowed for the segmentation of 
directional waviness (Wa) and roughness (Ra) effects. Directional 
measurements are reported according to ASME B46.1 [65]. 

The surface samples were imaged using a Hitachi S3000H SEM on 
the upskin and downskin. Each sample was then sectioned along the 

Fig. 3. SEM image of NASA HR-1 (55–105 µm) powder morphology.  

Fig. 4. Terminology for sample measurement (example of 20◦ wall sample).  

P. Gradl et al.                                                                                                                                                                                                                                   



Materials & Design 234 (2023) 112352

6

center axis and mounted and polished according to ASTM E3 using a 
Presi automatic polisher. The samples were polished using 0.5 µm 
colloidal silica and optical images obtained. Samples were then etched 
using etchant #13 (10 % Oxalic Acid, Electrolytic) and optical imaging 
completed again. All optical images were obtained using a Keyence VHX 
digital microscope. Porosity, thickness, meltpool, and powder particle 
count measurements were analyzed using Image J (Version 1.53e). Eight 
thickness measurements were obtained normal to each wall (across) and 
averaged. The distance between each melt pool (height), perpendicular 
to wall thickness, was also measured for each wall and averaged. The 
low angle samples (<10◦) included approximately 12 melt pool mea
surements and angles > 10◦ were measured with a minimum of eight 
melt pools. A 95 % confidence interval was calculated and reported for 
these measurements. Particle count was determined by examining the 
number of particles in two 1 mm2 areas and averaging. This was ob
tained from the SEM image at 50x. 

3. Results and discussion 

The measurements were obtained in a sequential order per sample: 
texture, SEM, optical images. However, they are presented here per type 
of measurement with the aim of providing a comprehensive under
standing of the surface texture and associated geometry. 

Table 3 
Description of surface parameters and definition.  

Description of Surface 
Parameter 

Mathematical Definition 

Average texture (Sa) 
– average areal 
roughness across the 
entire 3D surface 
relative to a best fit 
plane. 

Sa =
1
A

∬ A|Z(x, y)|dxdy 

Root mean square 
(RMS) height (Sq) 
–standard deviation 
of the height 
distribution. 

Sq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
A

∬ A

⃒
⃒
⃒(Z(x, y))2

⃒
⃒
⃒dxdy

√

Maximum peak 
height (Sp) – 
absolute highest 
single points found 
on the 3D surface, 
filtered to eliminate 
erroneous peaks. 

Sp = max(Z(x, y))

Maximum valley 
depth (Sv) – 
absolute lowest 
single points found 
on the 3D surface, 
filtered to eliminate 
erroneous peaks. 

Sv = |min(Z(x, y)) |

Maximum surface 
height (Sz) – 
defined as the total 
surface height based 
on the summation of 
the maximum peak 
height and valley 
depth 

Sz = Sp + Sv 

Skewness (Ssk) – 
Represents the 
asymmetry of the 
surface texture 
based on a nominal 
plane, where 0 is 
ideal, >0 is 
dominated by peaks, 
and < 0 is valleys. 

Ssk =
1

Sq3

[
1
A

∬ A(Z(x, y))
3dxdy

]

Kurtosis (Sku) – 
Determines 
inordinately high 
peaks or valleys, 
where 3.0 is ideal, 
>3.0 is peaks, and <
3.0 is valleys. 

Sku =
1

Sq4

[
1
A

∬ A(Z(x, y))
4dxdy

]

Developed 
interfacial area 
ratio (Sdr) – 
Percentage of the 
overall surface area 
that contributes to 
the texture 
amplitude and 
spacing compared to 
an ideal plane across 
the entire measured 
area. 

Sdr =
1
A

⎡

⎣∬ A

⎛

⎝

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[

1 +

(
∂z(x, y)

∂x

)2
+

(
∂z(x, y)

∂y

)2
]√

√
√
√ −

1

⎞

⎠dxdy

⎤

⎦

Core roughness (Sk) 
– defined as the 
distance between 
the highest and 
lowest levels of the 
core surface height, 
filtered to eliminate 
predominant peaks 
and valleys. 

Sk*
≈ Sz − Spk − Svk 

Arithmetic mean 
directional 
roughness (Ra) – 
average deviation 

Ra =
1
Lx

∫ Lx

0
|Z(x)|dx  

Table 3 (continued ) 

Description of Surface 
Parameter 

Mathematical Definition 

from a mean line 
based on a direction 
such as parallel 
(vertical) to the 
build direction or 
perpendicular 
(horizontal). Data 
are filtered using <
λc, which removes 
form and waviness 
of the surface. 

Average directional 
maximum profile 
height (Rz) – 
average height 
difference between 
highest peaks and 
lowest valleys (using 
5 of each) along a 
sampling length in a 
defined direction 
(vertical build 
direction). Data are 
filtered using < λc, 
which removes form 
and waviness of the 
surface. 

Rz = max(Z(x)) + |min(Z(x)) |

Arithmetic mean 
directional 
waviness (Wa) – 
average height of 
widely spaced 
component of the 
overall profile along 
a direction such as 
parallel (vertical) to 
the build direction 
or perpendicular 
(horizontal). Data 
are filtered using <
λc, which removes 
form and waviness 
of the surface. 

Wa =
1
Lx

∫ Lx

0
|Z(x)|dx  

*Sk is approximated and detailed procedures to obtain can be found in [64] and 
[65]. 
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3.1. SEM image analysis 

SEM images are shown in Fig. 5. Visually, the adhered powder oc
currences drastically reduce on the downskin with increasing angle. The 
opposite is observed with the upskin whereby more powder adheres to 
the surface. As the angle of incidence increases relative to the deposition 
nozzle, the powder can bond more directly to the trailing and edges of 
the melt pool for the upskin. The downskin surface is more protected as 
the angle increases. An illustration of the vertical and angled powder 
impingement in the samples is shown in Fig. 6. Despite the enclosed 
racetrack samples, particle impacts are still possible. This is evident from 
the observations of ricochets and the recirculation of powder, as previ
ously put into evidence [59]. 

Based on the SEM images, the particle count (per mm2) was deter
mined at two locations on the surface and averaged. These data sets are 
shown in Table 4. The particle count analysis confirms the increase in 
adherence for the upskin and reduced powder for the downskin, 
although no inference should be made from this observation related to 
surface texture without proper filtering for roughness. The increase in 
angle facilitates a longer particle resonance time due to flow stagnation 
from the impingement of the deposition nozzle (Fig. 6). Additionally, the 
smaller diameter melt pool (<1 mm) decreases the powder capture ef
ficiency, leaving approximately 80 % of the powder available to adhere 
to the surface of the solidified material [37,67]. A depiction of the 
smaller melt pool (1 mm) is shown in the supplemental materials. Due to 
gravity, the powder will move down the surface of the angled wall and 
bond to the melt pool as it is cooling as indicated by the increased 
particle count. 

3.2. Optical image analysis 

From optical images of the sectioned samples several sets of data 
were collected. The porosity was measured for each sample in the pol
ished unetched condition (non-heat treated) with the highest porosity 
being 0.14 %, as shown in Table 4. This is consistent with prior results on 
vertical 1 mm thick NASA HR-1 specimens [59] and no trends are 
apparent based on the angle of the sample. Density was also obtained 
using the Archimedes method and is provided in the supplemental ma
terials; there were no correlations observed on samples based on the wall 
angle. The wall thickness was measured for each sample normal to the 
wall and results provided in Table 4. Fig. 7 shows that, as the angle 
increases, there is a corresponding increase in the normal wall thickness. 
The wall thickness linearly increases by 7 % from 0◦ to 25◦ and then 
increases exponentially from 25◦ to 45◦. The optical images indicate a 
transition from partially melted and adhered powder at lower angles to a 
more random surface profile as the angles increase, more so for the 
downskin surface (Fig. 8). The downskin surface at the high angles 

shows instances of subsurface unmelted powder. The partially melted 
and adhered powder is observed regularly on the upskin surface with 
more instances at the higher angles. 

The increased wall thickness is due to the material droop on the 
downskin side and excess material deposited on the upskin side. The 
visualized melt pool can be observed in Fig. 7 along the centerline of the 
sample. The material droop is made evident by the color change of 
etched samples and below the nominal melt pool. The Marangoni forces 
move the material outwards in the melt pool and this material is solid
ified at the edges causing this chaotic texturing [68,69]. Unmelted 
subsurface powder is also observed below the chaotic texturing (Fig. 8). 
Above 30◦, gravity has an impact, breaking the surface tension and 
causing the fluid metal to droop below the nominal melt pool and then 
solidify. This droop is distinctively different from the dross phenomenon 
in L-PBF [54] since the melt pool terminates prior to the downskin edge 
of the specimens. The excess material above the nominal melt pool in
creases due to the direct impingement of the powder and inert gas and 
causes the remelted and deposited material to flow upwards, in addition 
to outwards [70]. 

It was observed from the experimental dataset, that the wall thick
ness could be normalized when divided by the cosine (α) function, where 
α is the angle of the deposited wall. The adjusted wall thickness has been 
demonstrated to exhibit a high level of consistency, which is corrobo
rated by the measured thickness data (Fig. 9). Based on the observation 
that the wall thickness can be adjusted with the angle, this concept was 
applied to predict the wall thickness based on deposition parameters. 
Mazzarisi et al. reviewed and evaluated multiple models to predict wall 
thickness for single-beads based on laser power (P) measured in watts 
(W), powder feed rate (F) measured in grams/min, and traverse scan 
speed (V) measured in mm/min [68]. The validation testing has 
demonstrated a reasonable correlation with the proposed models. 
Kalami et al. discuss the relationship between the build layer height and 
its variation based on the angle. However, they do not specifically 
explore the relationship between the build layer height and the resulting 
wall thickness. [38]. With the help of this dataset, these approaches 
were modified resulting in an equation to predict the wall thickness (Wt) 
measured in mm, which reads 

Wt =
P

VFn K′
cos∝

(1)  

where Wt = thickness in mm; n = Exponent (0.005); K’ = Proportion
ality constant (2.35); and α = angle of wall in degrees. The exponent and 
constant were fitted using the experimental data. The model shows a 
good correlation with the measured thickness and peak error of 3.5 % for 
the current set of NASA HR-1 samples. 

The melt pool can be distinguished in the etched optical images and 

Fig. 5. SEM images of the normal surface for upskin and downskin surfaces (additional images provided in supplemental materials). Scale is the same for all images.  
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was measured perpendicular to the wall and along the centerline. The 
vertical distance between the visible melt pools was obtained and 
averaged. Based on thickness of the sample at 0◦ and prior research of 
the NASA HR-1 melt pool with identical parameters [59], a size can be 
assumed and overlayed for each sample in Fig. 7. From this, the number 
of layers penetrated with subsequent deposition layers can be deter
mined. An average of four deposited layers were subjected to remelting 
with each subsequent pass when the angle was less than 25◦. When the 
angle exceeded 25◦, three layers were remelted. The perpendicular melt 
pool height is shown in Fig. 10. The melt pool height was adjusted using 
the cosine function and shown in the graph. The measurements indicate 
that the height distance of the melt pool increases with the angle when 
measured vertically. However, the adjusted step over used to create the 
desired angle, along with the fixed Z-height of 0.254 mm, demonstrates 
highly repeatable motion control, a stable melt pool, and a satisfactory 
solidification process. The adjusted angle wall thickness (Fig. 9) also 

indicated a consistent melt pool. These findings establish the melt pool’s 
robust stability, ruling out arbitrary material deposition related to 
height or thickness. The adjusted data sets confirm that the downskin 
droop and upskin excess material are not related to an unstable melt 
pool, but rather to gravity effects. 

3.3. Surface texture characterization 

3.3.1. Surface texture with primary filter 
The initial areal surface texture was measured and evaluated using a 

form correction factor only. This allowed characterization of the full 
profile in terms of waviness and roughness. The Sa is shown in Fig. 11a: 
the inner and outer surfaces of the vertical wall (0◦) feature a similar 
average surface texture. The average areal surface texture of the inner 
surface is slightly higher than the external surface consistent with prior 
measurements [59]. This is due to the enclosed racetrack walls allowing 
for powder rebounds and recirculation causing excess adherence. A 
minor change in the wall inclination of 5◦ results in a reduced amount of 
powder adhering to the downskin (inner surface) as it angles away from 
the deposition nozzle. The average texture of the outer surface (upskin) 
increases with the direct impact of the powder from the deposition 
nozzle. The upskin texture is driven by roughness from the powder but 
also by variations in the solidification of the melt pool, and it continues 
to increase linearly up to an angle of 35◦, stays near level and then a 
slight drop occurs at 45◦. The downskin texture shows no appreciable 
differences up to an angle of 30◦, while for larger angles it increases 
exponentially. This indicates that particle adhesion alone cannot be used 
to determine texture and that other mechanisms cause this drastic 
change. The observed downskin texture varies with the angle and aligns 
with the thickness data and occurrence of material droop. 

The maximum height of the surface (Sz) in Fig. 11b shows that the 
upskin surface texture decreases with increasing angles. Greater powder 
adherence is observed, but several particles have the capability to fill in 

Fig. 6. Example of powder impingement for vertical and angled sample.  

Table 4 
Data from SEM and Optical Image Measurements.  

Angle 
(◦) 

Particle 
Count, 
Downskin 
(Inner) 

Particle 
Count, 
Upskin 
(Outer) 

Normal Wall 
Thickness 
(µm) 

Melt Pool 
Height 
(µm) 

Optical 
Porosity 
(%) 

0 96 93 1056 ± 24 253 ± 8  0.13 
5 92 99 1046 ± 26 252 ± 17  0.11 
10 92 120 1082 ± 17 259 ± 14  0.04 
15 84 122 1079 ± 13 259 ± 10  0.07 
20 80 126 1115 ± 15 269 ± 16  0.07 
25 80 140 1132 ± 13 272 ± 10  0.10 
30 68 142 1192 ± 14 287 ± 14  0.14 
35 63 166 1306 ± 21 308 ± 13  0.05 
40 54 179 1370 ± 15 336 ± 12  0.03 
45 36 181 1535 ± 18 361 ± 18  0.05  
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the valleys, thereby contributing to a decrease in the observed effect. 
This is corroborated by the observation that the maximum peak height 
(Sp) decreases, while the maximum valley depth (Sv) remains constant. 

The downskin suggests a general increase of maximum height, where 
peaks dominate the surface texture. In order characterize this attribute, 
the skewness and kurtosis parameters were evaluated and are shown in 
Fig. 11c and Fig. 11d, respectively. The skewness (Fig. 11c) is plotted 
with the normal wall thickness to identify abnormalities related to 
symmetry. The plot therefore reveals that the upskin is symmetric about 
the plane, whereby peaks and valleys are randomly distributed. Up to an 
angle of 30◦, the inner downskin surface is symmetric. Beyond this 
angle, a predominance of peaks becomes evident, which is coherent with 
the drastic changes observed in the wall thickness. The powder count 
analysis demonstrates that powder is less adherent in this case, therefore 
the asymmetrical peaks are governed by the droop of the material. 

Fig. 11d allows to evaluate the kurtosis for excessively high peaks or 
valleys. A similar trend is observed in the Sz data of the upskin surface, 
which demonstrates a general decrease in the number of peaks as the 
angle increases. The downskin surface shows again a general increase of 
excessively high peaks with the increase in angle. 

3.3.2. Areal roughness and particle count 
The surface texture and filtered roughness are further examined in 

relation to the adherence of the powder to determine the factors 
contributing to the formation of the observed texture. Using no profile 
filter (i.e., primary), the texture of the upskin linearly increases with 
increasing particle count (Fig. 12a). This could indicate that powder 
adherence is dominant for the upskin roughness but cannot be deter
mined conclusively without proper filtering. Fig. 12a also shows that the 
texture of the downskin surface initially decreases with reduced particle 
count. Starting at 30◦, the surface texture linearly increases up to 40◦

and at 45◦ rises even more steeply. This indicates that the texture of the 
downskin surface is related to the powder adherence based on particle 
count. 

The roughness filter, see section 2.4, was applied to the areal surface 
and plotted as a function of the particle count in Fig. 12b. The roughness 
(less than 0.8 mm wavelength) shows a clear trend for the downskin 
surface: the average roughness decreases with decreasing powder 
adherence, and this is also evident in the SEM images. The upskin sur
face exhibits a similar trend but only up to 20◦. Beyond 20◦ the average 

Fig. 7. Wall thickness and melt pool visualized on angled wall samples.  

Fig. 8. Partially melted and adhered powder shown for the upskin surface and 
chaotic texturing and subsurface powder shown for the downskin of the 45◦

wall sample. 

P. Gradl et al.                                                                                                                                                                                                                                   



Materials & Design 234 (2023) 112352

10

roughness is constant, and it is much lower at 45◦. Above 20◦, the par
ticles continue to bond to the trailing edge of the melt pool as it cools but 
valley voids are filled. The optical images reveal that the texture extends 
to a depth of two powder particles, indicating that the excess particles 

are effectively filling in the valleys of the surface. The core roughness 
(Sk), whereby the predominant peaks and valleys were removed [64], 
was also evaluated, and its trend is identical to that of the Sa with the 
roughness filter. The Sk values ranges from 38 ± 0.2 µm to 51 ± 0.2 µm 
for the downskin surfaces and from 50 to 58 ± 0.2 um for the upskin 
surfaces. The filtered Sdr was also assessed, because it determines the 
overall contribution to the texture amplitude (shown in supplementary 
materials). The trends are identical to those obtained for the Sa and the 
Sk: the roughness is proportional to the particle count for the downskin 
surfaces and it reaches a maximum at 20◦ for the upskin surfaces. 

This roughness comparison displayed in Fig. 12 put into evidence the 
significance of using appropriate filtering techniques. Significantly 
different conclusions could be drawn about the mechanism for the 
texture without properly evaluating all filtering options [71]. 

3.3.3. Vertical directional roughness and waviness 
To better characterize roughness (Ra) and waviness (Wa) in the 

vertical build direction, the data set was filtered as discussed in section 
2.4 and a comparison is shown in Fig. 13a. The directional average 
roughness for the upskin is higher than that of the downskin and driven 
by the direct particle impact with the melt pool. In contrast to the Sa 
values (Fig. 12), the upskin Ra does not indicate a reliance upon the 
angle and roughness values are similar at all angles. The upskin Wa does 
increase at angles above 30◦ due to chaotic disturbances in the melt pool 
creating the texture. It can be hypothesized that the increased melt pool 
disturbance can reduce the presence of partially assimilated surface 
particles [72]. This is observed in the maximum height roughness (Rz) in 
Fig. 13b, which is driven by the particle count above 25◦, and also the 
waviness portion of the surface texture. 

The downskin surface indicates similar directional roughness and 

Fig. 9. Measured and adjusted wall thickness of the angled samples.  

Fig. 10. Perpendicular melt pool height and adjusted height of the 
angled samples. 
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waviness at angles 0◦ to 30◦. A linear increase in waviness and decrease 
of roughness is observed starting at 35◦. Literature often suggests that 
the stair-stepping effect due to the build layers creates periodic waviness 
[35,73], but this is not observed in these samples with a layer thickness 
of 254 µm. The waviness is driven by chaotic irregularities from the melt 
pool on the surface due to the gravity slump, or material droop. The 
directional Ra was also compared with the particle count and showed 
identical trends to the areal Sa. The maximum height roughness (Rz) is 
depicted in Fig. 13b and shows similar trends to Ra with the peak of 114 
µm, which is the upper limit of the PSD for the powder. The Rz peak 
height of the upskin surface is constant up to the higher values of the 
angles, where the powder fills in valley voids and thus Rz decreases. 

Prior literature documented that Rz can be approximated by the 
upper PSD of the powder for L-PBF [74,75]. The experimental data 
suggest that, for LP-DED, the Rz peak can be approximated by using the 
maximum PSD. In the downskin surface, there is a decrease in Rz where 
the surface is shielded from the direct impingement of larger particles. 

However, the rebounds and recirculation of particles are driven by the 
smaller and medium-sized particles (ranging from 55 to 95 µm) due to 
their mass and velocity differences. The 115 µm diameter particle has 83 
% larger mass than the 85 µm particle, where the difference between the 
55 and 115 µm is 337 %. The velocity in the powder injection has been 
shown to vary based on mass and surface area of particles as well as 
nozzle focal plane, thus the likelihood of rebounds and recirculation is 
higher with the smaller particles. [76,77]. SEM images confirmed that 
the size of the particles adhered to the downskin 40◦ and 45◦ walls is less 
than 90 µm. 

The relationship between waviness and wall thickness is shown in 
Fig. 14. The waviness is higher on the upskin for most of the angles, 
although differences are minor at angles below 30◦. There is a clear 
trend of waviness increasing with the wall thickness can be observed and 
it is due to the surface irregularities from material droop on the down
skin. The upskin waviness is driven by the excess material deposition 
above the nominal melt pool. This results from direct impingement of 

Fig. 11. Primary texture of areal surface: a) Sa, average surface texture; b) Sz, Sp, Sv, peak and valley height of surface; c) Ssk, skewness; and d) Sku, Kurtosis.  
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the particles and remelted material flowing upwards and outward 
breaking the surface tension [78,79]. This phenomenon has been eval
uated in single bead LP-DED walls [80], but this study has demonstrated 
that it is amplified in the angled walls. Prior studies concluded that 
waviness was caused by the layer thickness [29,81]. This work has 
proven that the waviness is an order of magnitude lower that Lu et al and 
Shim et al and uncorrelated to the layer thickness. 

4. Conclusions 

It was shown that the LP-DED process can produce low porosity 
(<0.14 %) angled walls with target thickness of 1 mm and with an 
inclination angle of up to 45◦ using the NASA HR-1 (Fe-Ni-Cr) alloy. The 
geometric aspects of the samples including wall thickness, melt pool, 

and surface texture were evaluated. The surface texture was filtered to 
properly segment the waviness and roughness parameters to determine 
their contribution and the causing process mechanisms. From the 
experimental observations, optical micrographs, SEM images, and op
tical surface texture measurements, the following conclusions are 
drawn:  

• Walls featuring angles of up to 30◦ are stable, but angles above that 
threshold pose higher risks of a build failure. In such cases, it may be 
necessary to incorporate adjacent wall stiffening to ensure structural 
integrity.  

• The primary areal surface texture (Sa) exhibits an increase with the 
rise in wall angle, which can be attributed to surface irregularities 
arising from the melt pool and material droop. Peaks are dominant 

Fig. 12. Roughness compared to particle count from SEM. a) Primary filter and, b) Roughness filter.  

Fig. 13. A) directional vertical roughness and waviness. the shaded blue region indicates the downskin surface and shaded red the upskin surface. b) maximum 
height (rz) and particle count. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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for the downskin surface with the increasing angle and reduced for 
the upskin.  

• The waviness and subsequent wall thickness increases with the 
increased wall angle due to the chaotic surface irregularities from 
material droop on the downskin. The upskin waviness is driven by 
the excess material deposition above the nominal melt pool. This is 
due to direct impingement of the particles and remelted material 
flowing upwards and outwards.  

• Proper filtering of the texture measurements is required to segregate 
roughness and waviness. Differing conclusions could be drawn about 
the mechanisms leading to texture if proper filtering is not consid
ered. The λc of 0.8 mm was an appropriate cut-off filter to extract 
directional roughness and waviness for these thin-wall samples.  

• As the angle increases, the filtered average areal and directional 
surface roughness (Sa, Ra) of the downskin surface significantly 
decreases. This reduction can be attributed to a decrease in the 
number of adhered particles on the surface. This trend contradicts 
the observations documented in the literature regarding surfaces 
manufactured with the L-PBF process.  

• The upskin surface exhibits an increase in average areal (Sa) with an 
increase in particle count. The roughness crests at 20◦ and remains 
constant until the adhered powder filled in voids, resulting in a 
reduction in roughness at higher build angles.  

• The wall thickness increases exponentially with the angle, reaching 
an inflection point at 30◦ where the thickness starts to significantly 
increase due to melt pool droop. A correlation for the estimation of 
the wall thickness was developed using the data related to the 
samples made of NASA HR-1 alloy.  

• The results obtained from single-pass angled walls indicate that, for 
LP-DED, the directional maximum profile height (Rz) can be esti
mated using the maximum particle size distribution. Only particles 
with size less than 85 µm adhere to the downskin surface at angles 
above 35◦ due to higher rebounds and recirculation.  

• The stair stepping typically observed in the LP-DED was not detected 
with a layer height of 0.254 mm and remelting of 4–5 previously 
deposited layers. 

The complex geometry of a part being fabricated inherently alters 
surface texture due to varied angles. This change is influenced by the 
build parameters and resulting melt pool. Thickness variation and 
powder adherence for upskin and downskin follow comparable trends 

based on wall angle, driven by process mechanisms. Surface texture, 
encompassing roughness and waviness, varies with alloy, parameters, 
and resulting LP-DED melt pool. Designers must adhere to geometry 
guidelines and characterize surface texture, which can impact fatigue 
life, corrosion, heat transfer, and fluid flow performance. Previous views 
on LP-DED mandated post-machining, but experiments show properly 
designed LP-DED can approach L-PBF surface finishes. LP-DED 
manufacturing holds potential for aerospace, power generation, and 
industrial heat exchangers. 
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