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A B S T R A C T   

Additive Manufacturing (AM) offers new design and manufacturing opportunities of thin-wall microchannel heat 
exchangers for aerospace and industrial applications. Laser Powder Directed Energy Deposition (LP-DED) is an 
AM process providing large scale manufacturing of thin-wall microchannel heat exchangers. Successful indus-
trialization of the LP-DED process requires critical quantification and understanding of the metallurgical, geo-
metric, and process limitations. Specifically, understanding the as-built surface texture, inclusive of roughness 
and waviness, is significant due to its effects on the friction factor and pressure drop within a heat exchanger. 
This experimental study completed a design of experiments (DOE) to determine the critical build parameters that 
impact surface texture for enclosed thin-wall samples. This study summarizes the characterization work of the 
LP-DED process for 1 mm enclosed walls with an Fe–Ni–Cr (NASA HR-1) alloy. The LP-DED parameters including 
laser power, powder feedrate, travel speed, layer height, and rotary atomized powder feedstock were modified in 
the experiment. An evaluation of the DOE samples and resulting surface texture is provided along with con-
clusions from these experiments. Results indicate that 3D areal and 2D profile (directional) surface texture is 
estimated by 2x the powder diameter that becomes captured or partially melted on the trailing edge of the melt 
pool. The fine powder showed a higher sensitivity to parameter changes but resulted in a higher density material 
and 23% reduction in roughness. Surface texture was also shown to vary between closed channel shapes (in-
ternal) due to ricochets, recirculation, and higher volume of powder available to bond compared to external 
(outer) surfaces. The understanding of the LP-DED process as-built surface texture is essential to fluid flow ap-
plications such as heat exchanges and can modify performance for enhanced heat transfer or can be a detriment 
to pressure drop.   

1. Introduction 

Metal additive manufacturing (AM) has demonstrated the ability to 
fabricate complex geometries with internal features and allow for 
reduced manufacturing time over traditional manufacturing methods 
(Blakey-Milner et al., 2021). Laser powder bed fusion (L-PBF) is often 
the focus of research and hardware applications due the ability to build 
fine features, but several other metal AM processes are being advanced 
(Zhang et al., 2017; Kotadia et al., 2021; Liu et al., 2021; Vafadar et al., 
2021). These various AM processes each have unique advantages and 
disadvantages in feature resolution, build volume and deposition rates, 
metallurgical characteristics, and geometry limitations (Bikas et al., 
2019; Sobota et al., 2021). Industrialization of components built using 
AM require control of the process within a defined set of build 

parameters (Gradl et al., 2022). The feedstock must also be 
well-understood to provide results with consistent geometry, uniform 
microstructure, and meets the requirements of the intended design 
(Bhuvanesh Kumar and Sathiya, 2021). 

One of the common uses of the AM technology is for heat exchangers, 
where thin-walls with complex flow passages can easily be fabricated 
(Niknam et al., 2021). Directed energy deposition (DED) and powder 
bed fusion (PBF) are two relevant AM processes being advanced for this 
need (DebRoy et al., 2018). Heat exchangers with thin-wall micro-
channel fabrication using AM have focused almost exclusively on the 
L-PBF process due to high feature resolution and machine availability 
(Gradl et al., 2021b). However, the L-PBF process is limited in the 
overall build volume (Thompson et al., 2015a; Klein et al., 2018; Zhang 
et al., 2018). This size limitation is based on the (powder filled) build 
box, typically less than 400 mm in each direction (X, Y, Z), with limited 
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machines available up to 1 m (Kerstens et al., 2021). One process of 
interest for larger scale components is laser powder directed energy 
deposition (LP-DED). LP-DED is a freeform fabrication metal AM process 
using a laser as the energy source and powder feedstock to melt and fuse 
metals locally. The laser, which creates the meltpool, is typically central 
to the integrated deposition head and the powder blown into the melt 
pool. This can be accomplished with various deposition nozzles with the 
most common using a coaxial annular nozzle or discrete nozzles, typi-
cally 3 or 4, spaced equally around the laser beam (Singh et al., 2020). 
This entire deposition head is mounted to a motion control system. 

The LP-DED process allows large scale fabrication (>2.5 m) using 
metal powder feedstock, only limited by the robotic or Cartesian gantry 
system (Lehmann et al., 2021). It is a potential solution offering 
thin-walls of less than 2 mm for internal features in addition to builds at 
large scale (Gradl and Protz, 2020). LP-DED offers potential to create 
large-scale components, such as heat exchangers, with complex geom-
etry, thin-walls, high-density material, controlled microstructure and 
geometric features (Gradl et al., 2021a). While L-PBF is extensively 
researched and applied in industry using thin-wall features (Jafari and 
Wits, 2018; Lin et al., 2019; Kasperovich et al., 2021), there are still gaps 
in detailed characterization of the LP-DED process. These include sur-
face texture, thin-wall geometry, repeatability, and resulting micro-
structure (including density) of the material for thin-wall component 
applications. The melt pool using LP-DED is much larger than the L-PBF 
process based on the larger spot size (Sow et al., 2020; Jardon et al., 
2021). Because of the larger melt pool in LP-DED, forming thin-walls in a 
single pass bead is required and does not allow for a contour pass, which 
is a method to improve surface finish using L-PBF (Snyder and Thole, 
2020). 

The LP-DED process has traditionally been selected for repair oper-
ations and to a lesser degree demonstrated for freeform thin-wall addi-
tive structures (Ahn, 2021). While the L-PBF process has demonstrated 
repeatable wall thicknesses down to 0.2 mm (Wang et al., 2017; Gradl 
et al., 2021b), the LP-DED process does not provide this same resolution. 
Thin-walls are defined differently by various researchers with most 
defined as less than 3 mm. Liu and Li demonstrated thin-walls in Steel 24 
with LP-DED down to 0.8 mm using a coaxial deposition head and 
45–80 μm sized powder (Liu and Li, 2005). Margerit et al. characterized 
the microstructure of stainless steel 316L using a coaxial deposition head 
with a 0.2 mm layer thickness and a wall thickness of 0.8 mm (Margerit 
et al., 2021). Other studies in 316L focused on microstructure and me-
chanical properties and conducted by various researchers with wall 
thickness ranging from 0.7 to 2.1 mm (El Cheikh et al., 2012; Balit et al., 
2020; Errico et al., 2021; Mianji et al., 2021). The evaluation of super-
alloy Inconel 718 was also completed with single-track wall thicknesses 
ranging from 1.3 to 2.5 mm (Bold et al., 2020; Imbrogno et al., 2021; Xu 
et al., 2021). Other thin-wall research using LP-DED referenced in 
literature include Hastelloy X with wall thicknesses of 1.7–3.2 mm 
(Jinoop et al., 2020, 2021), Stainless Steel 410 (Kalami and Urbanic, 
2021a), Stainless Steel 304L at 1.2 mm (Arrizubieta et al., 2017), 

Titanium Ti–6Al–4V (Yan et al., 2020; G. G. Barragan et al., 2021), 
Gamma Titanium Aluminide at 1.5 mm (Balichakra et al., 2019), Inconel 
625 (Kim and Saldana, 2020), CrCoNi (Xue et al., 2021), M4 high speed 
Steel at 1.7 mm (Jardin et al., 2020), and Al–Mg–Mn-Sc-Zr at 1.6 mm 
(Zhao et al., 2018). Most of these studies focused on parameter devel-
opment and the resulting microstructure and mechanical properties. The 
build specimens were also limited in overall height with many using 
single-beads and <10 mm overall height. While there is brief mention of 
surface roughness in some of these studies, the quantified observations 
are often limited (e.g., contact profilometry, visual inspection) or not 
provided. 

Surface texture (roughness and waviness), often referenced as sur-
face finish, is cited as one of the biggest drawbacks from AM compared 
to traditional manufacturing technology (Ngo et al., 2018; Rosen and 
Kim, 2021). The surface texture has an impact on many of the functions 
related to heat exchangers including fluid flow, thermal management, 
and mechanical properties. Increased surface texture can adversely 
affect performance through reduced fatigue and ultimately operational 
life of a component, increase mechanical friction and wear, increase 
fluid friction factors related to flow channels resulting in higher pressure 
drops, and also increase corrosion potential in harsh environments 
(Stimpson et al., 2016; Hemmasian Ettefagh et al., 2020; Khan et al., 
2020; Jones et al., 2021). Surface roughness has been studied in various 
metal alloys and thin-wall samples using the L-PBF process and applied 
in various industrial applications (Jamshidinia and Kovacevic, 2015; 
Fox et al., 2016; Wu et al., 2020). The detailed characterization of sur-
face roughness for thin-wall LP-DED is very limited in literature. Liter-
ature suggests that surface roughness and geometric inaccuracies as 
drawbacks of the LP-DED process and a better understanding of pro-
cessing parameters is required to control for wider commercial adoption 
(Azarniya et al., 2019; Errico et al., 2021). 

Typical problems associated with LP-DED are all of the surface 
texture components at various levels; including shape deviation (form), 
waviness, and roughness. The shape deviation can be caused by residual 
stresses and resulting distortion that depends on part geometry, alloy, 
build plate geometry, build parameters, and powder feedstock that all 
impact the thermal history (Li et al., 2018; Mianji et al., 2021). Surface 
waviness is often observed in the form of lateral periodic menisci as a 
result of the stacked deposited build layers, or stair stepping effect 
(Morville et al., 2012; Zhang et al., 2019). The mechanism identified 
that causes roughness in LP-DED is residual unmelted and melted 
powder emanating from the melt pool, ricochets, or excess powder not 
captured in the melt pool causing powder agglomerations, or adherence 
to the wall (Jardon et al., 2021). This powder adherence can be a further 
exacerbated with smaller spot sizes, which are required for thin-walls, 
due to the low powder efficiency (5–20%) captured in the melt pool 
(Gharbi et al., 2013; S. A. Wang et al., 2021). 

A few studies evaluate surface roughness using the LP-DED process 
but are limited in the application of thin-walls. The LP-DED system 
configuration, spot size, and deposition parameters can vary 

Nomenclature 

AM = Additive Manufacturing 
ANOVA = Analysis of Variance 
DOE = Design of Experiments 
HEE = Hydrogen Environment Embrittlement 
L-PBF = Laser Powder Bed Fusion 
LP-DED = Laser Powder Directed Energy Deposition 
NASA HR-1 = Fe–Ni–Cr Hydrogen Resistant superalloy 
PSD = Particle Size Distribution 
Pa = Directional 2D profile average height 
Pku = 2D Profile Kurtosis 

Pp = 2D Profile Peak Height 
Psk = 2D Profile Skewness 
Pv = 2D Profile Valley depth 
Pz = Average Maximum Profile Height 
Sa = Areal Average Surface Roughness 
SEM = Scanning Electron Microscope 
Sku = Areal Kurtosis 
Sp = Areal Max Peak Height 
Ssk = Areal Skewness 
Sv = Areal Max Valley Depth 
Sz = Areal Max Height of Surface 
W = Watts  
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significantly based on the part geometry and associated wall thickness. 
Riede et al. completed a study of 316L using a coaxial deposition head 
and powder sized from 44 to 106 μm and a layer thickness of 0.91 mm 
and reported an average areal surface roughness, Sa, of 44 μm (Riede 
et al., 2019). Zhang et al. developed a unique technique for thin-wall 
LP-DED using a central powder deposition head with surrounding la-
sers and achieved a surface roughness of 3.2 μm with 75 to 106 μm 
Fe313 powder and 2.7 mm wall thickness (Zhang et al., 2019). Lu et al. 
completed a similar study using Fe313 alloy with a central laser beam 
and 75 to 106 μm powder resulting in 3 μm roughness and a wall 
thickness of 2.7 mm (Lu et al., 2021). 

A study by Mahamood and Akinlabi on LP-DED Ti–6Al–4V suggested 
increasing laser power using a 2 mm spot size reduced the surface 
roughness, but was based on a horizontal cladding deposition strategy 
(Mahamood and Akinlabi, 2014). This increase in power allows for more 
of the powder to be melted and less residual powder available to adhere 
to the adjacent surfaces, but the increase in power will impact wall ge-
ometry. Kim et al. discuss that an increase in laser power and powder 
mass flow rate will result in increased wall thickness in addition to 
providing a consistent bead with less porosity (Kim and Saldana, 2020). 
A significant increase of laser power solely for thin-wall structures is not 
a feasible build strategy since this results in uncontrolled geometry. A 
study by Mazzarisi et al. also confirmed this through deposition of a 1.5 
mm wall using Inconel 718 and concluded that 150% increase in laser 
power caused the melt pool to enlarge and resulted in a 44% increase in 
wall thickness (Mazzarisi et al., 2020). Jinoop et al. completed an 
experimental evaluation and concluded that power was the primary 
contributor to the deposition geometry (width, height, and deposition 
rate) and powder feed rate and travel speed contributed to a lesser de-
gree (Jinoop et al., 2020). The combination of these parameters is also 
important since independent adjustments may not always achieve the 
desired results. 

Another study by Mahamood and Akinlabi demonstrated that 
decrease in the travel speed or increase in shielding gas flow rate could 
reduce surface roughness, but also focused on a horizontal cladding 
surface (Mahamood and Akinlabi, 2018). In the thin-wall study by 
Zhang et al., it was suggested that increasing the travel speed (scan 
speed) provides a smoother surface due to less dwell time for the excess 
powder to agglomerate on the surface (Zhang et al., 2019). Alimardani 
et al. also provided this conclusion to reduce the travel speed to improve 
surface roughness, but did not provide any quantification of roughness 
and only visual (Alimardani et al., 2012). Gharbi et al. completed a more 
detailed study of surface roughness for the LP-DED process on 
Ti–6Al–4V with wall thicknesses ranging from 1.7 to 3.5 mm (Gharbi 
et al., 2013). It was observed that the increased travel speed could 
reduce the waviness in the form of the periodic menisci by a factor of 5, 
but only had a limited effect on the roughness (26% reduction) with a 
short interaction distance. Gharbi et al. concluded that the best surface 
roughness was obtained using higher travel speeds and higher laser 
power which results in spreading the melt pool. 

Motion control parameters such as layer height, injection nozzle 
stand-off distance, and laser focal plane are referenced in literature with 
regards to surface roughness. Several articles suggest that reduction in 
vertical layer height (Z-direction), which can be partially accomplished 
by the increased travel speed, can improve surface roughness but may 
not be as efficient as other parameter adjustments (Morville et al., 2012; 
Gharbi et al., 2013; Balit et al., 2020). The high degree of layering from 
height changes, resulting in waviness, is commonly observed in litera-
ture (El Cheikh et al., 2012; Morville et al., 2012; Imbrogno et al., 2021). 
Zhu et al. evaluated an approach to change the injection plane to modify 
the surface roughness, but was focused on the undulations of the top 
surface and no quantification was provided for the side surface rough-
ness (Zhu et al., 2012). Careri et al. discuss that the stand-off and laser 
focus distance in LP-DED must be critically controlled to avoid high 
roughness of the side surfaces and uniformity of the top surface as it 
relates to post-process machining, but do not quantify this either (Careri 

et al., 2021). 
Powder feedstock is a critical input to the LP-DED process. There are 

several studies that reference thin-wall deposition using a particle size 
distributions (PSD) from 45 to 150 μm and a few studies using 15 to 45 
μm. Jardon et al. demonstrated 1 mm wall thicknesses using stainless 
steel 316 L with various PSD, but limited the research to single pass 
beads on plate and no measurements of surface roughness were provided 
(Jardon et al., 2021). Based on visual observations, it was suggested that 
a lower roughness could be achieved using a finer PSD ranging from 15 
to 45 μm. A study by Carroll et al. noted that with continued recycling of 
gas atomized from 50 to 125 μm Waspaloy powder, the surface rough-
ness increased on the sidewalls of 0.6 mm thick samples (Carroll et al., 
2006). The article observed that the mean particle size was similar 
through continued recycling, while flowability increased (reduced Hall 
Flow values). Ahsan et al. studied the LP-DED process using Ti–6Al–4V 
gas atomized and the plasma rotating electrode process (PREP) with 45 
to 105 μm powders (Ahsan et al., 2011). The mean particle diameter was 
found to be 94 μm for gas atomized and 72 μm for PREP. The resulting 
surface roughness was shown to be lower for the PREP powder 
compared to gas atomized as well as reduced porosity for 3 mm thick 
samples, although not conclusive if specific to powder size or other 
contributors. Based on this literature comparing various PSD ranges for 
LP-DED, further research is merited since the impact to surface texture 
and roughness was not fully quantified. 

Prior literature often suggests that LP-DED requires final machining 
to achieve desired surface roughness for use in final applications (Gharbi 
et al., 2013; Dutta et al., 2019). Traditional machining is, however, not 
feasible for many AM parts, including LP-DED, as complexity increases 
with internal features such as those for heat exchangers. One of the 
limitations of the available research is the limited quantification of 
surface texture relative to as-built thin-walls and enclosed features 
fabricated using LP-DED. Several publications reference an early study 
by Li and Ma that evaluated horizontal surface roughness for LP-DED 
and does not allow roughness to be inferred for vertical surfaces (Li 
and Ma, 1997), which considers cladding and not vertical thin walls 
deposited in a single bead. For proper application of surface texture for 
an industrial application, it must be characterized in the alloy of interest 
with identical geometry and parameters that are being used for the end 
part. The surface must be understood beyond an average roughness 
value (ie. Ra, Sa) since the complexity of the surface can impact the fluid 
pressure drop, heat transfer, and mechanical fatigue properties. Should 
post-processing surface enhancements be required to help tune the 
roughness, the value and dominance of peaks and valleys should be 
characterized in order to determine the proper material to be removed. 
Considering observations from the literature, the process parameters (e. 
g., power, travel speed, layer height, stand-off distance, powder fee-
drate, shielding gas flowrate), nozzle configuration, and both the pow-
der type and size can be modified to change surface roughness but all 
potentially at a detriment to geometry. 

The results of this research provide an in-depth understanding of 
surface texture (form, waviness, and roughness) as it relates to 1 mm 
thick walls using LP-DED processed NASA HR-1 superalloy for heat 
exchanger applications. The powder feedstock, AM process and associ-
ated parameters, geometry, and alloy composition can impact the as- 
built surface texture and the fluid flow, and the heat transfer perfor-
mance can vary depending on the surface produced. It is necessary to 
characterize and understand the sensitivity of the process inputs for each 
alloy and feedstock of interest so that a designer can properly apply this 
knowledge for the desired end-use application. NASA HR-1 (Section 2.2) 
is a Fe–Ni–Cr superalloy used for high pressure hydrogen applications, 
such as heat exchangers and rocket engine nozzles. The advantage of 
using NASA HR-1 for these applications is its high conductivity, high 
fatigue strength, increased yield strength and ductility over other 
hydrogen-resistant alloys, and excellent hydrogen environment 
embrittlement (HEE) resistance. Prior literature has shown the ad-
vancements made with the NASA HR-1 alloy using LP-DED, but limited 
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to the metallurgical aspects of the material (Katsarelis et al., 2019; Chen 
et al., 2021). 

Other critical aspects of this research include the detailed charac-
terization of the as-built complex LP-DED surface texture of multi-layer 
single-bead deposition 1 mm walls using different sizes of rotary 
atomized NASA HR-1 powder. Prior studies focused on gas atomized 
powder. This study instead considers as-built inner (enclosed) surfaces 
and outer (external) surfaces with varying parameters and powder sizes, 
which were not discussed in prior literature for thin-wall LP-DED. A 
design of experiments (DOE) was conducted using the LP-DED process 
parameters and non-contact measurements to characterize the complex 
as-built surface texture. The as-built surface assumes no post-processing. 
While the surface texture is critical for design and end-use, the resulting 
geometry from the build must be balanced with consistency and 
repeatability of the wall thickness and material density. These were both 
studied using optical microscopy image analysis. This study provides a 
quantification for the surface conditions of the LP-DED NASA HR-1 alloy 
permitting designers to properly account for it and control it for thin- 
wall applications. This research is relevant for large scale applications 
(>1 m diameter) where the LP-DED process has advantages for freeform 
fabrication while still maintaining thin-walls (1–1.2 mm thick). The 
results presented are relevant to future LP-DED thin-wall components to 
be used on their as-built surface texture of the walls to reduce post- 
processing due to costs or the inability to post-process due to 
complexity. 

2. Methodology 

The LP-DED process uses a laser beam to create a melt pool and metal 
powder is injected into this pool using an inert carrier gas through a 
deposition head. As the deposition head traverses an area that was 
deposited the material cools and then solidifies creating the bead. The 
deposition head is attached to a motion control system, such as a multi- 
axis robotic arm or Cartesian coordinate gantry system. The Cartesian 
coordinate gantry system is preferred and was used in this study 
allowing for better accuracy and repeatability, which is critical for 
single-width bead wall thickness. After a single layer is built for the 
samples or part, additional layers are deposited until the final part is 
created. LP-DED also has the advantage of using multiple axis for 
complex geometries and is not limited to only 3-axes. 

The samples created for this study were single-width bead racetracks 
with 75 mm length, 25 mm in height, and 1 mm wall thickness (adjacent 
walls spaced 25 mm apart). These were deposited as a racetrack as 
opposed to a freestanding wall to provide geometric stability and 
eliminate any distortion. Each sample was deposited according to the 
parameters established for the DOE and then measured using non- 
contact microscopic imaging to evaluate texture and roughness. 
Further characterization of the wall thickness and porosity was evalu-
ated using microscopic and scanning electron microscope (SEM) 
imaging. 

The LP-DED system has several subsystems that include the powder 
injection and purge gas flow system, the laser power supply and optics, 
and the motion control. Each of these subsystems must work congru-
ently to provide the desired bead, resulting geometry, and material 
characteristics. These subsystems use support hardware and input pa-
rameters that can be adjusted to affect the material characteristics, 
including surface roughness. The laser and optical system includes many 
of the laser parameters and optical hardware that derive the beam de-
livery including the power, spot size, focus position, profile of beam, 
type of laser, and laser operational mode (such as continuous or pulsed). 
The powder injection system includes systems and inputs such as the 
powder feedrate, type of carrier gas, core shielding gas and/or second-
ary gas flow (mass flow rate and gas type), and the powder nozzle design 
(annular or multi-nozzle). The motion control system manipulates the 
movement parameter for the deposition head that includes the travel 
speed, sets layer height, standoff distance, angle of the head, and 

hatching (or step-over). While these parameters are fundamental to the 
basic build geometry, other factors may be more specific to component 
build geometry, such as spacing between features, build plate configu-
ration, and toolpath build strategy. The major subsystems and param-
eters for LP-DED are shown in Fig. 1. 

The primary parameters that are critical to the LP-DED process 
include laser power, travel speed (also called feedrate or scan speed), 
powder feedrate, laser spot size, hatching (also called stepover spacing 
or track overlap), and layer height (or layer thickness) (A. S. Wang et al., 
2021). These parameters and some of the other process inputs shown in 
Fig. 2 determine the melt pool and resulting geometry. The melt pool 
and powder carrier gas derive the general surface roughness (Shah et al., 
2010). An unstable melt pool can cause spatter, porosity, or irregular 
beads and increase occurrences of unmelted or partially-melted powder 
adhering to the surface. 

2.1. LP-DED experiment parameters 

This study specifically focused on five key input parameters and 
impacts to the resultant surface texture. The down selected parameters 
include the laser power, travel speed, layer height, flow rate of powder, 
and powder size and are highlighted in Fig. 2. Several parameters were 
fixed based on the geometry desired and also system configuration. The 
spot size selected was determined by the desired wall thickness, in 
addition to the type, mode and subsequent profile of the laser were all 
fixed. The standoff was also considered but is accurately controlled in 
the motion system with monitoring. The angle of the head is fixed 
normal to the surface. Other parameters such as angle of the head, 
hatching, and build strategy were not applicable since the experiment 
involved single bead width thin-wall deposition. 

A total of 35 samples were fabricated on an RPM Innovations (RPMI) 
557 machine with a 3-nozzle Argon-carrier gas powder injection and 
Argon central purge deposition head. This was a gantry-type system, and 
the build box was fully inert with Argon to reduce oxidation. The laser 
used was an infrared (IR) 1064 nm continuous wave with Gaussian 
profile. All samples were single bead width deposition tracks in the Z- 
direction. The sample tracks were fabricated on a 13 mm thick mild steel 
build plate. 

The baseline parameters were established through initial experi-
mentation to demonstrate a low porosity NASA HR-1 build that would 
meet geometric requirements as well as optimal deposition time. The 
variation in parameters for this experiment were selected to be 5% from 
nominal for power, travel speed, powder feedrate, and 10% for layer 
height. These were selected to ensure that all build samples would be 
successful to full height for data analysis in addition to meeting wall 
thickness range of 1–1.2 mm. While parameters could be varied further, 
this would result in incomplete or failed samples and data could not be 
collected. Other studies suggest that a higher increase in laser power of 
25% or more could improve surface roughness (Gharbi et al., 2013). 
However, core material microstructure and desired geometry must also 
be considered. With increased power for thin-wall LP-DED, the melt pool 
increases resulting in thicker walls, increased size and quantity of the 
columnar grains, and results in a more porous structure (Kim and Sal-
dana, 2020). Additionally, the NASA HR-1 could be adversely impacted 
with increased laser power through vaporizing of strengthening ele-
ments or segregation of these elements, both resulting in a poor material 
microstructure and properties (Chen et al., 2021). 

Each sample was deposited using a racetrack configuration (flat 
walls and 180◦ radii) to provide dimensional stability and allow for 
surface texture (waviness and roughness) to be measured on both the 
inner (internal to racetrack) and outer (external) surfaces (Fig. 3). The 
samples were 76 mm in length (Y-direction), 25 mm in height (Z-di-
rection) and opposing walls spaced 25 mm apart (X-direction). The area 
selected for surface measurements was 43 mm in width and 16 mm in 
height. The samples were sectioned from the build plate via bandsaw 
and were cleaned in Isopropyl alcohol to remove any excess machine oil. 
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No mechanical cleaning was used to preserve the surface. The samples 
are referenced by a unique indicator (1–35), however the last four 
samples in series (32–35) were labeled as A-D to indicate nominal pa-
rameters. A built plate with samples (1 through 6, 32, 33) is shown in 
Fig. 3A. The typical surface from a coarse powder sample (45 to 105 μm) 
is shown in Fig. 3B and fine powder (10 to 45 μm) in Fig. 3C. 

2.2. NASA HR-1 material 

The NASA HR-1 alloy was selected for this study due to the impor-
tance of this alloy for use in hydrogen based heat exchanger applications 
(Katsarelis et al., 2019). The NASA HR-1 alloy was developed at NASA 

Marshall Space Flight Center in the late 1990’s as a hydrogen environ-
ment resistant (ie. “HR”) superalloy for use in high temperature and high 
pressure hydrogen applications (Chen and Mitchell, 2005). NASA HR-1 
is a Fe–Ni–Cr Superalloy that provides high strength and high ductility 

Fig. 1. Overview of LP-DED process parameters and inputs.  

Fig. 2. LP-DED parameter inputs that can impact surface texture and the 
deposited bead geometry. The highlighted parameters were varied in this study. 

Fig. 3. Fabricated experimental select samples. A) Deposited samples on build 
plate, B) Sample A (Run 32) with nominal parameters using 45 to 105 μm 
powder, C) Sample C (Run 34) with nominal parameters using 10 to 45 
μm powder. 
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in these harsh environments and originally derived from JBK-75. The 
alloy has been demonstrated in several applications focused on liquid 
rocket nozzles and high temperature hydrogen environment heat ex-
changers (Gradl et al., 2021a). While other alloys exist that could meet 
these general requirements, such as A-286, JBK-75, and the 300 series 
stainless steel (304, 310, 316), they can be limited in strength for such 
heat exchanger applications (Gradl and Protz, 2020). 

Two powder lots (HRA9 and HRA4) of rotary atomized NASA HR-1 
from Homogenized Metals Inc. (HMI) were used for the sample depo-
sition in a fine cut (10 to 45 μm) and coarse cut (45 to 105 μm). The 
powder chemistry was within nominal ranges including any trace ele-
ments that were measured (C, Mn, Si, P, S, B) as seen in Table 1. 
Chemistry was measured using Inductively Coupled Plasma (ICP) at 
HMI. 

The rotary atomized powder was characterized using a Microtrac 
(Version 10.1.0.6) and imaged using a Hitachi S3000H Scanning Elec-
tron Microscope (SEM) to evaluate the general morphology. The fine 
and coarse cut powder SEM images can be seen in Fig. 4. The Microtrac 
calculated the peak distribution of the powder at 70 μm for the coarse 
powder (45 to 105 μm). The SEM showed mostly spherical shape with a 
few oblong ellipsoidal particles and some traces of satellites for the 
coarse powder. Oblong particles can cause issues with flowability or clog 
the nozzle during deposition. The fine powder (10 to 45 μm) showed a 
peak at 34 μm from the Microtrac characterization. While a majority of 
the finer powder is spherical observed in the SEM, the oblong shaped 
morphology is also observed along with several sphere and satellites and 
granular particles. 

2.3. Design of experiment (DOE) samples 

A DOE was developed to understand the relationships between the 
input process parameters, powder feedstock in two different PSDs, as 
well as significant interactions of the parameters on the resulting surface 
texture and roughness. A split design grouped by powder size was 
selected for the DOE because of the difficulty of powder changes. This 
avoided changing powder every run, which was not feasible for the 
experiment. A total of 35 runs (Runs 1–35) were completed at varying 
parameters including four distinct runs (two with each powder size) at 
the predetermined optimal set of parameters from prior development 
work on this alloy. The predetermined optimal set of parameters was 
laser power = 350 W, powder feedrate = 23 g/s, travel speed = 762 
mm/s, and layer height = 0.254 mm. The summary of parameters used 
for this study is shown in Table 2. 

The DOE was analyzed using analysis of variance (ANOVA) to 
determine the significance and extent of influence for the LP-DED pro-
cess parameters that impact surface texture (Montgomery, 2019). The 
overall model and influence of the individual factors and interactions 
were considered significant if the probability value (p-value) was less 
than the set significance level (α = 0.05). This analysis was conducted 
using DesignExpert software. The final model that best fit the data was a 
two-factor interaction (2FI), with several terms eliminated that were not 

significant. Other models were evaluated including quadratic but did 
not provide any significance. 

2.4. Roughness measurements and microscopy 

Each sample was then measured using a non-contact Keyence VR- 
5200 patterned light projection profilometer with three telecentric 
lenses at 80x magnification and image stitching with an overlap of 20%. 
The samples were first measured on the outer surface, then sectioned 
inside the radii and measurements were completed on the inner surface. 
A surface form correction was used on the entire area to remove the tilt 
and any curvature, and a reference plane was then established. No 
filtering was used in the analysis of the surface topography data since the 
entire surface is of interest for potential thin-wall applications. All 
measurements were completed and reported according to ASME B46.1 
(American Society of Mechanical Engineers (ASME), 2019). The surface 
scanning covered an area of 43 mm by 16 mm and areal measurements 
for average roughness (Sa), max height of surface (Sz), max peak height 
(Sp), max valley depth (Sv), skewness (Ssk), kurtosis (Sku) were deter-
mined from this region. Waviness was obtained in the horizontal and 
vertical directions with a high-pass filter (λc) of 0.25 mm and low-pass 
(λs) of 0. The focus of this study was on the sidewall vertical surface 
roughness, which is in the direction of flow for heat exchanger appli-
cations. The measurement uncertainty was obtained by repeating mea-
surements on a single sample for each fine and coarse powder PSD 
samples. A 99% confidence interval for measurement uncertainty is 
calculated and presented in the data plots. 

In addition to areal surface analysis, five vertical lines and three 

Table 1 
Chemistry for NASA HR-1 powder used in this study (Wt. %).  

Element Powder Lot Nominal Chemistry  

HRA9 HRA4 Ref (Katsarelis et al., 2019) 

PSD 10 to 45 μm 45 to 105 μm  
Fe 41.24 41.78 Bal 
Ni 33.91 33.71 33.7–34.3 
Cr 14.66 14.49 14.3–14.9 
Co 3.79 3.75 3.6–4.0 
Mo 1.83 1.82 1.6–2.0 
Ti 2.41 2.31 2.2–2.6 
Al 0.243 0.24 0.23–0.27 
V 0.302 0.30 0.28–0.32 
W 1.60 1.59 1.4–1.8  

Fig. 4. SEM Images of the NASA HR-1 Powder. A) Coarse cut 45 to 105 μm 
powder and B) Fine cut 10 to 45 μm powder. Note: both images are at the same 
magnification (100X). 
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horizontal line profiles were obtained from the surface areal profile. The 
vertical direction corresponds to the build direction and also flow di-
rection in heat exchangers fabricated with LP-DED. The 2D profile 
directional line texture parameters analyzed were average profile height 
(Pa), average maximum profile height (Pz), reduced peak height (Pp), 

reduced valley depth (Pv), skewness (Psk), and kurtosis (Pku). The profile 
texture measurements (Pa, Pz, Pp, Pv, Psk, Pku) were used for this 
experiment which is inclusive of waviness and roughness that could 
impact the application for flow in heat exchangers. This is synonymous 
with the traditional Ra (average roughness) but are not filtered for 
waviness. The line profile data is important to the end application, and 
directionality should be considered for specific applications (Kalami and 
Urbanic, 2021b), such as fluid flow, and included as an outcome of this 
study. The 2D directional profile measurements were equally spaced 
across the region of interest in the vertical and horizontal directions. The 
regions of interest for the areal surface roughness and directional texture 
measurements are shown in Fig. 5. For data reporting, the five vertical 
texture measurements were averaged, as well as the three horizontal 
measurements averaged, to provide a single value. All measurements 
were repeated for the inner and outer surfaces for each sample. 

Following the texture measurements, SEM imaging was completed 
on a Hitachi S3000H for select samples on the inner and outer surfaces 
within the central region of the sample. The samples were then sectioned 
and mounted to evaluate porosity and microstructure. The micrographs 
were imaged using a Keyence VHX digital microscope. The samples were 
prepared per ASTM E3 using a Presi automatic polisher. The samples 
were prepared to evaluate porosity were polished using 0.05-μm 
colloidal silica, but not etched. This allowed for image characterization 
of the potential defects independent of the visible grain structure. Select 
samples were etched using etchant #13 (10% Oxalic Acid, Electrolytic) 
to determine the deposition melt patterns and general grain structure. 

The porosity was measured on the polished samples using ImageJ 
software (Version 1.53e). The image was adjusted to 8-bit to allow for 
differentiation between pores and other stains or burns that can occur 
from polishing. The entire area of the sample was then selected, and the 
areas of porosity quantified; any edge effects were eliminated to mini-
mize error. The samples thickness was measured using ImageJ at five 
transverse locations and then averaged to provide a single value. 

3. Experimental results 

3.1. Visual and SEM 

All samples from the LP-DED process were built successfully (no 
failures, no process stops, no issues noted) to the nominal dimensions. 
The samples were removed from the build plates and evaluated in the as- 
built condition (i.e., no stress relief or subsequent heat treatments; no 

Table 2 
Selected Parameters and Powder for DOE runs.  

Sample 
ID 

Powder 
Change 

Laser 
Power 

Powder 
Feedrate 

Travel 
Speed 

Layer 
Height 

Powder 
Size   

W grams/ 
sec 

mm/ 
min 

mm μm 

1 1 333 23.0 724 0.254 45–105 
2 1 350 21.9 724 0.279 45–105 
3 1 333 24.2 762 0.229 45–105 
4 1 350 24.2 762 0.254 45–105 
5 1 333 21.9 800 0.229 45–105 
6 1 368 23.0 762 0.254 45–105 
7 2 333 21.9 762 0.254 45–105 
8 2 368 24.2 800 0.229 45–105 
9 2 350 23.0 724 0.229 45–105 
10 2 350 21.9 762 0.254 45–105 
11 2 368 23.0 724 0.279 45–105 
12 2 333 24.2 800 0.279 45–105 
13 3 350 23.0 762 0.254 10–45 
14 3 350 23.0 762 0.279 10–45 
15 3 368 24.2 724 0.229 10–45 
16 3 368 21.9 800 0.229 10–45 
17 3 333 24.2 800 0.229 10–45 
18 3 333 21.9 800 0.279 10–45 
19 3 333 21.9 724 0.229 10–45 
20 4 350 23.0 800 0.254 45–105 
21 4 368 24.2 762 0.279 45–105 
22 4 368 21.9 724 0.229 45–105 
23 4 350 24.2 724 0.254 45–105 
24 4 333 23.0 762 0.279 45–105 
25 4 368 21.9 800 0.279 45–105 
26 5 333 23.0 800 0.254 10–45 
27 5 368 21.9 724 0.279 10–45 
28 5 350 23.0 762 0.254 10–45 
29 5 333 24.2 724 0.279 10–45 
30 5 368 24.2 800 0.279 10–45 
31 5 350 23.0 762 0.229 10–45 
32 1 350 23.0 762 0.254 45–105 
33 1 350 23.0 762 0.254 45–105 
34 5 350 23.0 762 0.254 10–45 
35 5 350 23.0 762 0.254 10–45  

Fig. 5. Nomenclature and measurement locations for areal and directional profile line texture measurements. The build direction also corresponds to the flow 
direction for heat exchanger applications. 
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surface modifications). The coarse powder samples appeared to have a 
higher degree of texturing across the surface, and the fine powder 
samples emerged smoother from visual inspections. The SEM images 
show the surface roughness being impacted by the powder size, as seen 
in Fig. 6. The coarse powder samples have a random powder scattering 
across the surface (Fig. 6A) of partially melted and loosely adhered 
powder (Fig. 6B). Several powder particles can be seen barely protrud-
ing from the surface encapsulated by the solidified surrounding mate-
rial, while the partially melted and solidified material forming a radius 
with the underside of the particles. The fine powder samples (Fig. 6C and 
D) show a higher number of particles adhered, covering adhered 
covering almost the entire surface. There is minor visual evidence of the 
macro waviness observed in Fig. 6C, potentially from layer height. There 
are many instances of fully melted and partially melted fine particles 
similar to the coarse powder. The diameter of the particles measured 
normal to the surface on the SEM images match the PSD of the powder 
sizes used for respective samples. 

3.2. Microstructure 

Representative sectioned and etched samples for coarse and fine 
powder are shown in Fig. 7. The sample with coarse powder (Fig. 7A, B, 
C) displays the particles adhered to the surface with solidified material 
forming a tangential radius between. In most instances, the melted and 
solidified material extends about 50% of the width of the particle, 
forming the roughness on the surface assuming powder particles pro-
trusions are defined as roughness and the layering is defined as wavi-
ness, as suggested by Diaz (2019). There are a few instances observed 
with subsurface particles that are not fully melted into the surrounding 

material and shown to be a maximum of 2x the diameter of the powder 
PSD. The unmelted coarse particles extend about 150 μm subsurface 
measured normal from the surface. The fine powder sample (Fig. 7D, E, 
F) shows a higher number of instances and higher density of unmelted 
powder across the surface and subsurface. There are multiple layers of 
unmelted or partially melted fine powder observed subsurface with so-
lidified material between the particles. The unmelted particles extend 
about 100 μm into the subsurface when measured normal from the 
external surface. 

The melt pools are clearly visible in the etched samples. The 
microstructure is characteristic of the LP-DED process with epitaxial 
dendrite grain growth that traverse across melt pools (Bian et al., 2015; 
Shamsaei et al., 2015; Gamon et al., 2021). The dendrite arm growth is 
random, but also shows a tendency to solidify from the outer surface of 
the melt pool towards the center. Small grains are observed on the 
external surface of the samples due to the rapid cooling (Thompson 
et al., 2015b). The rapid cooling of the exterior surfaces trap excess 
powder with solid material, surrounding these loose particles. 

3.3. Areal measurements 

The areal roughness measurements (Sa, Sz, Sku, and Ssk) for all of 
the specimens are summarized in Fig. 8. Sa is the typical areal parameter 
used to quantify roughness of surfaces but does not capture the 
complexity and discriminate between peaks and valleys. The Sz, Sp, Sv, 
Sku, and Ssk parameters define the magnitude of the peaks and values 
that can be used in fluid flow evaluations for heat exchangers or material 
removal estimates for post-processing operations (e.g. machining or 
polishing). The DOE samples were each built with a varying set of 

Fig. 6. SEM images of select samples. A) Sample 32 inner surface with coarse powder at 50x, B) Sample 32 inner surface with coarse powder at 250x, C) Sample 34 
inner surface with fine powder at 50x, D) Sample 34 inner surface with fine powder at 250x. 
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parameters and identified by sample number on the X-axis of plots, 
which is synonymous with run number (Table 2). The average areal 
roughness (arithmetic mean deviation), Sa, in Fig. 8A clearly shows the 
fine powder is lower compared to the coarse powder in almost all 
samples, which is consistent with prior observations (Kong et al., 2007; 
Jardon et al., 2021; Kladovasilakis et al., 2021). The dotted lines in 
Fig. 8A is to pair the samples inner and outer wall data points for 
readability. 

Another trend observed is the difference between the inner and outer 
surface with the inner surface showing higher roughness in almost all 
instances for both fine and coarse powders. This is due to ricochets, 
recirculation, and higher volume of powder available on the internal 
volume of the racetrack sample to bond with the trailing edge of the melt 
pool during solidification. There is a high volume of powder available 
due to the low efficiency (<10%) with thin-wall depositions such as this. 
The Sa for the coarse powder shows a tight grouping of data independent 
of the changes in parameters, where the fine powder has more variation. 
The fine powder shows higher sensitivity in changes to build parame-
ters. The areal roughness, Sa, for the fine powder showed a downward 
trend as a function of energy density. The coarse powder was stable as a 
function of the energy density. From the dataset, sample 30 appears to 
be a clear outlier, which is partially impacted from the waviness from 
the layering. This was the only sample where all build parameters were 
set to the higher range (power = 368 W; powder feedrate = 24.2 g/s; 
travel speed = 800 mm/s; layer height = 0.279 mm). 

The amplitude parameters for Kurtosis (Sku) and skewness (Ssk) 
were evaluated and shown in Fig. 8C and D. The high Sku (>3.0) in-
dicates that all samples have a high degree of peaks and valleys across 

the surface. The coarse and fine powder samples show minor variation 
within the groups and indicates the predominance of peaks across the 
surface (based on Ssk). Most of the coarse samples are dominated by 
peaks. Ssk trends downward as energy density increases independent of 
powder PSD, but only for the inner surface. 

3.4. Directional profile measurements 

The 2D directional profile texture results are similar to the areal 
parameters and shown in Fig. 9. These parameters were measured in the 
vertical direction at a length of 16 mm. The trends are very similar with 
the coarse powder PSD showing higher values than the fine powder PSD. 
The dotted lines in Fig. 9A pairs the samples together for readability. For 
a majority of samples the average profile height of the inner surface (Pa) 
has a higher texture than the outer surface, although some are reverse 
compared to Sa such as samples 1, 8, 25. Pa is a localized measurement 
and any excess powder, particularly with the coarse PSD, in a localized 
area could change the values. The largest disparity is 9% (sample 8) and 
with the measurement uncertainty cannot be shown statistically 
different. 

The average maximum profile height for the vertical (Pz) measure-
ment is grouped tighter for the coarse powder and similar for the fine 
powder. The high measurement uncertainty for the coarse powder 
represents the random coarse particle adherence causing larger peaks 
and valleys. The Pz of the inner surface is generally higher than the outer 
surface, but variations can be attributed to location dependency. The 
Pku is similar to the Sku and the surface is dominated by a high degree of 
peaks and valleys for all coarse samples and to a lesser degree the outer 

Fig. 7. Sectioned and etched samples with inner and outer surfaces. A, B, C) Sample 32 using coarse powder, D, E, F) Sample 34 using fine powder.  
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surface fine powder samples. The peaks (Pp) and valleys (Pv) for the 
inner surface is observed in Fig. 9A and D for the outer surface. The Psk 
indicates that peaks are still dominate on most of the samples. The 2D 
profile values, specifically Pa, Pz, Pp, Pv, Pku, Psk are also important to 
report since fluid flow in heat exchangers is directional and may be used 
in flow performance evaluations such as friction factors. 

3.5. Waviness 

Typical LP-DED samples have shown layering undulations from the 
dilution of vertical melt pools created on the sidewalls forming waviness 
(Gharbi et al., 2013; Tan et al., 2020). In prior literature this layering is 
apparent in the cross-section of the deposited samples (Morville et al., 
2012; Imbrogno et al., 2021). Within this current study, the layering and 
undulations are not visible in the sectioned samples. The vertical 
waviness is shown in Fig. 10 and shown to be more preferential to the 
inner surface. The dotted lines are provided to enhance pairing of 
samples for readability. The coarse samples are all within 15% of the 
average with the exception of sample 12. The coarse samples did not 

show any statistical trends in waviness compared to layer height, while 
the fine samples indicated increased waviness with increased layer 
height. The finer powder PSD samples have a higher degree of variation 
showing higher sensitivity to the process parameters and resulting melt 
pool geometry (Kladovasilakis et al., 2021). Sample 30 has higher 
waviness compared to other samples with all the deposition parameters 
set at the highest values. The increased layer height in addition to higher 
power and increased powder feedrate causes the melt pool to spread, 
resulting in higher waviness. 

3.6. DOE results 

The DOE data were analyzed using ANOVA with the process pa-
rameters as the factors and the surface roughness (Sa) data as the 
response. The final model that best fit the data was a two-factor inter-
action (2FI), with several terms eliminated that were not significant. The 
results from the ANOVA of the inner surface roughness are provided in 
Table 3 with an overall R2 fit of 97.8% for the selected factors. The re-
sults show that powder size is the major contributor at 71% of the 

Fig. 8. Areal texture measurements for all samples. A) Average area roughness [Sa], B) Maximum height of surface [Sz], C) Kurtosis [Sku], D) Skewness [Ssk].  
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overall model, as observed in the average areal roughness data. The 
layer height is also a contributor and the interaction between layer 
height and powder size at 10% each. Other interactions of the param-
eters were significant in the model, but not major contributors to the 
texture or roughness. Prior studies by Gharbi et al. and also Ahsan 
showed a correlation between the roughness and the energy density that 
as energy density increased the roughness also increased (Ahsan, 2011; 
Gharbi et al., 2013). A major difference in those studies compared to this 
was a significant variation in power, where this study focused on a 5% 
difference. This study was also focused on maintaining a consistent and 
thin wall, so significant increases in energy density would increase the 
melt pool diameter and subsequent wall thickness. 

3.7. Porosity 

The porosity of each sample compared to the Sa values is shown in 
Fig. 11. All fine powder samples have a measured porosity of less than 
0.061%, average of 0.031% ± 0.01% and low value of 0.014% (range of 

0.047%) consistent among all fine PSD samples. The coarse powder 
samples had a much wider distribution of porosity and ranged from 
0.052% up to 0.307% and average of 0.13% ± 0.07%. 

3.8. Sample wall thickness 

Thickness variation was evaluated through direct measurements of 
the cross sectioned samples. The results of the overall thicknesses along 
with powder size and laser power are shown in Fig. 12. An ANOVA was 
also established to evaluate the build parameters impacting thickness. 
While the model showed several factors were significant for several 
factors and interactions, the R2 fit was only 82.7%. A major contributor 
to the thickness model was laser power (25.3%) and travel speed 
(22.3%). Layer height had a small contribution (5.5%) as well as powder 
size (4.6%) and interactions of the parameters (16.6%). Fig. 12 indicates 
some visual correlation of thickness to laser power, although all pa-
rameters are being adjusted simultaneously. 

The process hardware and setup for building the desired wall 

Fig. 9. Directional vertical texture per sample. A) Average profile height [Pa], B) Average maximum profile height [Pz], C) Measured peaks [Pp] and valleys [Pv] for 
inner surface, D) Measured peaks [Pp] and valleys [Pv] for inner surface. 
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thickness can have an impact on the final surface roughness. The melt 
pool resulting in 1 mm wall thickness results in a lower catchment ef-
ficiency of 5–20% (Gharbi et al., 2013). The powder that is captured in 
the melt pool is often drawn to the center due to Marangoni flow (Singh 
et al., 2020). Particles that are not fully molten can be expelled from the 
melt pool and adhere to the sidewalls or trailing edge (Kalami and 
Urbanic, 2021b). The residual powder (80–95%) not captured is then 
available to bond to the trailing edge of the melt pool in the outmost 
surface and then rapidly cooled (Zekovic et al., 2007; Prasad et al., 
2019). This is further exasperated in thin-walls due to low thermal mass 
and accelerated cooling rate. For practical applications of the LP-DED 
process, the geometry also needs to be considered. There can be differ-
ences in powder consumed during the process based on primitive 
(simple) geometry compared to complex surface geometry and depen-
dent upon laser-on time (building versus positional movements). 

The Pz parameter is compared with the Pa parameter and plotted as a 
function of layer height in Fig. 13. The coarse powder does not show a 
sensitivity to average or maximum texture profile based on layer height. 
The fine powder shows a more apparent trend with the lower layer 
height providing a lower average and maximum texture profile, 
although data does not match for all samples with other parameter 
variations. 

The vertical orientation along the direction of the build was the 
primary interest for surface texture, but horizontal profile texture was 
also evaluated to evaluate differences. This is shown in Fig. 14. The line 
on the graph is provided as a reference assuming an arbitrary slope of 1. 
The coarse powder PSD indicates little difference (1%) between the 
vertical and horizontal directions. The fine powder profile is biased to-
ward the vertical direction with a difference of 9%. 

4. Discussion 

The finer powder has more instances of subsurface particles than the 
coarse particles observed in the micrographs, because of the propensity 
for rapid solidification during the build (Anderson et al., 2018). This 
does not impact the surface texture and the finer powder still provides 

Fig. 10. Vertical waviness for inner and outer surfaces.  

Table 3 
ANOVA for average inner surface roughness (Sa).  

Source Sum of Squares DoF Mean F-value p-value 

Model 359.2 11 32.7 91.3 <0.0001 
A-Laser Power 0.1 1 0.1 0.2 0.6432 
B-Powder Feedrate 1.2 1 1.2 3.3 0.0804 
C-Travel Speed 0.0 1 0.0 0.1 0.7212 
D-Layer Height 35.3 1 35.3 98.8 <0.0001 
E-Powder Size 259.6 1 259.6 725.9 <0.0001 
A*C 1.2 1 1.2 3.4 0.0782 
A*D 4.7 1 4.7 13.1 0.0014 
B*C 5.7 1 5.7 15.8 0.0006 
B*D 2.8 1 2.8 7.7 0.0106 
B*E 2.4 1 2.4 6.7 0.0163 
D*E 37.0 1 37.0 103.6 <0.0001 
Residual 8.2 23 0.4   
Lack of Fit 7.7 19 0.4 3.4 0.1236 
Pure Error 0.5 4 0.1   
Cor Total 367.5 34     

Fig. 11. Porosity measurements in samples compared to inner average areal 
surface roughness (Sa). 

Fig. 12. Sample cross-sectional thickness compared to powder PSD and 
laser power. 
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lower values overall. While literature reports that the finer powder tends 
to have flowability issues (Iams et al., 2021; Zhao et al., 2021), there 
were no issues observed with the 3-nozzle system used in this study. The 
fine powder samples indicate that the inner surface is predominately 
peaks while the outer surface is mostly valleys. The high degree of peaks 
for the inner surface indicates that powder particles are adhering to the 
surface as the NASA HR-1 alloy starts to cool (ie. excess powder cap-
ture). Due to the reduced volume, the finer powder requires less thermal 
energy to melt (Spierings et al., 2011). The finer powder PSD combined 
with the higher likelihood of powder trapped and recirculating in the 
enclosed racetrack increases the excess powder capture to the inner 
surface. During deposition of the fine powder, it was observed that 
powder was suspended in the build chamber, which was likely the lower 
end of the fine PSD (less than 25 to 30 μm). The higher velocity of the 

fine powder in the gas stream is ejected from the nozzle and causes re-
bounds off solidified surfaces (Gao et al., 2022). The coarse particles 
were shown to be more likely to break through the surface tension of the 
melt pool and likely to be melted or partially solidified (Singh et al., 
2020). 

While the Sa had a tighter range for the coarse powder than the fine 
powder, the opposite was true when evaluating with the Sz parameter 
(Fig. 8B). This indicates a higher range in the peaks and valleys with the 
coarse powder, which follows the visual observations of the full adher-
ence or partial melting of the coarse powder overcoming the surface 
tension. There are limited instances of unmelted coarse powder 
observed subsurface. The coarse powder samples are dominated by the 
peaks for the inner and outer surface with the solidified material forming 
a tangential radius between the partially melted particles. The fine 
powder has a high concentration of unmelted particles across the surface 
and subsurface. The fine powder shows an approximate split of peaks 
and valleys, although valleys shown to be marginally higher for most 
samples. The concentration of these unmelted particles make up these 
peaks and valleys bonded by solidified material (Fig. 7F). 

Uniform and consistent roughness is a significant consideration in 
component design fabricated from LP-DED, but the material quality and 
process ability to meet geometric requirements consistently is equally 
important. These factors can include the material density and the wall 
thickness. The lower porosity with fine powder has been observed in 
studies in other alloys (Kakinuma et al., 2016; Takemura et al., 2019), 
which can also be related to the increase in efficiency for the finer 
powder (Vundru et al., 2021). Townsend et al. points out that surface 
conditions may act as a fundamental observation to more underlying 
material defects (Townsend et al., 2016). The results from the current 
study align with this observation in that the reduced surface texture also 
resulted in a material with lower levels of porosity, although no signif-
icant defects were noted in either set of samples with varying powder 
PSD. This alone does not indicate that mechanical and thermophysical 
properties will match intended requirements, and the properties need to 
be confirmed with testing. 

A prior study by Jinoop et al. indicates 38% increases in wall 
thickness with 83% increase in power (Jinoop et al., 2020). Other 
studies also reference the increase of the wall thickness due to the larger 
melt pool observed with increased laser power (Wirth et al., 2018; 
Jinoop et al., 2019). Low laser power can generate lack of fusion and 
detrimental effects on surface roughness and mechanical behavior, so a 
proper balance is required (G.A. Barragan et al., 2021). The reduction of 
travel speed also leads to increased wall thickness (Segerstark et al., 
2014). Fine powders allow for uniform flow in the deposition nozzle and 
promote a small melt pool from the laser (DebRoy et al., 2018). How-
ever, in this study there was not a significant difference observed in the 
wall thicknesses between the fine and coarse powder with the power 
changes observed. The NASA HR-1 alloy also has tendency to be more 
sluggish during the build and the melt pool does not tend to flow out 
compared to other alloys. 

The mechanisms that produce surface texture in the vertical and 
horizontal directions differ for thin-walls. The vertical roughness is 
related to the bead geometry (width and height), layer height, and the 
adherence of unmelted (residual) and partially melted powder to the 
outmost surfaces. The horizontal roughness relates to the adherence of 
the residual and partially melted powder assuming measurements are 
made nearly parallel with the bead. The low difference between the 
vertical and horizontal surfaces from this study provides validation that 
the surface roughness is near uniform, and the anisotropy is coming from 
the waviness. The parameters selected in this study provide good dilu-
tion of the melt pool eliminating discontinuities between layers for an 
optimal processing window (Fathi et al., 2006; Shim et al., 2016). 

The major contributor to roughness in this study is the powder PSD 
with fine powder providing lower areal roughness and directional pro-
file texture. The surface roughness map for samples 32 (coarse powder) 
and 34 (fine powder) is shown in Fig. 15. The particles are bonded at 

Fig. 13. Comparison of average profile height (Pa) to average maximum profile 
height (Pz). 

Fig. 14. Comparison of vertical and horizontal average profile height, Pa.  
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various time periods during the solidification of the NASA HR-1 with 
some fully encapsulated with melted material and others partially 
bonded. The fine powder has a much higher sensitivity to the build 
parameters compared to the coarse powder when build parameters are 
changed. The volumetric heat capacity of the fine powder is 18% of the 
coarse powder and will tend to heat up quickly in the laser beam and 
become fully molten as it is injected into the melt pool (Pinkerton and Li, 
2003). 

The layer height did have a significant impact, albeit lower influence 
on surface texture. There was a higher degree of waviness present on the 
inner surface of the racetracks. Many prior studies showed the layering 
and obvious lateral menisci from LP-DED process. This was not readily 
apparent in the 1 mm thick NASA HR-1 samples, and waviness is not 
impacted by layer height. The directional surface roughness was within 
9% for horizontal and vertical directions and considered uniform. 

Based on the average, the inner surface has 1.67 μm higher rough-
ness than the outer surface. This difference was also confirmed to be 
significant with a paired t-test for the mean at 0.01 significance level 
(99% confidence). This difference was also more pronounced in the fine 

powder sample (2.3 μm average) compared to the coarse powder (1.2 
μm). It should be noted that there are four runs where the outer surface 
is higher than the inner surface. However, the differences were similar at 
0.2–0.3 μm, while one sample was 1 μm, and all parameters were 
modified in unison. The commonality of these four runs is when layer 
height is set to the lowest (0.229 mm) or travel speed is set to the highest 
(800 mm/s). 

Based on the DOE results and observed changes in parameters, the 
surface roughness can be reduced. The contour plots observing Sa as the 
factor are shown in Fig. 16. Similar plots were completed for vertical Ra 
showing nearly identical results. To reduce surface roughness to the 
lowest value for the NASA HR-1, the layer height should be set to the 
lowest values along with using the fine powder. The interaction of the 
other parameters only had minor contributions and did not impact re-
sults enough, so were maintained at nominal values. The fine powder 
and low layer height also provided low porosity material and desired 
wall thicknesses. 

A practical balance of parameters should also be considered as re-
sults are used for part production. While surface roughness was reduced 

Fig. 15. Comparison of areal surface roughness map for coarse and fine powder, inner and outer surface.  

Fig. 16. Contour plot for average areal surface roughness with powder size and layer height interaction. The powder size is shown in maximum value (45 and 105 
μm) and average areal roughness (Sa) units in μm. 
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with the lower layer height (0.229 mm) from the nominal (0.254 mm), 
the build time would increase. The roughness is increased from 15.6 μm 
at the lower layer height by 1 μm when the layer height is increased to 
0.254 mm. This represents a 6% increase in average roughness (Sa), but 
a build time increase of 17%. The build time was calculated with a 
simple primitive geometry model changing the layer height, assuming a 
constant travel speed. 

5. Conclusions 

Industrialization of additively manufactured parts requires a detailed 
characterization of the microstructure and the resulting geometry such 
as wall thickness, defects such as porosity, and the surface texture for 
successful use in critical applications. In this study, closed racetrack 
NASA HR-1 alloy 1 mm thin-wall samples were built using the LP-DED 
process with rotary atomized fine and coarse powder to evaluate sur-
face texture (roughness and waviness), basic geometry, and micro-
structure. These samples were successfully built using a single-bead 
deposition wall to a height of 25 mm. A design of experiments (DOE) 
was setup to evaluate the variation in parameters to determine the 
correlation and influence of the build parameters and powder particle 
size distribution (PSD). A total of 35 samples were successfully deposited 
with various parameters and were measured using a non-contact 
patterned light projection profilometer in the as-built condition. The 
samples were also evaluated using optical microscopy and scanning 
electron microscope (SEM) and sectioned to evaluate thickness, 
porosity, and roughness. The results were presented and summarized, 
and the following conclusions were drawn from the NASA HR-1 1 mm 
thin-wall samples.  

• Surface roughness of LP-DED material is derived from excess or 
partially melted powder captured on the outmost surface of the 
trailing edge melt pool. The areal average surface roughness (Sa) is 
thus dominated by peaks of these particles.  

• Partially or unmelted powder can be solidified in the subsurface and 
was observed to be a maximum of 2x the diameter of the powder 
PSD.  

• Fine powder (10 to 45 μm) produces on average roughness 23% 
lower compared to the coarse powder (45 to 105 μm). 

• The inner (enclosed) surface shows a higher average surface rough-
ness, texture, and waviness compared to the outer surface due to 
ricochets, recirculation, and higher volume of powder available to 
bond to the surface during solidification. This is further exasperated 
with thin-wall depositions where powder efficiency is reduced and 
more powder available to bond to the outmost surface during 
solidification.  

• The resulting surface roughness from the fine powder indicated a 
higher sensitivity to the parameter changes where the roughness 
with the coarse powder showed little change.  

• The analysis of variance indicated that the powder, layer height, and 
interaction of these accounted for 90% of the inner surface roughness 
and 95% of the outer surface roughness.  

• The fine powder produced samples with lower overall porosity and 
averaged 0.03% ± 0.01%, while the coarse samples had a higher 
range and averaged 0.13% ± 0.07%  

• A wall thickness of 1.05 to 1.15 mm can be properly maintained with 
either coarse or fine powder and related to the laser power.  

• Waviness was minimized using a lower laser powder (<363 W) and 
low layer height (<0.28 mm) to produce a uniform surface with 
minor waviness. The typically reported menisci of layering were not 
observed in the NASA HR-1 alloy thin-wall samples deposited with 
the optimized parameters and 3-nozzle configuration.  

• Surface roughness can be minimized by using fine powder, laser 
power of 350 W, powder feedrate of 23 g/s, travel speed of 762 mm/ 
s, and a low layer height of 0.229 mm. While the surface roughness is 
reduced at these parameters a balance should also be evaluated 

based on process economics. With the decreased layer height, the 
build time is increased by 17%. The layer height could be increased 
to 0.254 mm, and the impact on surface roughness would be a 6% 
increase (+1 μm). 

The LP-DED process is maturing and was demonstrated to success-
fully deposit freeform thin-wall features. This process can provide an 
alternative to the laser powder bed fusion (L-PBF) process for large-scale 
parts that require thin-walls, such as heat exchangers with internal 
channels or flow passages. While AM has shown surface roughness 
higher than traditionally manufactured parts, this study showcases a 
detailed understanding of the surface textures. The understanding of 
surface texture is critical for increased or debits to flow performance in 
heat exchangers allowing enhanced heat transfer or increases in pres-
sure drop. This study also demonstrated the repeatability of LP-DED 
thin-walls and a high-density deposition using the NASA HR-1 alloy 
for use in high-pressure hydrogen applications. 
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