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Porosity is one of the most significant obstacles to widescale adoption of additive manufacturing since it acts
as a stress concentrator that negatively impacts mechanical properties. Suboptimal process parameters and
entrapped gas content in powder feedstock are two factors that can induce porosity in additively manu-
factured parts. This study utilizes laser diffraction, optical and scanning electron microscopy, and micro-x-
ray computed tomography to study how four powders with varied entrapped gas concentrations and gas
atomization environments create parts with different densities. Process maps of the four 17-4 PH stainless
steel powders used in the EOS M 290 laser powder bed fusion machine, were developed. Furthermore, this
paper also discusses how process parameters interact with the powder-entrapped gas porosity to influence
the in-part porosity and the Charpy toughness of the as-built components.
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1. Introduction

Additive manufacturing (AM) has been of great interest in
recent years due to the growth of commercially available
systems and advantages these processes provide. Some of these
advantages include design freedom with reduced need for
expensive or subtractive toolpaths, high material utilization,
and a simplified supply chain with reduced lead times and
warehousing costs. The excellent properties of 17-4 PH have
proven attractive for AM of parts for novel applications.
Precipitation-hardened steels are widely used as structural
materials and have been used in marine environments, power
plants, and chemical industries due to their superior corrosion
resistance and strength in moderate and elevated temperatures
(Ref 1, 2). 17-4 PH steel in particular is a martensitic
precipitation hardening steel that has been used in aerospace

and defense applications such as heavy load components as
fasteners, gears, and valves (Ref 3, 4).

In this study, four lots of gas-atomized 17-4 PH stainless
steel powder, with entrapped gas porosity levels intentionally
varied beyond those typically seen in gas atomized powder,
were characterized and used for L-PBF builds. AM parameters,
namely laser power, laser scan speed, and hatch spacing, were
varied to develop process maps to identify regions of dominant
porosity formation mechanisms and to determine the ability of
proper AM parameter selection to mitigate powder-induced
porosity from even abnormally porous powder.

Introductory overviews of AM and the L-PBF process are
readily available from many sources (Ref 5, 6). Just as cast,
wrought, or conventional powder metallurgy materials may
have defects specific to their processing routes, AM processes
can introduce defects that must be accounted for when planning
process parameters for a build. One of the major defects in AM
materials is porosity. Porosity can arise from a variety of
process parameters, which may be detrimental to mechanical
properties since pores act as stress concentrators (Ref 7). In L-
PBF, the most common forms of porosity result from subop-
timal process parameters, forming defects such as lack-of-
fusion (LOF) and keyhole porosity. Although research has been
conducted in this area to study the relationship of process
variables between systems and alloys across different metal
AM technologies, the role of parameter selection on the
resultant AM defect distribution is not well understood. In
addition to parameter choices, powder feedstock can be another
source of porosity due to the irregular particle morphology (Ref
8), entrapped gas content (Ref 9, 10), and atomization
environment (Ref 11). General literature on the effect of
process parameters likely to result in keyholing, lack-of-fusion,
and balling defects on porosity is available (Ref 12-17).

Process maps can be used to identify process windows,
which indicate desirable process parameter ranges for the
materials being used (Ref 18). Process windows are easy
visuals that can be used to compare buildability in the different
materials used in AM. They are a crucial tool in studying how
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to expand and better utilize process space as they map process
outcomes in terms of process variables (Ref 19-21). A common
type of process map used to study L-PBF is the power–velocity
(P-V) process map, where all other build parameters are held at
fixed values and only the laser power and velocity are varied. In
this work, process maps are used to show how porosity changes
with laser power and laser velocity.

To date, gas atomization supplies the largest volume of
powder for AM. Since this stochastic process utilizes high-
pressure inert gas, a small amount of particles, dependent on
particle size and processing, contain entrapped gas pores (Ref
22, 23). Residual porosity in the powder feedstock may cause
powder-induced porosity in the as-built part and is another
factor to consider when choosing appropriate powder feedstock
(Ref 24). When using typical gas atomized powder in most
applications, the powder-induced porosity content is typically
negligible and plays a minor contribution to mechanical
properties. This study used several powders with controlled
porosity content levels that were intentionally set above the
level typical of atomized powder to determine the effect of
entrapped gas porosity on final AM parts.

Utilizing an argon or nitrogen atomization environment can
affect both the resulting microstructure (Ref 2, 25) and the
number of pores observed in 17-4 PH steel powders (Ref 11).
Janowski et al. (Ref 11) studied the effect of atomizing and
backfill environments on the frequency of hollow particles
observed in the resulting powders. They concluded that the
changes to this frequency as a function of atomizing gas were
not caused by physical effects upon the atomization process,
but rather by differences in the chemical behavior of the gas-
metal system. More specifically, they proposed that the gas
solubility and diffusivity of argon and nitrogen in metals vary.
The solubility of nitrogen increases when decreasing temper-
ature through the liquidus and solidus, while inert gases such as
argon demonstrate low solubility in both liquid and solid 304
stainless steel. From this information, it becomes evident that
soluble nitrogen gas that is trapped in molten metal will tend to
remain soluble and diffuse throughout the system, while
entrapped argon will remain as gas enclosing bubbles. There-
fore, atomizing the material with a gas that is soluble in the
metal may reduce the frequency of hollow particles.

AM can often create voids, high surface roughness, residual
stresses, and anisotropic microstructures, which can affect the
overall mechanical behavior of the final parts. There have been
some studies conducted on porosity in AM parts and the
subsequent effects on mechanical properties. Solberg et al. (Ref
26) conducted a study on the fatigue behavior of selective laser-
melted 316L stainless steel to investigate the effects of surface
roughness and porosity and found that in high-cycle fatigue
conditions, specimens failed from surface defects while at high
load levels (> 275 MPa), specimens failed from internal
defects. Another study (Ref 27) observed that nonporous
specimens fabricated via AM methods demonstrated similar
tensile strength and behavior to wrought specimens. However,
porous samples had considerably lower elongation failure due
to elevated stresses facilitating crack propagation. While small
amounts of porosity do not significantly impact strength and
ductility in static loading conditions, with increasing porosity, a
reduction in strength and ductility is observed with failures
initiating at the largest pores. In most studies, it was shown that
ductility is more strongly influenced by the porosity than the
strength. The proximity of pores to the surface is especially
important because these near-surface pores are more likely to

be crack initiators. If these pores are sufficiently large, they may
lead to part failure (Ref 28).

2. Methods

2.1 Fabrication

The fabrication was carried out using an EOS M290 L-PBF
machine at Carnegie Mellon University. The part files were
prepared using Materialise Magics (Ref 29), and the parameters
were assigned in EOSPrint (Ref 30). To study the effects of
powder gas entrapment and fabrication environment, a total of
five builds were fabricated in either an argon or nitrogen
environment using a nominal layer thickness of 40 lm. There
were four different 17-4 PH powder lots of the same chemical
composition with different entrapped porosity levels intention-
ally varied outside of normal production ranges. Each build
contained 25 rectangular prisms with dimension of
15(L) 9 10(W) 9 10(H) mm3 where the laser power, laser
scan speed, and hatch spacing were systematically varied. Note
that the parameter selection started with a commonly used
baseline parameter set for 17-4 PH stainless steel which is
195 W and 750 mm/s.

To explore the process window, a 4 by 5 experimental
matrix shown in Table 1 with 20 total combinations was chosen
in the P-V space at a hatch spacing of 120 lm. Parameters were
established in this way to facilitate comparison between parts
fabricated at the same laser powers or velocities. The Rosenthal
equation (Ref 31) was used to estimate the melt pool size, and
the lack-of-fusion criterion developed by Tang et al. (Ref 32)

Table 1 Processing parameters used in fabrication of the
block specimens in all powder/environment build
conditions featured in this work

Laser power (W) Laser velocity (mm/s) Hatch spacing (lm)

150 600 120
150 800 120
150 1000 120
150 1200 120
200 600 120
195 750 120
200 1000 120
200 1200 120
250 600 120
250 800 120
250 1000 120
250 1200 120
300 600 120
300 800 120
300 1000 120
300 1200 120
350 600 120
350 800 120
350 1000 120
350 1200 120
195 750 60
195 750 90
195 750 150
200 1200 60
200 1200 90
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was used to identify the lack-of-fusion boundary. These models
were used to inform parameter selection for the experimental
matrix to ensure that the selected matrix sufficiently covered
areas of the process space to capture different defect formation
mechanisms, e.g., lack-of-fusion and powder-induced porosity.
Other combinations, with laser power < 150 W or velocity <
600 mm/s, were not included as they would have resulted in
impractically large levels of lack-of-fusion defects or commer-
cially unviable manufacturing velocities, respectively.

2.2 Characterization

Prior to fabrication, scanning electron microscopy (SEM)
was used to visualize the morphology of the powder particles
and laser diffraction was used to acquire measurements of
particle size distribution. After the samples were built, the
rectangular prisms were first cut along the building direction to
show the 15(L) 9 10(H) mm2 cross section using wire elec-
trical discharge machining (EDM) and sequentially polished to
remove the machined surface using silicon carbide paper,
diamond paste, and colloidal silica. The resulting cross-
sectional images, shown in Fig. 1, were then captured on a
Leica DM750M optical microscope. These images were then
fed into Fiji (Ref 33) image analysis software to perform
segmentation, shape measurement, and size quantification of
pores.

X-ray microcomputed tomography (l9XCT) was utilized
to study pore morphology in 3D since this tool is often used to
analyze additively manufactured parts for porosity (Ref 17).
l9XCT was performed at the 2-BM beamline of the
Advanced Photon Source at Argonne National Lab. Their
setup used a pink beam to illuminate the specimen with an
exposure of 0.024 s, an imaging volume of
1.55(L) 9 1.55(W) 9 1.41(H) mm3, and spatial resolution of
0.69 lm/pixel with 59 objective magnification. The collected
sinograms were fed into TomoPy 0.0.3 to reconstruct the data,
and the resulting segmentation, analysis, and visualization were
performed in FEI Avizo 9.1.1.

3. Results

3.1 Analysis of Gas-Atomized 17-4 PH Powder

Four different batches of 17-4 PH powders are used in this
study. They are nitrogen-atomized N2 powder and the argon-
atomized Ar-1, Ar-2, and Ar-3 powders. The porosity levels

were intentionally varied to abnormally elevated levels through
powder production process modification. As shown in Fig. 2,
most of the powder particles have a spherical morphology with
some minor satelliting and agglomerates.

To measure the size distribution of the powders, laser
diffraction was performed per ASTM B822 (Ref 34) on a
Microtrac S3000 in SA150 mode. The results of this analysis
are shown in Table 2.

The reconstructed lXCT data analysis showed that the Ar-2
and Ar-3 powders have higher entrapped gas concentrations
when compared to Ar-1 and the N2 powders. When counting
spherical pores [anisotropy < 0.6 as used in (Ref 35)], the
solid fraction of Ar-1, Ar-2, Ar-3, and N2 powders is 99.99%,
99.93%, 99.86%, and 99.99%, respectively. More detail on
how this was completed can be found in (Ref 35), which used
the same powders and processing conditions as those used in
this work.

3.2 Fabrication in L-PBF

The argon-atomized powders were used in an argon
environment, while the nitrogen-atomized powders were used
in both an argon environment and a nitrogen environment. A
common nominal powder layer thickness of 40 lm was used
for all builds without observable spreading defects. As
mentioned above, the porosity of the rectangular prisms
fabricated in the five build conditions was quantified by
analyzing metallographic cross sections. Another method of
measuring the density of the parts is the Archimedes’ method.
The microscopy method was used in favor of the Archimedes’
method as significant differences between the two approaches
for sufficiently dense parts are less than 1% (Ref 36, 37).
Figure 3 summarizes the porosity concentration with a color bar
at each laser power and laser velocity combinations for all
builds using a fixed hatch spacing of 120 lm. Samples
containing greater than or equal to 1% porosity are marked in
red, while the other samples are at porosity contents less than
1%. The colormap was altered to demonstrate more contrast at
these lower levels of porosity.

Some of the block samples fabricated in the Ar-2 powder
were selected for lXCT analysis to determine the effect of the
process parameters on pore morphology, as shown in Fig. 4. As
per the discussion in Ref 35, an anisotropy value of 0.6 was
selected as a threshold to determine whether porosity in as-built
parts originated from the powder feedstock (anisotropy < 0.6)
or occurred as a result of the selected process parameters
(anisotropy > 0.6).

Figure 1 An example of optical images used in porosity measurements utilizing a traditional metallographic cross-sectioning approach. The
optical micrographs are sampled from Ar-3 specimens fabricated using (a) nominal parameters (750 mm/s and 195 W), (b) near-keyholing
parameters (600 mm/s and 350 W) and (c) lack-of-fusion parameters (1200 mm/s and 150 W)
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3.3 Mechanical Testing Results

In addition to the density experiments conducted with the
four powders, Charpy bar specimens were printed with the Ar-2
powder as per the parameters specified in Table 3.

The samples were stress-relieved at 600 ºC for 2 hours and
then machined off the plate via wire EDM. They were then
subjected to the H900 heat treatment, which specifies solution
annealing at 1040 �C for 30 minutes with subsequent air
cooling to room temperature. Afterward, the samples were aged
at 480 �C for one hour and air-cooled. The resulting impact
toughness values are shown in Fig. 5 as a function of the
densities of the parts.

4. Discussion

This work aimed to study the porosity in parts fabricated via
L-PBF, considering porosity sources such as the laser param-
eters used and the entrapped gas in powder feedstock. The
powders primarily differed in their atomization environments.
Table 2 shows that all powder lots have d10, d50, and d90 values
within a common tolerance of ± 5 lm, while the discussion
from ‘‘Analysis of Gas-Atomized 17-4 PH Powder’’ section
mentions that the order of the powders from least porous to
most is N2 < Ar-1 < Ar-2 < Ar-3, suggesting an influence
of the atomizing environment.

While the porosity maps in Fig. 3 do not reveal the keyhole
boundary due to process parameter selection, the lack-of-fusion
boundary can be easily identified for each build condition and
matchwhat is expected based on theLOF criterion fromTang et al.
(Ref 32).While some parameters on this boundary yield a slightly
higher porosity content than others, using different powders could
shift this boundary and the corresponding porosity values. With
proper powder selection, laser velocities up to 1,200 mm/s can
potentially be employed to accelerate the fabrication process.

Since the process window for all five builds are similar, it is
not surprising that a general trend was observed between the
entrapped gas porosity content of the powder and the resultant
in-part porosity. The parts fabricated with Ar-1 resulted in less

porosity than those made in Ar-2, which were denser than the
Ar-3 parts, supporting the trend in powder porosity from
‘‘Analysis of Gas-Atomized 17-4 PH Powder’’ section. The
nitrogen-atomized powder generally created denser parts when
it was fabricated in a nitrogen environment compared to an
argon environment, but the porosity difference is too close to
draw a definitive conclusion. This may possibly be explained
by the results of Janowski et al. (Ref 11) that address the higher
solubility of nitrogen in stainless steel as compared to argon.

Figure 5 shows impact toughness and density values for
Charpy specimens fabricated in the Ar-2 powder as per the
parameters from Table 3. It is important to note that Charpy
impact tests are not very sensitive to porosity present in the test
samples due to the high strain rate. However, entrapped gas
porosity has been shown to affect the fatigue properties of a
sample (Ref 38). The porosity measurements from the Charpy
bar samples are subject to variability due to the image
processing measurement methods, and error bars were calcu-
lated and applied from the standard deviation of the impact
toughness and density measurements. Although a definitive
trend is not apparent from Fig. 5, it seems that parts
with densities above 99.7% tend to have higher impact
toughness values than less dense specimens. The stripe melting
strategy may have been beneficial to the impact toughness as
evidenced by the difference between samples 1 and 2.
Excessively large and small hatch spacings may induce large
variabilities in densities as evidenced by sample 3 (in
comparison with sample 1) and sample 6 (in comparison with
sample 5), highlighting the importance of selecting an appro-
priate value for this parameter. Hatch spacing should be
determined based on the expected melt pool width in order to
ensure the melt pools overlap properly. Sample 3 and sample 6
show that too small or too large of a hatch spacing in
comparison with the expected melt pool width may result in a
greater variability in density. Sample 7 was fabricated with the
highest build rate and was denser than sample 3 most likely due
to the higher power used. The densities of all the samples with
the exception of sample 3 are greater than 99%, which would
correspond to the green, cyan, or blue colors according to the
color maps presented in Fig. 3.

While the trends in part densities and the powder densities are
nontrivial, different parameters demonstrated different sensitivities
to powder-entrapped gas-induced porosity. To examine how the
sensitivity varies, Fig. 6 shows the difference of porosity values
between theAr-1 andAr-3 builds for each P-V combinationwithin
the process window against the energy density, as calculated by
Equation 1 (volumetric power input) (Ref 32),

Energy density ¼ P

VHL
ðEq 1Þ

Figure 2 SEM micrographs of (a) N2, (b) Ar-1, (c) Ar-2, and (d) Ar-3 gas-atomized 17-4 PH stainless steel powders

Table 2 Size statistics of four lots of gas-atomized 17-
4PH stainless steel powder (volume weighted)

Measurement (lm) N2 Ar-1 Ar-2 Ar-3

d10 22.2 18.3 16.2 19.0
d50 34.3 29.6 26.4 31.4
d90 52.0 43.9 42.6 48.1
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whereP is laser power,V is laser velocity andH is hatch spacing, and
L is layer thickness. This difference in porosity between the two
builds is used as a measure of the powder porosity sensitivity since
both powders were used in identical build conditions. The
highlighted region in Fig. 6 corresponds to a subset of parameters
in P-V space in the porosity maps where LOF is not occurring. At
these intermediate energy densities, the porosity difference between

the Ar-1 and Ar-3 builds can range from .02 to .8%. Large porosity
differences due to powder selection could potentially push samples
over the density threshold of 99.7%, shown in Fig. 5, leading to
better impact toughness valueswith lower variability in both density
and impact toughness. This suggests that altering the energy density
of the processing parametersmay reduce the impact of the entrapped
gas porosity on the final part porosity.

Figure 3 Porosity map of parts using (a-c) argon-atomized powders built in an argon environment, (d) N2 powder built in argon environment,
and (e) N2 powder built in nitrogen environment
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In this region of relatively lower energy density, the
parameters showed higher sensitivity (higher difference) to
powder porosity. This may be connected to melt pool geometry
as lower energy density parameters typically result in smaller
melt pool size and less remelting which creates unfavorable
conditions for pores to escape by limiting the time that pores
can travel in the liquid metal. In contrast, parameters exhibiting
higher energy densities showed low sensitivity to powder-
entrapped gas-induced porosity.

To further investigate how melt pool geometry may affect
the ability of pores to escape, markers of variable sizes are used
in Figure 7 to represent the porosity difference between the Ar-

1 and Ar-3 builds. This difference was plotted against the
energy density of the parameters and melt pool aspect ratio
shown in Equation 2 (melt pool aspect ratio as derived by the
Rosenthal equation) (Ref 31):

L

W
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 eQV

32pka Tmelt � Tpreheat
� �

s

ðEq 2Þ

where L is melt-pool length, W is melt-pool width, 2 is laser
absorptivity, Q is laser power, V is laser velocity, k is thermal
conductivity, a is thermal diffusivity, Tmelt is the melting
temperature of the alloy, and Tpreheat is the preheat temperature

Figure 4 lXCT reconstructions of AM specimens fabricated using the Ar-2 powder in an argon building environment with parameters of (a)
750 mm/s, 195 W, and 120-lm hatch spacing, (b) 750 mm/s, 195 W, and 150-lm hatch spacing, (c) 1200 mm/s, 350 W, and 120-lm hatch
spacing, (d) 1000 mm/s, 200 W, and 120-lm hatch spacing, and (e) 1200 mm/s, 150 W, and 120-lm hatch spacing. Note that the more spherical
pores (anisotropy < 0.6) are highlighted in blue and the irregularly shaped pores (anisotropy > 0.6) are highlighted in red (Color figure online).

Figure 5 Charpy impact results for specimens fabricated with Ar-2 17-4 PH powder as per Table 3

Table 3 Parameters used to fabricate Charpy bar specimens in the Ar-2 17-4PH powder

Sample Power (W) Velocity (mm/s) H (mm) Rationale

#1 195 750 120 Baseline parameter set
#2 195 750 120 Baseline parameter set with stripe melting strategy
#3 195 750 150 Increased hatch spacing for baseline combination
#4 300 1000 120 Comparable pore distribution to baseline parameter set with increased

power and velocity
#5 300 800 120 Parameter set that yielded highest density
#6 300 800 60 Decreased hatch spacing of previous sample to acquire higher density
#7 350 1200 120 Fastest build rate
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of the built plate. As shown in Fig. 7, the parameters show
higher sensitivity to powder porosity as the L/W ratio increases
at intermediate energy densities. This suggests that the shape of
the melt pool may play a role in how easily pores escape from
the melt pool and that a shorter melt pool may facilitate this
escape more than a longer one.

lXCT was used to show the spatial distribution of porosity
in some as-built Ar-2 parts as demonstrated in Fig. 4. Some of
these parameter sets induce irregularly shaped and intercon-
nected lack-of-fusion pores. The various pore morphologies
shown in Fig. 4 can be attributed to the parameters selected.
The high hatch spacing selected in Fig. 4(b) resulted in
insufficient melt pool overlap, whereas the potential bead up of
the melt pool at high powers and velocities in Fig. 4(c) may
have created excessively rough surfaces that aggravate the
spreading of powder and melting of the subsequent layer. While
Fig. 4(d) is a transition parameter, increasing the travel velocity
and decreasing the power result in insufficient heat input as can
be observed in Fig. 4(e). In the case of lack-of-fusion shown in
Fig. 4(e), the volume ratio of nonspherical porosity over
spherical porosity reaches 150.

There are several things to take away from these experi-
ments that can influence the design of AM experiments and
applications. The material feedstock is very important since the
porosity from the powders affects the porosity of the final part.

This might suggest that AM processes should exclusively use
low porosity powders; however, this greatly increases the cost
of the materials and therefore the AM process. This work
shows that powders with higher entrapped gas concentrations
can be used to generate fully dense parts but require high
energy density parameters to do so. This may facilitate the
adoption of cost-effective powders for L-PBF.

5. Conclusions

This study investigated porosity as induced by process
parameters and powder feedstock in a L-PBF AM process with
17-4 PH stainless steel. Three of the powder feedstocks were
atomized with and used to fabricate parts in argon, while the
fourth powder was atomized with nitrogen and fabricated with
both argon and nitrogen environments. The main findings were
as follows:

Process windows for each of the four powders have been
explored, revealing the lack-of-fusion boundary in the
lower power and higher velocity corner of process space.

Adjusting process parameters can significantly affect pore
morphology for process-induced porosity as shown by
lXCT.

Utilizing process parameters with higher energy densities
may reduce the effect of entrapped gas porosity in parts.

When appropriate hatch spacing values are used in relation
to the expected melt pool width, samples exhibiting densi-
ties > 99.7% may see increased Charpy impact toughness
values.

Melt pool geometry may play a role in how easily pores
can escape. Longer, narrower melt pools may trap more
pores and shorter, wider melt pools may facilitate pores
escaping.
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