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Abstract

Selective laser melting (SLM) is a powder bed based additive manufacturing process in
which a layer of powder is laid over the surface of a substrate and a laser with sufficient energy
is employed to selectively melt particles to build a part layer by layer. During the SLM process,
dark smoke was observed coming off of the powder bed surface where the laser was interacting
with powder. This phenomenon resulted from heat-affected powder that was visibly different
than the base powder. Since the concentration of the heat-affected powder differs throughout the
build chamber as a result of the recirculating argon gas flow, powder samples from different
regions were collected for analysis. The heat-affected powder samples were analyzed by
scanning electron microscopy (SEM), x-ray photoelectron spectroscopy (XPS), and x-ray
diffraction (XRD) in order to distinguish differences between the heat-affected powder and the
base 304L stainless steel powder. The influences of the heat-affected powder on the
microstructure and tensile properties of parts built in different areas of the build chamber are also
investigated.

Introduction

Additive Manufacturing (AM) is a class of layer-based techniques used primarily for the
creation of parts with complex geometry that are otherwise impossible or impractical to create
through conventional means [1]. This technology enables the direct translation of Computer-
Aided Design (CAD) data into tangible parts thereby decreasing the amount of design limitations
imposed by manufacturability constraints [2]. As the AM industry reaches a stage of maturity
since its conception with stereolithography in 1987 [3], the goal of being able to produce
functional components becomes a priority. Although there exist many process variants that each
can be categorized by the state of the starting material [4], a search of the existing literature
indicates that many of the successful attempts to produce functional AM components stem from
using powder as the raw input material [5].

Among the available powder-based additive methods is the selective laser melting (SLM)
process in which successive layers of powder are selectively bonded by a laser. Rather than
sinter particles together by forming bridges or through the use of a binder as in selective laser
sintering (SLS), the consolidation mechanism in SLM relies on the melting of material to form
dense parts in a single step with little to no post-processing. However, as with any new
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manufacturing process there exists a research and development phase aimed at exploiting the
true potential of this technology in order to solve crucial issues influencing part quality. A
significant amount of research in SLM is focused on the optimization of process parameters for
specific materials to produce parts of acceptable quality [6-9]. Often, variables such as laser
power, scanning speed, hatch spacing, and layer thickness are tuned until satisfaction with part
properties is met. Other work is directed towards understanding the relationship between input
material properties and part characteristics [5,10-17]. These studies observe not only the
influences of morphological characteristics of powder particles on the parts that are built but also
the ramifications of differing chemistry and powder reuse.

In order to understand the fundamentals of the SLM process, researchers have also
focused on rigorous modeling of the melting process [18-21]. In these simulations, the
interaction between the laser and the powder bed can be observed. It has been noticed that the
melt pool is a complex environment with fluid flow driven by Marangoni convection as a
consequence of steep thermal gradients. It is also evident that a certain amount of vaporization of
volatile elements and potentially small particles takes place due to a high energy input. This
vaporization leads to two types of heat-affected powder: laser spatter and condensate. Laser
spatter is a direct result of the upsurge of vaporized gases through the melt pool causing molten
material to be ejected as a result of melt pool instabilities [22-24]. Once ejected, solidification of
the molten material occurs while in the chamber atmosphere where it is later redeposited
elsewhere in the powder bed. These particles have been proven to be chemically different from
the base powder [22], and could potentially alter the properties of the parts in which it is
redeposited during the build process. The other form of heat-affected powder, condensate, forms
as a result of the vaporized material above the melt pool rapidly condensing [25,26]. As such, the
majority of these particles are small and responsible for sticking to the surfaces within the build
chamber. However, due to their small size agglomeration can occur leading to the formation of
larger particles [25] heavy enough to settle inside the powder bed. If not properly removed,
condensate can also interact with the laser beam causing attenuation and scattering [23-27], both
of which can have negative impacts on the part quality.

In order to mitigate the interference between the laser and condensate cloud, the
recirculating gas flow across the build area is optimized to be as uniform and high as possible
without disturbing the arrangement of powder particles in each layer. Ferrar et al. [26] modeled
the build chamber as well as the inlet and outlet gas flow configurations for the SLM machine
under consideration so that a CFD simulation could be run to visualize the flow across the
powder bed. It was found that the flow field was inconsistent producing regions of high gas flow
and relatively stagnant flow in others. The inlet manifold was then optimized to improve the
uniformity of flow across the bed. Another study [25] observed the influence of a varying gas
flow on the surface irregularities of built parts in addition to the formation of material defects in
regards to pores. The results showed that a reduced gas flow rate caused more interaction
between the laser and the condensate cloud thereby increasing porosity, top surface roughness,
and the overall width of the laser scan. However, material properties were not quantified so as to
observe the degree of influence of the reduced gas recirculation speed. Moreover, a thorough
search of the literature suggests that the influences of condensate on part properties in the SLM
process is sparse thereby warranting an investigation to be completed.
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Therefore, this study attempts to shed light regarding the influence of heat-affected
powder on the tensile properties of as-built components. It was realized that condensate may not
only interfere with the laser beam, but may also be redeposited onto other parts in the build area.
To observe the effect of both, the pump speed was varied and a region upstream of the tensile
specimens was selectively melted for heat-affected powder production (Figure 1). In addition to
the tensile properties, part porosity was measured to observe potential correlations between pore
formation and degradation in strength. Since very little research characterizes heat-affected
powder, samples were collected and analyzed in terms of particle size distribution and shape by
using an ASPEX SEM, surface chemistry with the aid of x-ray photoelectron spectroscopy
(XPS), and x-ray diffraction (XRD) for insight into crystal structure. These results were then
compared to the base powder in addition to powder samples collected around the parts built in
various locations.

Experimental

The starting powder used was a gas atomized 304L stainless steel powder purchased from
LPW. The chemical composition of the powder was provided by LPW and is given in Table 1.
Prior to being placed in the SLM machine, the powder was passed through a 63 um mesh sieve
that had been purged with argon gas. Once sieved, the powder was processed using a Renishaw
AM250 SLM machine which contained a pulsed Nd-YAG laser with a Gaussian profile beam
intensity and a wavelength of 1070 nm. After calibrating the focal offset of the laser, the
diameter of the beam spot on the powder bed was approximately 70 wm.

Table 1: Chemical composition of the base 304L stainless steel powder

Element C Cr Cu Fe Mn N Ni 0 P 5 51
Wt % 0015 185 =01 693 14 009 99 002 0012 0004 063

Four builds were completed in order to study the effect of the heat-affected powder on
the built parts. In each of the builds, a stack of Automated Ball Indenter (ABI) tensile specimens
20 mm tall were built at 5 different locations across the diagonal of the build chamber. ABI
tensile specimens have a 1” (25.4 mm) total length with a 0.3” (7.6 mm) reduced gauge section
and a thickness of 0.06” (1.5 mm). Build 1 incorporated a nominal pump speed (=400 ft¥/min)

Builds 1 and 2 Builds 3 and 4
@ E
IEI i ' IEI |:| [ Build Chamber Area
[ Tensile Specimens and
F /B |:| Powder Collection Sites
i ' i~ 77 Powder Collection Site
i [D] I:| Heat-Affected Powder Generators
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B ] B
Argon Gas Flow Argon Gas Flow

Figure 1: Experimental setup of the four builds, where Builds 1 and 3 had nominal argon gas
pump speed and Builds 2 and 4 had reduced argon gas pump speed
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while Build 2 had a lower pump speed (=210 ft3/min). Builds 3 and 4 incorporated extra square
parts to the right of the build chamber to act as heat-affected power generators. As before, Build
3 had a higher pump speed and Build 4 had a lower pump speed. The geometry of these builds is
shown in Figure 1. After the build was completed, powder samples at each location were
collected as well as samples of powder to the left of the build area, in Location F, where visibly
different powder had been noticed in previous experiments. A band saw was used to remove the
tensile specimen stacks from the build plate and an EDM was used to slice five tensile specimens
at each location (a total of 100 tensile specimens) that were approximately 1.5 mm thick.

Morphological characterization was performed using an ASPEX 1020 SEM equipped
with automated feature analysis (AFA) to determine the projected area and perimeter of each
particle in a given powder sample for a sample of sieved 304L SS and a sample taken from
Location F. Additional characterization was performed on the sieved 304L SS sample as well as
the powder samples taken from Location A - F using a Panalytical X’pert Pro Multi-Purpose
Diffractometer for insight into the particle microstructure. The surface of the powder particles
was studied with a Kratos Axis 165 Photoelectron Spectrometer XPS instrument where the
sample was sputtered for 1 minute prior to spectral acquisition. For the XPS analysis, the x-ray
spot size used was 700 x 300 um to ensure that the results were representative of the powder
sample.

Characterization of the as-built parts included tensile tests performed using an Automated
Ball Indenter (ABI) Universal Testing Machine with a constant strain rate of 4.77 x 10 s™.
Tensile specimens were ground with 320 and 600 grit abrasive paper prior to testing. Density
measurements were taken in accordance with ASTM B311 as well as surface roughness
measurements using a Hirox KH-8700 Digital Microscope. Specimens were polished and
electrolytically etched for 6 seconds using a 60:40 volume percent of nitric acid to water and 1
V. Optical micrographs were then obtained using a Nikon Epiphot 200 Microscope to compare
the resulting microstructure.

Results and Discussion

Powder Characterization

Powder samples were first analyzed using the ASPEX 1020 SEM. Figure 2 shows a
comparison of the base 304L SS powder and powder that was found in Location F of the build
chamber. Overall, the heat-affected powder was morphologically similar in that it was still
spherical. However, some anomalous particles were observed that appeared to have dark spots
covering the surface. A standardless energy dispersive x-ray spectroscopy (EDS) scan was
performed on the particles with dark spots which indicated a higher amount of silicon and
manganese content compared to the base powder.
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Figure 2: SEM micrographs of (A) sieved 304L stainless steel powder and (B) the heat-affected
powder collected from Location F.

The appearance of dark regions on the surface of heat-affected powder particles with the
knowledge that silicon and manganese have a high affinity for oxygen suggests that these are
oxide islands. A similar phenomenon was reported by Simonelli et al. [22] for 316L stainless
steel in studying the formation of laser spatter. Although condensate is inherently different from
laser spatter in that it forms from a metallic vapor cloud instead of solidifying from a molten
state in the build chamber atmosphere, it appears that the formation of these oxide islands is
related primarily to the extremely high temperatures encountered by these particulates. Even
with the small solidification times experienced, it is possible that the temperature is large enough
to cause a significant amount of silicon and manganese diffusion to the outer surfaces of the
particles. However, the thickness of the oxides is still unknown and will require further
investigation.
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Figure 3: Cumulative number and frequency particle size distributions for the base 304L SS
powder and the heat-affected powder found in Location F

Particle size distributions (both number distribution and volume distribution) obtained
using the ASPEX SEM’s AFA are shown in Figure 3. For each sample, over 6000 powder
particles were analyzed to obtain the distribution. The heat-affected powder contained particles
that were larger than any found in the base 304L SS powder, where the largest particle (84 pum)
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was 30 um larger than the largest particle found in the base 304L SS powder. At this point, it is
important to note that the sampling of the heat-affected powder was done close to the gas flow
exit. In this location it is likely that the larger heat-affected powder particles were only collected
as they were not small enough to pass through the filter. Although this skews the measured
particle size distribution, it is noteworthy that the large heat-affected powder particles were most
likely dispersed throughout the powder bed while the smaller particles remained in the chamber
atmosphere. The presence of large particles could indicate that this heat-affected powder
contains spatter, however it could also be due to agglomeration of the fines as well. Circularity
values were also found for each of the powder samples and the values for the base 304L SS
powder and the powder obtained from Location F were 0.88 and 0.84, respectively.
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Figure 4: XRD spectra of the base 304L SS powder and the powder collected from
Location F from each of the four builds.

Figure 4 shows the XRD spectra of the base 304L stainless steel powder compared to the
powder collected from Location F from each of the 4 builds. The XRD spectra revealed that
while the base 304L SS powder was completely y-austenite, the heat-affected powders from
Location F all had varying degrees of o-ferrite in their microstructure. This result showed that
this powder had been heated to the point of melting, and upon solidification the transformation
from &-ferrite to y-austenite was Kinetically inhibited due to the high cooling rate [28]. The
spectra show that there are different amounts of the d-ferrite in the samples, indicating varying
amounts of heat-affected powder. Compared to Build 2, Build 1 had a higher argon flow rate.
This enabled more of the heat-affected powder to exit the build chamber through the hole on the
left wall, whereas it was simply collected in Build 2. Builds 3 and 4 follow the same logic,
however the concentration of d-ferrite in these samples is higher due to the extra parts built that
generated more heat-affected powder. XRD spectra were also collected on various powder
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samples from Locations A-E of several builds, however only peaks corresponding to y-austenite
were found. Therefore, if there was d-ferrite (and therefore heat-affected powder) in the powder
samples taken from inside the build chamber, it was not detectable by XRD.

XPS samples were taken from a small number of powder samples due to the time and
cost of the instrument. The samples consisted of base 304L SS powder, powder from Location F,
2E, 3E, 4A, and 4E. The results from the survey spectra of the XPS analysis are summarized in
Table 2. First, these results show how different the surface layers of the powder particles were to
the bulk chemistry (shown in Table 1). The high content of carbon was likely due to
contamination from carbon that had condensed on the sample from the air. The other
concentrations indicated that the detected photoelectrons were ejected from the oxide layer.
Powder samples taken from inside the build chamber showed chemistry that was more consistent
with the base 304L SS powder, although decreases in Mn were observed in Build 4 Locations A
and E. When comparing the data from different locations, the main element that was changed
was Si, where the concentration was increased in the heat-affected powder. The extra Si could
only come from two places, namely, inside the powder particle or outside the powder particle.
Although the initial concentration of Si was only 0.63 wt %, it is possible due to the high
temperatures experienced by the powder that diffusion through the bulk occurred, as has been
noted as a possibility due to the high volatility of Si [22]. Furthermore, the wiper in the
Renishaw AM250 is made of silicone, which could provide a possible source for the extra Si. A
bulk chemistry validation will be required in the future to determine the source of the extra Si.
High resolution spectra were taken for Cr, Mn, Si, and Fe, however these did not reveal any
significant differences between the oxidation states of the elements in the powder particles.

Table 2: Results from the survey spectra of the XPS analysis on various powder samples.

Element 304L SS Location F 2E 3E 4A 4E
C 5 6 5 4 8 5
0 28 33 28 31 32 32
N - 1 -
Ni - 3 ; -
Si 5 5 6 5 5
cr 6 6 8 10 10 13
Mn 20 17 20 17 9 11
Fe 37 18 36 37 35 33

Part Characterization

Samples from all locations of the four builds were polished and etched and, in order for a
comparison, the optical micrographs from Location E are shown in Figure 5. The build direction
is normal to the plane of the paper, so the micrographs show the hatch spacing. What can be
easily seen from these micrographs was that Builds 1 and 3, with the higher argon gas flow rate,
had less porosity than Builds 2 and 4, although porosity was found in all of the specimens. Very

©2016 The Department of Energy’s Kansas City National Security Campus is operated and managed by Honeywell
Federal Manufacturing Technologies, LLC under contract number DE-NA0002839.
631



large pores were prevalent in Location D and E of Builds 2 and 4, where the degree of porosity
was worse for Build 4 where the extra parts were built to generate more heat-affected powder.

Figure 3: Optical micrographs of samples taken from Location E of each of the four builds. The print
direction for these builds is normal to the plane of the paper.

The results from the tensile tests are shown in Table 3. For each build and location, the
values shown are the average of 5 different tensile tests. For all locations in Build 1, both yield
strength and UTS values were consistent within a 95% confidence interval. However, in Builds 2
and 4, Locations D and E showed a statistically significant decrease in properties. Consider
Location E, where corresponding micrographs are shown in Figure 5. When looking at yield
strength, for example, 2E and 4E both showed a decrease compared to 1E and 3E. Comparing
this to the optical micrographs and the porosity that is present, it is obvious that the porosity had
a detrimental effect on the part properties. Considering Build 4, the extra parts paired with the
lower argon flow rate could have led to lowered part properties by redepositing some heat-
affected powder onto other nearby parts. However, the decrease in properties for Build 2 is
harder to explain. If it was just redeposition of heat-affected powder due to the slow argon flow
rate, it would be expected that this would be found in all locations, because none of the parts are
down stream of other parts. It would also be expected to see a decrease in properties at the left of
the build chamber (Locations A and B) because large amounts of heat-affected powder are found
in Location F, however this was not observed. Theories for the location of the decrease in
properties are offered at the end of this section. A final observation for the tensile results was that
Build 4 showed a significant decrease in UTS in all locations compared to those locations in
Builds 1 - 3.
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Table 3: Tensile testing results from five tensile specimens at each location of the four builds

Elongation (%) Area Reduction (%)  Yield Strength (MPa) UTS (MPa)
1A 51.8 + 0.99 584 + 2.86 486 + 2.72 666 + 1.67
1B 553 + 3.82 59.3 + 3.13 484 + 358 669 + 3.83
1C 545 + 3.14 58.3 + 1.27 477 + 197 662 + 273
1D 537 + 1.40 572 + 3.05 474 + 1.04 654 + 4.83
1E 53.0 = 0.97 575 + 1.40 480 + 2.98 668 + 245
2A 544 + 273 60.8 + 254 477 + 2.78 666 + 1.78
2B 55,9 £ 295 59.7 £ 1.85 477 += 4.80 659 + 5.19
2C 542 + 3.18 578 + 1.28 481 + 141 666 * 2.69
2D 534 + 264 586 + 1.11 467 + 4.24 656 + 6.52
2E 46.8 + 2.07 578 + 254 447 + 1.63 623 + 1.90
3A 571 £ 1381 60.2 + 145 485 + 4.19 664 + 275
3B 55.7 + 289 613 + 226 483 + 6.04 668 + 5.23
3C 565 = 2.06 57.7 + 1.50 491 + 252 676 + 2.28
3D 551 + 3.31 582 + 0.96 472 + 5.04 650 * 3.69
3E 547 + 0.88 58.2 + 2.64 479 + 4.88 654 * 6.69
4A 534 + 141 624 + 1.79 470 + 4.40 645 + 553
4B 531 + 1.87 50.7 £+ 1.39 474 + 4.09 646 + 4.36
4C 53.3 + 287 59.2 + 0.65 464 + 4381 635 + 7.38
4D 521 + 247 53.9 + 224 451 + 3.22 629 + 4.01
4E 415 + 3.89 472 + 518 427 + 2.16 596 + 6.00

The results of the density measurements compared with yield strength and UTS are
shown in Figure 6, where they are grouped by location in the build chamber and patterns were
used for the relative density to ease in the interpretation of the results. The relative density was
calculated compared to the skeletal density of the 304L stainless steel SLM material (7.95 g/cc).
The density measurements indicated that Location E showed the lowest densities compared to
the other locations of the same build when considering Builds 2, 3, and 4, where the decrease
was more drastic for Builds 3 and 4. This reveals that the location compared to other parts is an
important factor. Additionally, Build 4 showed the lowest densities at every location, indicating
that the gas flow rate is also a critical factor when multiple parts are being built. The density
measurements correlate well with the yield strength and UTS values, where a lower density
results in a decrease of strength for all cases.

Finally, surface roughness measurements were taken on the four builds at each location
on surfaces perpendicular to the build direction. The results from this analysis are shown in
Figure 7, where the value R: represents the difference between the bottom and the top most
surface. There was some variation across the locations of the builds; however, the obvious
difference lies in Build 4, where higher surface roughness values were recorded for every
location. This shows that when parts were at the same location with respect to the argon gas
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flow, there were effects on the final part surface finish. Build 4 Location E had the highest
surface roughness values likely due to it being the closest to the extra parts that were built.
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Figure 4: Comparison of the ultimate tensile strength, yield strength, and relative density

Based on the results, it can be noted that the gas flow rate as well as the location of the
parts relative to other parts are important aspects in the SLM process. When parts are
downstream of other parts, the heat-affected powder can redeposit on nearby locations thereby
increasing local layer thicknesses [25]. This decreases the energy density thereby resulting in an
increase in part porosity that is ultimately detrimental to the final part properties. However, this
study yielded an unexpected result in that large amounts of heat-affected powder were collected
to the left of the build chamber (Location F), so it was thought that the left side of the chamber
would have more adverse effects due to the heat-affected powder. However, it was found that
Locations D and E saw the most significant decrease in properties. Therefore, there has to be
some other phenomenon occurring during the process. One possibility is that there could be
turbulent flow in the build chamber. The Renishaw AM 250 allows gas to flow through 6 valves,
not just at one specific location. So the gas could be interacting with gas from other nozzles
causing some undesirable effects, such as dead zones or areas of high flow. Another possibility is
that during the build process, the formation of condensate powder clouds de-focus the laser in
addition to beam attenuation. At different locations, the laser beam has different interactions with
the condensate cloud. If this is the case, the right side of the build chamber has some aspect that
induces the interaction of the condensate cloud and the laser. More studies are necessary to
determine the cause of why Locations D and E were the most effected.
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Figure 5: Rz surface roughness measurement for the four builds at each location

Conclusions and Future Work

The powder characterization study described in this paper showed that the powder
collected to the left of the build chamber (Location F) did contain some large particles as a
consequence of particle agglomeration and/or laser spatter. In addition to the fines being
deposited on the chamber walls and being captured in the gas flow filter, this ultimately skews
the particle size distribution towards being coarser than the base powder. As such, there is likely
a deposition of large particles that occurs in each layer during the build process potentially
shifting the average particle size of the powder with continued reuse. The average circularity
values showed a 5% difference between the base powder and the heat-affected powder, where
there was a decrease from 0.88 to 0.84, respectively. XRD values indicated that powder collected
from Location F had been heated to the point of melting, where the fast cooling rate resulted in
retained o-ferrite in the microstructure. XRD was unable to detect any o-ferrite on powder
samples taken from inside the build chamber (Locations A-E). XPS analysis of the heat-affected
showed elevated amounts of Si in the surface layers of powder particles. However, samples taken
from inside the build chamber yielded results similar to the base 304L SS powder. In the future,
a bulk chemistry analysis using ICPS will be performed to enable other insights to the changes
that the powder underwent. These results should give insight to the elevated Si levels as to
whether they were due to diffusion from the bulk of the particle or from outside the particle. The
powder characterization results also indicated that characterization methods able to detect small
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concentrations of heat-affected powder need to be determined, as the current powder
characterization methods would have predicted no difference in final part properties where that
was not what was observed.

Part characterization revealed that porosity was found in all of the built parts, where large
pores could be found in builds and locations such as 2E, 4D, and 4E. Tensile tests were able to
detect differences within a 95% confidence interval in Location E for Builds 2 and 4 compared to
the other locations of the same build. Tensile tests also revealed that Build 1 showed consistency
while Build 4 showed a decrease in UTS for all locations compared to the same locations for
Builds 1-3. Density measurements were in agreement with the tensile results, where the common
phenomena of lower density corresponded well to a decrease in strength. Finally, the surface
roughness showed that Build 4 had a rougher surface finish on sides perpendicular to the build
direction. Bulk chemistry verifications of the built parts will be completed in the future to see if
the chemistry was different due to redeposited powder.

Although the results were consistent with each other, they were not expected. It was
initially thought that the left side of the build chamber would see the most redeposited heat-
affected powder as large amounts of heat-affected powder are found to the left of the build
chamber, in Location F. However, Locations D and E showed a larger decrease in properties.
This shows that it was not simply the gas flow controlling how the heat-affected powder was
redeposited. Further studies into why Locations D and E are inferior to other locations must be
performed to pinpoint the reason for this observation.
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