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Laser-based Directed Energy Deposition (DED) is being used increasingly for printing functionally graded
materials (FGMs). In the DED process, two metal powders are blown into the molten pool. The printed
functionally gradient material has layered structures with the composition ratio in each layer changing
gradually. We report an interesting molten pool swing phenomenon in the DED printing of the stainless

steel 316L/Inconel 718 gradient material. It is found that the molten pool moves around periodically and
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and 25% IN718.

its light intensity changes between bright and less bright in sequence in printing the layer of 75% SS316L

© 2022 Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).

1. Introduction

Functionally gradient materials (FGMs) have received
increasing attention due to their unique material compositions
and physical/mechanical properties. Due to their advantages in
the manufacturing characteristics, especially in the ease of the
control of material compositions in an FGM, laser-based Directed
Energy Deposition (DED) has become an important additive man-
ufacturing process to build metallic FGMs. To fabricate one FGM
layer with a specific gradient material composition ratio, two dis-
tinct metallic powders are pre-mixed or in-situ mixed [1-6], the
powder mixture is subsequently melted in the molten pool by a
laser beam. The molten pool evolution and morphology in FGMs
are likely different from those in the molten pool in a regular
DED process in the case of printing with a uniform powder
material [7]. The FGM molten pools are sensitive to the different
physical properties of the powder materials, including solidus
and liquidus temperatures, thermal conductivities, latent heat, vis-
cosity, etc. [1,8]. Due to the complexity in printing FGMs with DED,
to date, the reported results on FGM molten pools are sparse [7,9].

In this study, the DED process was used to fabricate stainless
steel 316L/Inconel 718 FGM structure by in-situ mixing two
types of powders in a coaxial nozzle. A digital camera attached
to the DED machine was used to record videos of the DED pro-
cess to observe the swing process from the top view. This video
showing the swing process was analyzed frame by frame. After
that, an optical microscope was used to observe the ripple mor-
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phology on the FGM surface caused by molten pool swing. The
ripple frequency was quantified to study the molten pool swing.

2. Experiment
2.1. Experimental platform

SS316L/IN718 specimens were fabricated with an in-house
laser-based (Laserline Gmbh, LDM 1000-40) DED platform based
on a CNC milling machine (Tormach 1100 M) integrated with four
powder feeders (PowderMotionLabs, X2W). The two types of virgin
powders used in the experiment were gas atomized stainless steel
316L and Inconel 718 (PowderRange, Carpenter Additive). Images
and details regarding this customized DED system and the chemi-
cal composition of these two kinds of powder are available in Sup-
plemental Materials. The working environment was fully isolated
and sealed with Argon gas to minimize oxidation. An 8-
megapixel digital camera (3.95 pm/pixel) was integrated with
the deposition head, to acquire videos of the molten pool evolution
process during printing. The video was later post-processed so that
the evolution of the molten pool during the entire printing process
was revealed and analyzed. A Leica stereo optical microscope was
used to observe the surface morphology of the printed FGM spec-
imen. Multiple optical micrographs were taken at different loca-
tions of the FGM specimen to investigate the ripple morphology.

2.2. Experimental process

The processing parameters used in this DED experiment are as
follows: laser power (200-800 W), powder feed rate (4 g/min),
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scanning speed (50 mm/min), layer thickness (1 mm), and argon
gas flow (5 standard liter/min). An SS316L/IN718 FGM thin-
walled specimen was fabricated with a back-and-forth printing
path as shown using the red dash line in Fig. 2.

The swinging molten pool phenomenon was first observed dur-
ing the DED process of fabricating the SS316L/IN718 FGM speci-
men shown in Fig. 1(a) with different material compositions. It
was observed that the molten pool was swinging between left
and right in the direction transverse to the printing path when
printing the layers of “75% SS316L + 25% IN718”. Fig. 1(a) shows
that the ripple morphology exists in the two layers of “75%
SS316L + 25% IN718”, while the other layers have a relatively
smooth surface finish. This also confirmed the direct observation
from the in-situ camera integrated inside the nozzle that the mol-
ten pool swung left and right regularly during the process of print-
ing these layers.

To facilitate the observation of molten pool swing, another
specimen was printed with the material composition of “75%
SS316L + 25% IN718” across all ten layers as shown in Fig. 1(b).
The ripple morphology existed on all ten layers starting from the
first one on the bottom to the top layers, which did not happen
while printing a specimen with single powder composition as
shown in Fig. 1(c) and (d). The videos of the molten pool while
printing each of the four specimens in Fig. 1 are available in Sup-
plemental Materials.

3. Results and discussion

3.1. Direct observations of the molten pool swing and ripple
morphology on FGM surfaces

The printing process was recorded by the digital camera. Fig. 2
shows the schematic of the printing path and the molten pool
swing trace in Fig. 2(a), and video frames of some of the swing
movements in Fig. 2(b)-(e) for demonstrations. Fig. 2(b) - (e), con-
sisting of a series of images with increasing timestamps as labeled,
depict a complete molten pool swing process from side A to side B,
and then back to side A. The instantaneous positions of the molten
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pool during each swing at the indicated timestamp were also rep-
resented by the dots with corresponding letters on the schematics
to the left. Based on the timestamps, the equivalent molten pool
swing frequency is estimated at 0.91 Hz, 1.18 Hz, 1.03 Hz, and
1.22 Hz for the second, third, fifth, and sixth layer, respectively.
The swing direction was perpendicular to the printing path which
was depicted with a red dash line. Those layers were picked as a
representation based on the micrograph observations shown in
Fig. 3 that the ripple morphology at these layers displayed distinct
patterns in terms of the morphology size and the ripple frequency.
Apart from the molten pool swing, another observation from
the video frames was the brightness difference during molten pool
swing on the same layer as shown in Fig. 2. During each swing, the
molten pool became brighter as it was shifted from one side to the
middle, while became dimmer as it reached the other side.

3.2. Ripple morphology quantification by micrographs

Optical micrographs provided clear views of the surface ripple
morphology of the FGM specimen as the one shown in Fig. 3(a),
which were not present on specimens with single powder compo-
sition as shown in Fig. 3(b) and (c). The thickness and the ripple
frequency of each layer were calculated based on the provided
scale bar from the micrograph and averaged out based on values
at three different spots - the left, middle, and right parts of the
FGM specimen. The results are plotted in Fig. 3 for analysis. The
average layer thickness and ripple frequency are distinct for all
ten layers. The increasing trend of the layer thickness is considered
to result from a larger molten pool that later solidifies to a thicker
metal layer [8]. And the ripple frequency becomes smaller as the
layer thickness grows larger. Because the ripple frequency is
directly related to how quickly the molten pool swings, it is con-
cluded that the molten pool becomes larger as it swings slower.
This is especially obvious when referring to the recorded video that
the molten pool swung at a much slower pace while printing layers
five and six compared to a much faster pace it swung while print-
ing the previous layers.

75% SS316L +25% IN718
75% SS316L + 25% IN718
75% SS316L + 25% IN718
75% SS316L + 25% IN718
75% SS316L + 25% IN718

100% SS316L substrate

Pt

| ooz
| 100%IN7IS |

100% SS316L substrate

Fig. 1. Four different specimens fabricated with the DED process: a) an FGM specimen with a gradient material composition design; b) a specimen with “75% SS316L + 25%
IN718” material composition design; c) a specimen with “100% SS316L” material composition; d) a specimen with “100% IN718” material composition.
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Fig. 2. Designed printing path (marked in red dash line), and molten pool trace (in solid black line). (a) A schematic showing the printing path, and the molten pool trace
while printing each layer; (b)-(e) each showing one complete molten pool swing, from side A to side B, and back to side A: (b) the 2nd layer, (c) the 3rd layer, (d) the 5th layer,
and (e) the 6th layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Before further investigating the causes for this molten pool
swing phenomenon, efforts are made on examining the DED sys-
tem and associated software used in this study. Firstly, all com-
ponents in this equipment are commercially available and
assembled by the manufacturer, including the precision powder
feeder systems that use patented technology leveraging electro-
static forces to manipulate powder particles to provide smooth
and consistent powder flow with excellent feed rate repeatability
[10,11]. Secondly, the system uses the LinuxCNC software system
to implement the numerical control of the entire operation.
Schematics of this integrated DED system and details on its pow-
der delivery mechanism are provided in Supplemental Materials.
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Also, it is found that this molten pool swing only occurs to
specific material composition and range of mix ratio. Therefore,
the causes for such phenomenon due to equipment and software
errors have been ruled out. There exist numerous studies and
theories on molten pool instability in the DED process. One
important aspect is the laser energy absorption of Fe (iron)
and Ni (nickel) under 1000 nm wavelength laser that is used
in this study, which has an absorption coefficient of 36% and
28%, respectively [12]. Since Fe and Ni are the primary chemical
composition for SS316L and IN718 powder used in this study,
the laser absorption difference between them in the molten state
can cause instability and changes in the brightness of the molten
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Fig. 3. Micrographs of the left area on one side of the specimen: a) 75% SS316L/25% IN 718 FGM specimen captioned by layer number and corresponding laser power used in
the DED printing process; b) 100% SS316L specimen printed by DED process using the same laser power; c) 100% IN718 specimen printed by DED process using the same laser

power.

pool as observed. The other suggestion for this oscillation is the
different surface tension gradients between these two alloys
[13,14]. However, both hypotheses would not be correct if the
different kinds of powder stay well-mixed throughout the sys-
tem during the entire DED process. In other words, while fabri-
cating FGM specimens in practice, the pre-mixed powders of
different types have different particle densities and particle sizes,
which will lead to different particle acceleration and the separa-
tion in the powder mixture [15]. This flow behavior during the
laser metal deposition will cause the uneven distribution and
separation of the pre-mixed powder before and while forming
the molten pool upon laser melting, which has been investigated
numerically and verified experimentally [15]. For this specific
study, an attempt of a fully coupled molten pool - physics sim-
ulations was made, however, that effort did not yield computa-
tional results to replicate such a phenomenon in computation;
further analysis is needed to understand such a phenomenon.
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4. Conclusion

This paper reports the finding of an interesting phenomenon
during the DED printing process; the molten pool was found to
swing with varying brightness and area while printing stainless
steel 316L (75% wt.)/Inconel 718 (25% wt.) FGM. The molten pool
repeated migration process was recorded by a digital camera
placed above the printing head, and the ripple morphology on
the surface of the printed FGM specimen caused by such molten
pool swing was examined using optical micrographs. Images
recorded by the camera provided a direct visualization of the mol-
ten pool in terms of the swinging path, pattern, and approximate
cycling time. After analyzing the ripple morphology occurring fre-
quency and layer thickness, it was determined that the specific
material composition of stainless steel 316L and Inconel 718
caused the instability and shaking of the molten pool during the
DED printing process. Potential causes for this molten pool swing
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are discussed based on the existing studies, including the uneven
distribution and separation of the pre-mixed powder due to differ-
ent particle densities. sizes, and the resulting different particle
accelerations in the powder mixture. Although this phenomenon
was only observed while fabricating the FGM specimen of the
specific material composition in this study, such molten pool insta-
bility can occur during other laser melting deposition processes
with multiple powder materials according to the proposed
hypotheses. Further analysis is needed to understand such a
phenomenon.
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