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« Reports the effect of laser directed
energy deposition (DED) parameters
on the multi-scale microstructure, as
well as the nature and the
characteristics of the morphological
formations on surface, namely, ripple
waveforms and scan tracks.
Establishes that the heterogeneities
in the type, size and orientations of
the microstructure and dendritic
patterns on scan surface of DED-
printed 316L components are
informed by the ripple patterns.

The complex waveform patterns of
the ripples and their variations with
laser power indicate that additional
phenomena beyond the Marangoni
effect determine the mass transport
in the melt pool regions in a DED
process.
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ABSTRACT

This paper presents an experimental study to characterize the ripples and other morphological forma-
tions as well as their influence on the heterogeneous microstructure on the surfaces of the directed
energy deposition (DED)-printed stainless steel (316L) components. While ripple formations in the weld-
ing literature have been studied extensively, they have not received much attention in the DED process.
They are often wrongly conflated with the melt pool geometry. The experiments consisted of printing
10 mm cubic components on a hybrid machine tool (MTS 500 from Optomec) under nine different com-
binations of laser power, scan speed and dwell time. The ripple formations and the microstructure on the
scan surface were subsequently observed and statistically characterized at four different magnifications
on an optical microscope. The study establishes that the ripple traces are a main determinant of the den-
dritic structures, as well as the heterogeneous spatial distribution of the microstructure formations in
DED-printed 316 components. The statistical characterization also highlights the limitations of the ripple
waveform descriptors employed commonly in the welding literature and introduces spectral quantifiers
to adequately capture the complex waveform patterns of ripples in DED.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

The powder-fed or blown-powder Directed Energy Deposition
(DED) is increasingly considered in the industry for additive man-
ufacturing (AM) of near-net-shape metallic components. The mar-
ket for DED is growing at an annual rate of 15% and would reach
$600 M by 2026 [1]. In particular, this process considered for print-
ing advanced functional alloy, high-precision components in the
bio-implant and aerospace industry [2], refurbishing industrial
components, such as turbine blades, nuclear reactor parts, and
hard-facing different substrate materials [3]. The DED process
employs a laser beam (see Fig. 1a) to melt the powders as they
emerge from the nozzles, and impinge into a melt pool [4]. Com-
pared to many AM processes, DED offers higher material deposi-
tion rate and a better spatial compositional control.

More pertinently, the process parameters such as laser power,
scan speed, dwell time, and powder flow rate have a significant
bearing on thermal and mass-flow fields in DED [5]. Unlike other
AM processes, both the thermal and mass-flow fields affect the
morphological formations, particularly the scan track and ripple
patterns on the surface (Fig. 1b), and these morphological patterns
in effect are the key determinants of the spatial distribution of
microstructure. As evidenced in the present work, in DED-printed
stainless-steel AISI 316L, microstructure patterns are highly
heterogeneous and are spread over multiple length scales, extend-
ing from a few 100 nm up to 1 mm [6].

While the occurrence of many of these microstructure patterns
have reported in DED, characterization of the spatial distribution of
ripples and these microstructures under different process parame-
ters has not been addressed to date. In fact, over 50 studies have
reported the microstructural patterns occurring in the DED-
printed 316L components (see supplementary section [25-33,36-
39,41-46,48,50,51]). A vast majority of these studies have focused
on capturing the microstructural patterns in the so-called build
direction, i.e., across multiple layers of material deposition under
different process conditions (see supplementary section). Only five
studies have discussed the microstructural patterns in the scan
direction (i.e., within a single layer and over a scan plane) (see
[34,35,40,47,49])).

Surprisingly, the ripple formations (see Fig. 1b, Fig. 2(a&b)) and
their influence on the diverse microstructure patterns are mostly
overlooked in the DED literature. At times, ripples are wrongly con-
flated with the meltpool geometric features [7]. As shown in Fig. 1
(a,b), ripples are essentially surface waves that form along the scan
tracks or X-Y plane. The schematic in Fig. 1a illustrates that ripples
propagate in the scan direction. The micrograph in Fig. 1b depicts
successive scan tracks containing the traces of multiple ripples. It
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may be noted that the mechanism of ripple formation has been
studied extensively in the welding literature (e.g., [8-10]), and to
an extent for the selective laser melting (SLM) process [11-13]
but not for DED. This gap is further underscored by the evidence
from the present experimental study that the morphological for-
mations, particularly, the ripples and track marks inform the
heterogeneous microstructure clusters spread over different scales.
In fact, much of the heterogenous microstructure of DED-printed
316L components can be predicted based on the ripple formations.

This work is the perhaps first experimental and micrographical
image analysis study towards direct observation and statistical
quantification of these formations, and the delineation of how
the DED process parameters, especially the laser power influence
ripple formations (Fig. 1b), and how the ripple formations, in turn
determine the heterogenous spatial distribution of the microstruc-
ture. These microstructure patterns, including the grain type, size,
orientation, and distribution over multiple scales wield a signifi-
cant, at times, deleterious influence on the mechanical properties
and functionality of the DED-printed 316L components.

The experimental studies reported in the sequel also suggest
that the ripples in DED are complex waves of varying amplitude
and frequencies. For example, a representative heightmap of the
surface of a DED-printed component obtained using white light
interferometry (Fig. 2a, b) captures variations in amplitudes and
wavelengths (both of order of 10 pm). The observations from the
micrograph study reported in the sequel suggest that the quanti-
fiers, such as average amplitude and average pitch employed in
the literature to quantify the ripple pattern would be inadequate
to capture the complex waveform patterns of ripples in DED. We
adapt techniques from the spectral and image analysis literature
to develop suitable statistical quantifiers of the ripple formations.

In summary, the main contributions of this paper are two-fold:

(1) This study establishes how the morphological formations,
especially the ripples and scan tracks are the chief determinants
of the heterogeneous microstructure and its distribution on the
scan face/surface of a 316L part printed using a DED process. The
study also delineates the influence of the process parameters,
namely the laser power, the scan speed and the dwell time on
the morphological formations and the microstructure. This is per-
haps the first study to characterize morphological features and the
spatial distribution of heterogenous microstructure as informed by
the ripples in a DED process.

(2) This study provides a quantitative assessment of the varia-
tion of the geometry of the ripple formations with process param-
eters employing statistical and image analysis methods and relates
these experimental results to the prior understandings of ripple
formations reported in the welding literature. The study also

Fig. 1. (a) Schematic of a powder-fed or blown-powder DED process; (b) a representative optical micrograph showing the scan tracks and ripple formations on DED-printed

316L parts.
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Fig. 2. (a,b) Representative ripples formations on the as-printed surface of 316L gathered using white light interferometry instrument showing recurring waveforms
containing multiple wavelengths and amplitude variations. Such ripple waveforms as well as their effect on the microstructure have not been studied in the literature.

shows the extent to which the analytical models adapted from the
welding process literature can capture the variation of the ripple
widths and their wavelengths with process.

The remainder of this paper is organized as follows. Section 2
describes the experimental study to accumulate the various
microstructure images; the multi-scale microstructure patterns
of the DED-printed 316L samples from these experiments are pre-
sented in Section 3. Section 4 discusses the heterogeneity of the
dendritic structure and the effect of process parameters on ripple
geometry; concluding remarks are summarized in Section 5. Addi-
tionally, a supplementary section presenting a concise literature
review of the microstructure studies on DED-printed 316L samples
is appended.

2. Experimental approach
2.1. Experimental setup

The experiments consisted of printing stainless steel 316L sam-
ples of dimensions 10mm x 10mm x 10mm using an Optomec-
LENS® MTS 500 at Texas A&M University [52]. The machine tool
is essentially a 4-axis CNC machine that automatically controls
the worktable motion in X and Y directions, motion of the laser
and a milling head along a Z (vertical) axis, and the rotation of a
horizontal spindle, which can be used to clad and repair a variety
of freeform parts. This machine tool uses a continuous IPG YLR-
1000 fiber laser with a spot size of 600 pm and a wavelength of
1070 nm. It also comprises two powder feeder hoppers with an
option to extend to four hoppers. The powder from individual hop-
pers is transported to a mixing chamber and finally delivered
through four nozzles using pressurized argon. Besides powder
transport and delivery, argon also helps to reduce oxidation during
deposition and serves as a shielding gas during deposition. The
machine tool is capable of maintaining oxygen levels in the cham-
ber to <40 ppm. For the current set of experiments, an open atmo-
sphere (OA) mode was used. The schematic and working principles
of DED are illustrated in Section 1, Fig. 1(a). A highly focused laser
beam interacts with the powder particles and forms a melt pool
which eventually solidifies along the direction of the scan. The
machine, through a Siemens 828D controller, provides control over
multiple process parameters such as powder composition, powder
feed rate, laser power, hatch spacing, scan speed, and dwell time
during the process.

2.2. Experimental design

As noted in Section 2, laser power, scan speed, and dwell time
are known to significantly affect the cooling and heating rates,
and thereby the scan tracks and ripple formations. Also, as elabo-
rated in Section 4, these process parameters and the formations

have a significant bearing on the microstructures in the part. We
therefore focused on how these formations and microstructures
of DED-printed 316L at different scales vary with these process
parameters.

The settings of these three process parameters were chosen
according to an orthogonal Latin hypercube experimental design
[14]. This experimental design helps to achieve a maximal space-
filling exploration of the parameter space spanned by laser-
power, scan speed, and dwell-time. We also considered the limits
(mostly the upper bounds) on the process parameter combinations
at which we can operate the machine safely. For example, the max-
imum laser power should not exceed 600 W, as higher laser power
settings tend to create fumes within the OA operating environ-
ment. The maximum scan speed was set to 8.46 mm/sec to ensure
proper melting. The maximum dwell time was set to 40 s, beyond
which the part cools down significantly between successive scans,
causing surface distortions [15] that disturb the focusing distance
of the laser. Within the set bounds of the process parameters, nine
experimental points, as summarized in Table 1 were selected, i.e.,
one (cubic) sample was printed under each of the nine conditions.

2.3. Experimentation and sample preparation procedures

AISI Stainless Steel 316L with powder particles ranging between
44 and 106u m in diameter was used in this study. Pertinently,
316L is one of the most popular grades of stainless-steel owing
to its exceptional combination of strength and corrosion resistance
properties, and is widely used in many engineering domains,
including nuclear, aerospace, and automotive sectors. The elemen-
tal composition of the powder is mentioned in Table 2. The DED
process involved printing nine cubic 316L samples, at process
parameter settings stated in Table 1, onto a rectangular 316L sub-
strate of dimensions 76 mm x 76 mm that has an identical chem-
ical composition as the powders. All samples were printed under
the same environmental condition and with the same powder feed
rate (feeder RPM: 5 RPM). After the deposition, the top surface of
printed parts was machined (end-milled) as-printed, i.e., the sub-
strate surface on which all the samples were built served as a
datum and the machined surface was therefore flat within the
machine precision relative to the scan direction. As an exception,
however, the top surface of as-printed sample 4 was not parallel
to the scanning plane due to the excessive heating at high laser
power which creates scan tracks with uneven widths and thick-
ness. Consequently, post-milling, the resulting micrographs cap-
ture the morphological and microstructural features of multiple
layers along the scan direction.

Subsequent to machining, the samples were detached from the
substrate using a bandsaw and prepared for microstructure analy-
sis. All the samples were mounted in an epoxy resin with the top
surface exposed for polishing. The samples were polished accord-
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Table 1

DED process parameters settings used to print the nine samples for micrographic studies.
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Experiment Laser power (W) Scan speed (mm/sec) Dwell time (sec) Linear Energy Density (J/mm)
1 487.5 6.56 35 74.31
2 525 3.70 0 141.9
3 562.5 8.46 15 66.48
4 600 1.80 30 333.33
5 450 4.65 20 96.77
6 4125 2.75 5 150
7 375 5.60 40 66.96
8 337 0.84 25 401.19
9 300 7.40 10 40.54
Table 2
Chemical composition of SS316L powder.
Element Cr Ni Mo Mn Cu P Si C S Fe
Wt.% 18 13 25 2.0 0.5 0.025 0.75 0.03 0.01 Bal.

ing to the usually metallurgical sample preparation for microstruc-
ture study. The polishing was performed on a Buehler Automet 250
polisher in multiple steps. The initial steps were conducted at
100 rpm, using 800, 1000, and 1200 grade emery pads, respec-
tively, and the final finish polishing was conducted at 50 rpm using
a micro-cloth and colloidal silica. The polished surfaces were
etched for 90 s in an Aqua Regia etchant (which contains 3:1 part
of HCL and HNOs). The morphology and the microstructure were
observed on the Olympus BX 51 microscope at four different mag-
nifications — 5x (500 pum length scale), 10x (200 um length scale),
20x (100 pm length scale), and 50x (50 pum length scale).

3. Results from optical micrography studies

A vast majority of earlier micrography studies of DED-printed
316L had focused on the build direction (see supplementary sec-
tion). A very few discussed the microstructural patterns along
the laser scan direction. Studying the micrographs along the scan
direction can contribute to the understanding of the solidification
process, the surface morphology, microstructure, and certain
defects [15].

Also, as noted earlier, the present study examines the
microstructure patterns from the optical micrographs (OMs) taken
at four different magnifications. Since the same powder feed rate
was employed for all the samples, the deposition rate depends only
on the scan speed and the melting process. The study captures the
effect of the laser power and scan speed on the ripple formation, as
well as scan track marks and void formations in the scan direction,
and how they inform the heterogeneity of the microstructure.

Observations at 500 pm Fig. 3 shows the representative micro-
graphs which were obtained at 5x magnification, i.e., the
microstructures over a field of view of 5.3 mm (500 pm length
scale). Fig. 3(a) was obtained from sample 4 that was printed at
600 W laser power and 1.80 mmy/sec scan speed. Fig. 3(b) was
obtained from sample 5 that was printed at 450 W laser power,
and 4.65 mm/sec Fig. 3(c) was obtained from sample 9 that was
printed at 300 W laser power and 7.40 mmy/sec scan speed.

It may be noted that it is hard to observe the detailed
microstructure at such low magnification. However, the large fields
of view at this scale allow us to capture the patterns of the scan
track [16] as well as the ripples. All three micrographs in the figure
show the scan track marks consisting of ripple formations (circular
arcs with different color shades) on the trailing edge of the laser
head along the scan direction [17]. The various shades present in
micrographs are due to the differential action (selectivity) of the

etchant on various chemical compositions and molecular struc-
tures present at the sample surface [18].

We further measured the physical overlap and the ripple curva-
ture along the scan direction. We observe that the curvature was
uniform across the periphery of every ripple. The ripple curvature
(for our case ripple radius) was calculated using a 3-point arc esti-
mate (a utility available in AutoCAD). The average ripple radius
was estimated for five ripples on each scan track and their distribu-
tion, and the average statistics are presented. As evident in Fig. 4
(a&b), the dimensions of the scan track majorly depend on the laser
power and to an extent on the scan speed. The ripple radius
appears to increase almost linearly with the laser power. It is
worth noting that a significant drift in the center of ripples was
observed along multiple scan tracks, especially in the ripples adja-
cent to the voids.

The extent of the physical overlap between successive scan
tracks at various laser power settings can be used to explain the
void formations. Here, the overlap is calculated as the ratio of the
difference between ripple diameter and the hatch distance, and
the ripple diameter. The overlap values at different process settings
are summarized in Table 3. The overlap was found to be 60% for
sample 4 (600 W, 1.8 mm/s) and —1.53% for sample 9 (300 W,
7.4 mm/s). A negative overlap implies an incomplete fusion
between consecutive scan tracks followed by the lack of sufficient
material to compensate for the shrinkage, leading to the creation of
voids between scan tracks. Due to the temperature-dependent
recoil pressure, liquid metal disperses to the edge of melt pool at
high laser power, causing the ripple diameter to expand and ulti-
mately increasing the overlap to 60%. In contrast, at low laser
power levels, the temperature under the beam decreases, reducing
the recoil pressure, consequently the amount of liquid dispersed to
the edge of melt pool. This creates small diameter ripples and
results in a negative overlap between scan tracks and thus forming
voids..

Also, a scan track experiences complicated thermal cycles near
the track boundaries—this includes altering the heat transfer pat-
terns due to the effect of the temperatures of the previously laid
adjacent tracks, and remelting of solidified tracks at the boundaries
with subsequently laid tracks. This introduces interesting morpho-
logical formations such as voids as seen in Fig. 3(c) and determines
the dendritic structure observed at higher magnifications. Ripples
with wavelength < 0.508 mm (as in sample 9 shown in Fig. 3(c)
emerge under high scan speed and low laser power. The ripple
wavelength increases to 1.812 mm when scan speed is reduced
at high laser power settings (as in sample 5).
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Fig. 3. Optical micrographs at 500 um scale at three laser power settings: (a) 600 W showing ripples of radius ~ 660 wm with large variations (standard deviation of 230 pum),
and highly overlapping scan tracks due to the presence of large shallow melt pool at high laser power; (b) 450 W showing ripples of more uniform radii ~ 307 pm with an
overlap of 14 %; (c) 300 W showing ripples of radius ~ 260 pum with an overlap of —1.53%, that causes void formation between consecutive scan tracks.
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Fig. 4. A statistical description of the distribution of the ripple radius against different process settings; (a) variation of the ripple radius with laser power showing increases
in ripple radius with the laser power; (b) variation in ripple radius with scan speed shows a decreasing trend in the ripple radius at high scan speed.

Table 3
Physical overlap calculated at three laser power settings to quantify the voids
between consecutive scan tracks.

Ripple dia. (um) Hatch distance (um) Physical overlap (%)
520 (300 W) 528 -1.53

614 (450 W) 528 14

1320 (600 W) 528 60

Observations at 200 pm Fig. 5 shows the representative optical
micrographs obtained at 10x magnification. Here, the field of view
was 2.65 mm. Fig. 5(a) was obtained from sample 4 that was
printed at 600 W laser power and 1.80 mmy/sec scan speed. Fig. 5
(b) was obtained from sample 5 that was printed at 450 W laser
power, and 4.65 mm/sec scan speed. Fig. 5(c) was obtained from

sample 9 that was printed at 300 W laser power and 7.40 mm/

Table 4

Different segments classified from microstructure hierarchy and mapped in solidi-

fication

map.

1

Center of ripple

1a
1b
1c
2

2a

2b

Cellular structure of size 50 um? at center of ripple

Cellular structure of size 100 pm? at center of ripple

Segregated cellular structure

Periphery of ripple

Columnar dendritic structure between 0 and 20 pm from the periphery
of ripple

Elongated cellular structure between 20 and 50 pm from the periphery
of ripple

Edge of the scan track

Columnar dendritic structure
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Fig. 5. Optical micrographs at 200 pm scale at three laser power settings: (a) 600 W showing columnar structure in the heat affected zone between two scan tracks and
equiaxed structure inside the scan track; (b) 450 W showing directionality of columnar dendritic grains along the scan direction; (c) 300 W showing columnar dendritic at the

periphery of a ripple.

sec scan speed.

The micrographs capture the spatial distribution of different
microstructure clusters relative to the scan track boundary and
the ripples. Fig. 5(a) is taken from the (heat-affected) zone adjoin-
ing two scan tracks. The structure is mostly composed of columnar
dendrites with equiaxed grains present inside the scan track. At
lower power settings and high scan speeds (Fig. 5(b, ¢)), the den-
dritic structure is not apparent as the grains tend to be highly
refined.

The microstructure formations in a DED process can be
explained in terms of the ratio of the local temperature gradient
G (°C/mm) and solidification growth rate R (mm/s), i.e., the ratio
G/R [19]. Due to a large distribution of thermal gradients in the
melt pool, we are more likely to find heterogeneous microstructure
as seen in Fig. 5(a) [20]. Evidently, the thermal gradients are the
highest radially from the center to the edge of a ripple, as well as
from the center to the edge of a scan track (i.e., along the width
of the track). Consequently, the solid-liquid interface advances
preferentially along the normal to the ripple boundaries and across
the track. The resulting microstructure consists of equiaxed cellu-
lar grains in the interior of a ripple, and columnar dendritic struc-
ture oriented almost radially from the ripple boundary into the
interior.

Observations at 100 pm Fig. 6 shows the representative micro-
graphs at 20x magnification of a microscope field of view of
1.32 mm (at 100 pm length scale). Fig. 6(a) was obtained from
sample 4 that was printed at 600 W laser power and 1.80 mm/
sec scan speed. Fig. 6(b) was obtained from sample 5 that was
printed at 450 W laser power, and 4.65 mm/sec. Fig. 6(c) was
obtained from sample 9 that was printed at 300 W laser power
and 7.40 mmy/sec scan speed.

As shown in the figures, the spatial distribution of dendritic
structures and their preferred orientations becomes more evident
at this scale. For example, Fig. 6(a) is captured near the periphery
of a ripple shown in Fig. 5(a). It reveals that at 600 W (high laser
power) the microstructure consists of long columnar dendrite
and cellular network structures with a sharp boundary separating
these. The cellular structure exists in a few columnar grains

(marked in Fig. 6(a)) and has a cell length in the range of 0.06-
0.1 mm. These cellular structure shows intragranular features
which means the sub-grain structure (cellular structure) is con-
stricted inside the large grains (columnar structure).

The sharp cooling rates prevailing in DED give rise to smaller-
sized cells (seen at 50 um scale length) compared to in a laser
welding process [21]. These structures are spread over an average
area of 270 um?. At lower power settings, just as with 200 pm
magnification microstructure, the dendritic structure is much finer
and is not clearly visible at this magnification (see Fig. 6(b)).
Nonetheless, the dendrites seem to have grown preferentially ori-
ented radially inward or in the direction of a moving heat source
(i.e., laser beam) from the periphery of ripples.

At a lower power setting of 300 W and high scan speeds
(7.40 mm/sec), defects such as voids become apparent on the sur-
face (see Fig. 6(c)). These voids occur due to the uneven melting of
the powder, especially near the junction of scan tracks (conse-
quence of the low energy input at the specified condition), coupled
with the lack of sufficient material to compensate for the shrinkage
(as a result of high scan speeds). Additionally, an equiaxed cellular
structure is observed near the center of the ripple because of the
high cooling rate of nearly 10° — 10* K/s and moderately high
solidification rates.

Observations at 50 pm Fig. 7 shows the representative micro-
graphs at 50x magnification at microscope field of view of 0.53 mm
(at 50 um length scale). Fig. 7(a) was obtained from Sample 4 that
was printed at 600 W laser power and 1.80 mmy/sec scan speed.
Fig. 7(b) was obtained from Sample 5 that was printed at 450 W
laser power, and 4.65 mm/sec. Fig. 7(c) was obtained from Sample
9 that was printed at 300 W laser power and 7.40 mm/sec scan
speed.

At this magnification, the micrographs show varied shades on a
grey scale. Earlier studies suggested that the dark and light por-
tions at this magnification are likely due to the differential etching
among the various material species, especially the austenite (light)
and ferrite (dark) phases obtained after solidification. Additionally,
Fig. 7(a) shows a contrast between the cell core and boundary.
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Fig. 6. Optical micrographs at 100 pm scale at three laser power settings: (a) 600 W showing a sharp boundary separating columnar and cellular structure near the periphery
of ripple, and microsegregation pattern observed in the columnar dendritic zone; (b) 450 W showing columnar dendritic growth at the ripple periphery and edge of scan track
whereas the equiaxed structure distributed outside the ripple periphery; (c) 300 W showing void formation between consecutive scan tracks due to negative overlap (-1.53%)

at low laser power and high scan speed setting.

Fig. 7. Optical micrographs at 50 pum scale at three laser power settings: (a) 600 W showing the formation of cellular colonies at the center of a ripple; (b) 450 W shows a red-
colored scan track boundary that distinguishes between columnar dendritic structure outside the track boundary and equiaxed structure inside the scan track; (c) 300 W
showing columnar dendritic formations extending from the ripple periphery radially towards the center of a ripple. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

The etchant used here, aqua regia, is known to preferentially
attack the &-ferrite and carbides such as Cr3C¢ and Mo,3Cs and
thereby helps to identify the presence of the heavier elements at
the cell boundary as seen in Fig. 8(a). As observed in the (Energy
Dispersive Spectroscopy) EDS line scan in Fig. 8(b), Cr and Mo were
found to be higher in mass percentage at the cell boundary than in
the cell core. On the other hand, Ni concentrations were found to
be higher in the cell core than at the cell boundary. An EDS spot
analysis was performed at 6 different locations at the boundary
and the interior. The Cr and Mo mass percentages at cell boundary,
calculated from this analysis, were found to be 18.55% (standard
deviation of 0.85%) and 4.45% (standard deviation of 0.64%),
respectively, and 15.56% (standard deviation of 0.53%), and 3%, (s-
tandard deviation of 0.47%) respectively, at the cell core. This sta-
tistically significant depletion of Cr and Mo in the cell core is
consistent with the earlier studies [22].

As a DED-printed 316L solidifies, austenite is the primary solid
phase to emerge from the liquid melt pool. This is consistent with
the earlier observations of austenite (y-phase) forming at the core,
and $-ferrite between the dendrites as seen in Fig. 7(b) [23]. The
dark portions in Fig. 7(b&c) are indicative of the dendrites contain-
ing 3-ferrite (which was revealed after the etching) forming near
the scan track boundary. Also, fast-directional solidification and
re-heating of a deposit formed along a scan track (owing to the
subsequent deposition of material along adjacent scan tracks)
can induce micro-segregation of y and 3-phases within a dendrite.

4. Discussion
4.1. Heterogeneity of the DED dendritic structure

Fig. 9 summarizes the different microstructures, including the
shape and the size of various formations at different positions on
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Fig. 8. A scanning electron microscopy (SEM) image showing equiaxed colonies on the surface of DED-printed 316L; (a) An Energy Dispersive Spectroscopy (EDS) analysis
performed on two different spots to calculate the Cr and Mo mass percentages, one at cell boundary and another at cell core; (b) EDS line scan capturing Cr, Mo, and Ni
variations suggests an increase in the concentration of Cr and Mo at the cell boundaries.
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Fig. 9. The salient structures observed across various segments of the scan surface of a DED-printed 316L samples.

the sample surface, namely, the center of a ripple, the periphery of
a ripple, and the edge of scan tracks as highlighted in Table 4. As
noted earlier, the microstructure depends on the spatiotemporal
distribution of the temperature gradient G (°C/mm) and solidifica-
tion growth rate R (mm/s). While the ratio G/R, controls the solid-
ification mode, the product G x R decides the size of grains [19].
Moving radially inward from the fusion line (or near the outer edge
of ripple), the structure changes from equiaxed to columnar den-
dritic to cellular as shown earlier in Fig. 5(a). At a low laser power
(300-450 W) and high scan speeds (4.65-8.46 mmy/sec), a fine
grain structure was observed (see Fig. 10). At high laser power
(>450 W) and low scan speeds (0-4.65 mm/sec) a coarse dendritic
structure was apparent. In addition to the size of structures, the
laser power has a major effect on the formation of ripples (see
Fig. 4).

4.2. Effect of laser power and scan speed on ripple geometry and scan
track

The ripple formations, commonly observed in the welding pro-
cesses, are attributed to five different phenomena, namely, ther-
mocapillary force, power source variations, periodic swelling in
the liquid metal, flow instability (recoil effect) due to evaporation,

and solidification dynamics [24]. Cheever et al. [8] observed the
surface ripples on different thin metal sheets in gas tungsten arc,
spot, and seam welding processes. They observed that sharp vari-
ations in the plasma pressure caused due to intermittent shut-off
of the arc cause the oscillation of the weld pool during solidifica-
tion and create ripples on the surface. Anthony and Cline [9] stud-
ied the surface ripples using laser surface melting techniques used
for enhancing the surface property like transformation hardening
of the surface. They inferred that the surface tension gradients
were the main cause behind the surface ripples.

Wei et al. [10] studied the surface ripples in Electron Beam
Welding of Al 1100 and SS304 specimens. They observed that the
average amplitude and pitch of ripples increased with increasing
dimensionless beam power, Marangoni, Prandtl, and Biot numbers
and decreasing Stefan, and Peclet numbers. They studied the tem-
perature dependence of surface tension (gradient of surface ten-
sion relative to temperature) in electron beam welding and noted
that in low S concentration alloys, the surface tension gradient is
negative leading to the formation of the shallow and wide melt
pool, and positive in high S concentration alloys, leading to deep
and narrow melt pools. They also observed that ripple roughness
increases with the decreasing welding (scan) speeds. Based on
these prior findings reported on the welding process, the ripple for-
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Fig. 10. The grain structures observed at different locations on the surfaces of the DED-printed 316L components mapped onto the Thermal gradient G vs. Solidification rate R

plot.

mation in the DED process may be attributed to the following two
phenomena.

1) Marangoni flow: The thermocapillary force or Marangoni
flows takes place whenever a non-uniform temperature exists
along with an interface. In DED, the surface directly beneath the
Laser beam is hotter than the surface near the edges of the melt
pool. This temperature difference induces the gradients in surface
tension causing the liquid metal to move from the lower surface
tension region to the higher surface tension region. For 316L sur-
face tension increases when temperature decreases, i.e., the surface
tension at the cooler edge of the pool will be higher than that at the
centre. This creates a radially outward Marangoni flow that carries
hot liquid to the edge of the pool, causing a shallow and wide melt
pool as shown in Fig. 11. Marangoni flow can also be influenced by
the amount of surface-active agents such as S and O present in the
metal composition. A higher S content (>150 ppm) can alter the
flow patterns to create a deep and narrow melt pool.

2) Recoil Pressure: During the melting process under the laser
beam in DED, the particles move within the liquid metal with a
certain kinetic energy. This kinetic energy increases with tempera-
ture and when these particles reach near the top surface of the
melt pool, they have enough energy to escape the liquid metal into
vapor. As shown in Fig. 12, vapor particles eject with momentum
(m,v,) from the liquid surface, causing the liquid to recoil with a
momentum of (mv) where m is the mass of liquid surface and v
is the velocity of the liquid surface. This exchange of momentum
at the surface creates a recoil pressure which acts on the melt pool
surface against the force induced by the vapours. It depresses the

Outward Surface-
Flow .
Solidification Front-.

(a)

_-Melt front

molten layer downwards and disperses the liquid to the edges of
the melt pool.

4.3. Amplitude and spacing of ripple

In a DED process for 316L, Marangoni (thermocapillary) flow
patterns have the primary bearing on the melt pool flow patterns,
especially near the solidification boundaries, and the recoil effect
dominates the flow near the core of the melt pool. The observed
ripple marks are largely informed by the Marangoni effect. Accord-
ing to Wei et al. [10] analytical model, the amplitude a of the rip-
ples may be expressed as

()]
v
ku

where K is the loss coefficient, p is the density, y,, is the surface ten-
sion at melting temperature, v is the kinematic viscosity, i is the
dynamic viscosity, dT is the temperature difference between verti-
cal walls, g, is the incident flux, h is the fusion zone depth, r, is the
rear length of the melt pool, k is the liquid conductivity.

Wei et al. [10] also measured a experimentally using Kosaka

surfcoder SE 3000 and analytically mapped the average amplitude
to a working parameter p as

0 5

Py(|%
T

dar

a=(1-K)

a=rxp

where r is a proportionality constant determined for austenitic
steels to be ~ 2.5, and it encapsulates the influence of the process

Laser Beam

Ripples

(b)

Fig. 11. An illustration of thermocapillary effect or Marangoni convection in the melt pool; (a) outward Marangoni flow due to negative temperature gradient of surface
tensions causing a shallow and wide melt pool in 316L; (b) ripple formations containing multiple wavelengths and amplitude variations at the solidification front.

9
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Fig. 12. An illustration of recoil pressure effect responsible for displacement of liquid melt in the melt pool; (a) exchange of momentum between vapor particles induces the
recoil pressure; (b) displacement of liquid melt at the edge of melt pool due to the recoil pressure.

parameters and certain material properties on the thermocapillary
flow. The working parameter p is given by

p= {[hC(Tm ST - phs,U}th}% x 107

where, h.= 25 Wm™2K ' is the heat transfer coefficient, T,, — T..=AT
c=1000K, p = 7040 kgm 3 is the density, hy= 250 Jkg~! is the latent
heat for solidification, h = 0.3 x 10~ m is the fusion zone depth and
for our case U e (0.00084 - 0.0084) ms~! is the scan speed, Q € (300
- 600) W is the laser power.

After substituting the values in the working parameter equa-
tion, we get p = 0.77 x 10 and the amplitude of ripples of
5 pum. The value is consistent with the characteristic graph
reported in the literature connecting the amplitude with the work-
ing parameter linearly [10]. It is evident from Eq. 3 that laser power
and working parameter are directly proportional. As a result, the
amplitude of the ripple increases as the laser power increases.
Wei et al. [10] related the amplitude to the spacing (or the wave-
length) s of surface ripples as

a=«cs

where a is the amplitude of ripples, and c is a proportionality con-
stant estimated empirically to be in the range of 0.015-0.03 for alu-
minum and steel alloys (e.g., Al 1100 and SS 304). The wavelength
or spacing of the ripples calculated using Eq.4 range between 107
- 10™* m, which is the same magnitude as that observed on the sur-
face of steel alloys [10].

Our experimental results capturing the combined effect of laser
power and scan speed on the ripple curvature, and ripple wave-
length are summarized in Table 5. Here, the ripple curvature was
determined as mentioned in Section 3. The wavelength of the rip-
ple was estimated from the optical micrographs using the follow-
ing procedure: Each micrograph was first converted to a grey
scale image. The intensities values along five scan tracks, each of
length L = 2128 pm were selected and transformed obtain the cor-
responding frequency spectra. The frequency f with highest mag-
nitude (e.g., see Fig. 13 (a, b)) was chosen from five Fourier
spectrum. Next, the average ripple wavelength was calculated as
A :%, where 2 is the salient ripple wavelength, L is the length of

Table 5
Observations of surface morphology under different process parameters.

Process parameter Observations

Laser power Scan speed (mm/ Ripple radius Average wavelength
(W) sec) (um) (mm)

562.5 8.46 514 (75) 1.34 (0.76)

337 0.84 373 (37) 1.14 (0.88)

300 7.40 260 (10) 0.50 (0.38)

600 1.80 660 (230) 2.35(0.80)

450 4.65 307 (34) 1.81(1.2)

375 5.60 257 (34) 0.39 (0.21)
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the scan track and f is the frequency of where the magnitude is
the highest. The amplitude of the ripple waveform for the salient
(dominant) frequency band, as highlighted in Fig. 13(a,b), was esti-
mated based on the mathematical expression (Eq. 3) provided in an
earlier research work [10].

The average ripple wavelength of high energy density sample
found to be 1.14 mm, with standard deviation of 0.80 mm whereas
the average ripple wavelength of low energy density sample was
0.50 mm, with standard deviation of 0.51 mm. The plots of
Fig. 13 (a, b) show frequency portraits obtained at high and low
energy densities. In high energy density case, a sharp low fre-
quency component predominated whereas in low energy density,
a diffused high frequency component predominated which
explains the effect of other factors beyond Marangoni convection
influencing ripple geometry, which results in a small melt pool
as the fluid in the melt pool becomes more stable.

Furthermore, the plot of Fig. 13 (c, d) illustrates the variation of
the amplitudes with the frequency estimated using gaussian pro-
cess regression which showed the low variability (standard devia-
tion of 1.31 x 10%) at low energy densities compared to high
variability (standard deviation of 2.14 x 10%) at high energy densi-
ties which provides us the evidence of complex periodic wave for-
mation on the surface. When the laser power is low, and the scan
speed is high (samples 7 & 9) the characteristic ripple wavelengths
tend to be low due to the relatively short interaction time between
the laser and the deposited material on the surface. In contrast,
when the laser intensity is high and the scan speed is slow (sample
4), the interaction time and total energy transfer are high, leading
to the increased ripple wavelengths. These experimental findings
are consistent with the earlier findings in the welding literature
(see [10] and Section 4.2) that an increase in the laser power and
a decrease in the scan speed causes the ripple wavelength to
increase.

However, the ripple traces on the surface are much more com-
plex and appear far from a single periodic wave representations
employed in the literature. As shown in Table 5, low laser powers
(300 W) produce ripples with smaller average spacing/wavelength
of 0.508 mm (with a standard deviation of 0.38). In contrast, high
laser powers (600 W) produce ripples with larger spacings with an
average characteristic wavelength 2.351 mm (with a standard
deviation of 0.80).

These variations in the ripple wavelengths suggest that addi-
tional phenomena beyond Marangoni convection, such as alloying
effect, recoil pressure motion patterns, center purge argon gas
pressure can be important determinants of the surface morphol-
ogy. Pertinently, in-situ monitoring of the process employing
high-speed cameras, melt pool cameras, and vibration/force sen-
sors, may be necessary to directly observe the manifestation of
these phenomena in creating surface ripples in a DED process.
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Fig. 13. Representative Fourier (amplitude) spectra of the ripple wave-like formations for (a) high energy density sample (Sample 8); (b) low energy density sample (Sample
9), and the corresponding amplitude variation of a (¢) high energy density sample, and (d) low energy density sample suggesting an increase in the wavelength (and decreases
in the dominant frequencies) of the ripple formations with increasing energy densities or laser power. Also, the wave formations exhibit considerable spatial variations (as
captured in the 3-sigma band) indicating the limitation of the prior, largely rudimentary quantifications of the ripple geometry.

5. Conclusions

The present experimental study has investigated the surface

morphology, especially the ripple pattern and microstructure of
316L printed in a DED process on an Optomec MTS 500 hybrid
machine under different settings of the laser and scan speeds.
The printed samples were polished to Ra < 30 nm, etched using
Aqua Regia, and observed on an optical microscope at 4 different
magnifications. Notably, only five earlier works focused on the
microstructure of the surface of DED-printed 316L samples along
the scan direction. The following are the key takeaways from this
study.

1. While ripple formations have been studied in the context of

welding processes and to extent in SLM, they have not received
much attention in the DED literature. The micrographs at
500 pm scale capture certain distinct effects of the laser power
and scan speed on the formation of ripples. It may be inferred
that an increase of the laser power increases the ripple wave-
length, and the ripple curvature. These observations are consis-
tent with an earlier analytical model that predicts the spacing
(wavelengths) of the ripples formed due to the thermocapillary
effect.

. At 200 pm scale the formation of columnar/dendritic structures
was evident and these formations were found to grow preferen-
tially radially inward from ripple periphery and scan track
boundary.

3. The influence of laser power is dominated in formation of voids

and the microstructure development. In high laser power con-
ditions, slow cooling rate allows more time for dendritic growth
preferentially radially inward from the ripple periphery, as
shown by the micrographs at 100 and 50 pm scale lengths. In
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contrast, at low laser power, the cooling rate is faster, resulting
in fine dendritic structure. However due to reduced recoil pres-
sure at low laser power, a negative overlap between consecu-
tive scan tracks results in the formation of voids.

. The cellular structure predominates at low scan speeds due to a

moderate solidification growth rate caused by an increase in the
laser-deposited material interaction time. As scan speed
increases, the laser-deposited material interaction time
decreases, this promotes rapid cooling and creates fine den-
dritic structure.

. The present investigation also lays a foundation for future work

on the closed-loop control of a DED process, especially of the
resulting microstructure. It is pertinent to note that any real-
time control input essentially influences and should be synthe-
sized based on the prediction or measurement of the morphol-
ogy, especially the ripple and scan track formations and the
resulting microstructure of the scan surface. In this context,
the machine tools implementing the DED process are increas-
ingly being instrumented with a combination of in-situ sensors,
such as the melt pool cameras, temperature sensors, and vari-
ous vibration and acoustic emission (AE) sensors [14]. A
closed-loop control of the process can be achieved by control-
ling the ripple structure based on fusing the information con-
tained in these various in-situ measurements.

. For several applications, the scan surface of a DED-printed part

would be chosen as the load bearing and a contacting surface.
Therefore, the microstructures and the morphological forma-
tions on the scan surface would influence the corrosion and
wear resistance of the resulting component. The present study
opens possibilities to perform a systematic analysis of beha-
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viours and properties, such as corrosion resistance, hardness,
wear resistance of the DED-printed component surfaces that
bear the heterogeneous microstructure [53].
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