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Abstract
The growing interest in the directed energy deposition process to fabricate and repair thin wall structures has warranted a
deeper understanding in the properties of the method’s basic building block: clad formation. In this study, clads obtained by
depositing stainless steel 316L (SS316L) powder with three different process parameters, namely laser power, laser traverse
speed, and powder mass flow rate, were investigated. Repeatability was ensured through a wide sample range per parameter.
From the data measurement, the clads have an average hardness close to the typical 200 Hv of SS316L materials, indicating
that Hall-Petch effect is dominant. The study also shows that: (i) Laser power is the most significant factor to clad depth, but
has little influence on clad thickness. (ii) Laser traverse speed is the dominant parameter to clad height. (iii) Powder mass
flow rate tends to compensate depth reduction with thickness gain, resulting in no noticeable effect on clad height. Increasing
laser power was observed to be the most effective way to prevent clads from forming with zero dilution, an indicator to
how well the printed clad is bonded to the substrate. A dimensionless analysis was derived from the set of SS316L clads.
Through validation with different stainless steel datasets and extrapolation to a larger parametric range, the analysis was
demonstrated to be able to facilitate the selection of process parameters to meet given requirements on the clad dimensions.
As its application is intuitive, the analysis has the potential to be adopted as a standard preprinting tool that will increase
success rate, thus improving the manufacturing turnaround time.

Keywords Directed energy deposition · Process parameter selection · Dimensionless analysis · Clad formation ·
Thin wall structures

1 Introduction

The directed energy deposition (DED) process, classified by
ASTM as one of the seven types of additive manufacturing
techniques, is adapted from a welding (joining of two
metallic parts together) or cladding (coating a thin layer of
different metal onto a part) process [1, 2]. These processes
typically involve a heat source, such as laser, electron beam,
or an arc, which melts either metal powder or wire to form
molten droplets that are deposited into a melt pool [3–5].
Other technique, such as cold spray, is classified as a DED
process that employs kinetic energy to spray ductile metal
onto a surface [3]. Adoption of the DED process for additive
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manufacturing sees the changes from a single clad layer to
multiple clads printed on top of one another to form a three-
dimensional (3D) part. Known for its relatively fast but
coarse printing when compared to any powder bed fusion
processes, the DED process has seen increased interest
over the past years, especially in industries like marine and
offshore sectors [6, 7]. However, due to the wide range
of materials that these industries utilize, there is a need
to characterize the parameters required for the different
materials to ensure the proper fusion of metal during the
fabrication phase.

There are three different sets of parameters that can
influence the DED process: (i) system parameters; (ii)
process parameters; and (iii) material parameters. The
system parameters are typically set by the manufacturer,
including build volume, laser type, laser spot size, and
material form such as powder or wire. The process
parameters are intrinsic to the system parameters. For
example, parameters, such as laser power, laser traverse
speed, and powder flow rate, have a maximum operational
limit due to system configuration, within which the step
size can be defined by the user. Lastly, material parameters
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correspond to both intrinsic and extrinsic properties of
the metal used for the DED process. Properties such as
melting point, thermal conductivity, and laser absorptivity
are intrinsic to the chemical composition of the metal
alloy. Examples of extrinsic properties include powder size,
shape, and morphology, as well as additives added, such as
nucleants to control solidification [8].

When its process parameters used in manufacturing or
repair applications are adjusted for different materials, the
DED process is able to produce thin-walled parts with high
aspect ratio that are otherwise difficult to machine [9].
Furthermore, using a closed-loop control algorithm, Shi and
co-workers were able to achieve more than 50% variation in
width on both straight and curved thin-walled parts, all main-
taining an equal height and comparable microhardness [10].

Another advantage of the DED process is its inherent
ability to print new material on any metallic surface, which
enables the repairing of parts. However, the performance
of the parts after a repair may deteriorate and hence is
important to be analyzed. For instance, one study conducted
by Sun et al. [11] attempted to repair a T-shaped groove that
was machined onto a substrate. The study showed that, with
proper parameters, a fine metallurgical bonding between
the substrate and repaired zone without any micro-defects
can be achieved. Yet, both ductile and brittle fractures
were observed in the repaired part, which was attributed to
the use of repair material that was slightly different from
the substrate during the print. The same study [11] also
confirmed that the properties of the repaired part improved
with the chemical content of the repair material being closer
to that of the substrate. Another study conducted by Kim
and Saldana [12] investigated the possibilities of repairs
on thin walls using Inconel 625. They varied the process
parameter to achieve the desired deposit for the potential of
repairing thin wall parts. A thin wall with a layer deposit on
top can be akin to a single-track situation.

Other studies conducted in DED research looked at vary-
ing the process parameters to obtain certain part properties.
By knowing the minimum and maximum processing lim-
its for systems and/or material and narrowing it down
to the suitable parameters required, a database for the DED
process can be generated. Choi and Chang [13] studied the
relationships of laser power, speed, and powder flow rate in
terms of their effects on the thickness of printed H13 tool
steel. They determined that the feedback control for laser
power and layer thickness was strongly affected by the pow-
der flow rate, suggesting that a higher flow rate may lead
to more formation of pores and voids. The study by Shah
et al. [14] showed that the mean layer height was insensitive
to the powder flow rate, but was discernibly affected by the
laser power. In contrast, the mean layer width was found to

be more strongly influenced by the powder flow rate than
laser power.

The hardness and finishing of a printed part are other
metrics that can be used to assess the performance of the
print. In the study conducted by Mahamood and Akinlabi
[15], a higher scanning speed resulted in a higher hardness
of a Ti6Al4V part, which may be attributed to the rapid
solidification process that is typically associated with higher
scanning speed and tend to induce the hard martensitic for-
mation. At a lower scanning speed, a softer microstructure,
known as the Widmanstätten alpha, will form instead, thus
reducing the hardness of the part. Regarding the finishing
of the clad, Mahamood [16] reported that the cooling-
gas rate affected the surface roughness of printed titanium
tracks. These studies demonstrate how process parameters,
mainly the laser power and gas flow rate, can influence the
properties of the prints.

Despite the tremendous efforts that have been invested in
studying the DED process, the adoption rate in the industry
is generally low for production, which can be attributed
to several factors. One of such factors is the difficulty in
processing different materials to produce complex parts
using commercial DED systems. This situation serves as
a huge motivation for this work because, without known
process parameters, the development of a new part or the
use of a new material can require many iterations, leading
to a long turnover time. The overarching goal of this work is
to develop a general guideline for the DED process that can
be easily adopted for different materials and end products.
One aspect to ensure a well-printed part is to understand
the formation of the melt pool and clad during the printing
process, which generally will be affected by three DED
process parameters, namely laser power, powder flow rate,
and laser traverse speed.

To study multiple parameters effectively, a typical strat-
egy is to conduct a dimensionless analysis, which has been
developed in several studies concerning the selective laser
melting (SLM) technique [17–20]. Specifically, Mukherjee
and co-workers [18] introduced a non-dimensional lack-
of-fusion number and showed its correlation with more
common non-dimensional numbers, such as the Marangoni
number, which the same group had elaborated in their
earlier work [17]. However, as pointed out by Rankouhi
et al. [19], the lack-of-fusion number is by no means a
simple term to obtain, requiring both experimental and
simulation inputs. Instead, Rankouhi et al. [19] derived a
more practical non-dimensional number that only requires
process parameters that can be obtained prior to print-
ing and can be interpreted as the product of the mate-
rial’s thermophysical properties (i.e., specific heat capacity
and heat conductivity), laser volumetric energy density,
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and laser dwell time. Coatanéa et al. [20] took the dimen-
sionless analysis even further by combining it with func-
tional modeling to develop parsimonious metrics, which
showed promising capabilities for the evaluation of part
manufacturability when coupled with singular value decom-
position. Though only SLM technology was considered for
the proof-of-concept in their work [20], Coatanéa and co-
workers were confident that their approach can be extended
to other additive manufacturing processes or even the simul-
taneous integration of several manufacturing techniques.

In the same spirit, the objective of this paper is to apply
a practical dimensionless analysis for DED to ensure a
successful print. In contrast to SLM, such an effort for
DED has not been widely seen. The closest prevailing work
is a recent paper by Islam and co-workers [21], which
developed and validated a dimensionless number to predict
the build height of bulk samples manufactured by the DED
technique. The paper paid specific attention to the high-
throughput processing of multi-principal element alloys and
demonstrated that the dimensionless number can indirectly
be used to estimate the cooling rate in the printing of the
samples.

The main difference between Ref. [21] and the current
study is the latter’s emphasis on the industrial applicability
of the dimensionless analysis. To ensure that the findings
are translational, the current study was conducted with a
commercial printer and prealloyed powder to emulate typi-
cal industry DED operations. Even under such constraints,
this paper confirms the possibility to select process param-
eters to control the dimensions and quality of a single-track
deposition, or a clad, composed of stainless steel powder.

To construct the dimensionless analysis, this paper
conducted a 33 study (i.e., three settings for three process
parameters) on SS316L DED clad, which is a canonical case
that will provide intuitive findings on the effects of process
parameters. Such a study will be particularly relevant to a
thin wall structure with high aspect ratio (i.e., build height
to thickness), which can be sensitive to the quality of
individual clads that build up the structure. Furthermore, the
study can facilitate research on larger prints with geometry
that requires zig-zag deposition method and/or utilizes non-
linear scans [22].

The remaining of this paper is structured as follows:
Details on the SS316L powder and experimental methods
used for this study are presented in the next section.
Then, the results are discussed in Section 3, starting with
separate analyses in terms of the three process parameters
before moving on to the development of the dimensionless
analysis that study the effects of the parameters combined.
Further prints of different stainless steel materials were then
printed to verify the dimensionless analysis, followed by

a demonstration of how the analysis should be applied for
practical DED operations. Conclusions and future work are
provided in Section 4.

2Materials andmethodology

To focus on the development of characterization procedures
and facilitate post-printing analyses, stainless steel was
chosen to be the feedstock for its quality of reduced risk
of hot or solidification cracking during the printing process
[23]. Stainless steels also have been prominently researched
on [24–26], so this work will have a wide outreach in the
additive manufacturing community.

In this study, stainless steel 316L (SS316L) produced
by Carpenter Technologies was used, with its chemical
composition stated in Table 1. The lower carbon content
of 0.03% compared to 0.08% of SS316 ensures better
weldability of the metal and ease of achieving a decent melt
formation [23, 27]. The powder was atomized using argon
gas and is generally of spherical morphology, as seen in
the SEM image in Fig. 1. The powder used in this study
was further sieved to a particle size that ranges from 45 to
105 μm to achieve an average particle size of 80 μm, which
was found to result in better clad formation [28].

All the samples for this work were printed at Nanyang
Technological University, Singapore, using the DMG Mori
Lasertec 65 3D, a five-axis DED hybrid manufacturing
system. This system is equipped with the Laserline LDM
diode laser with a wavelength between 960 to 1060 nm
and has a maximum output power of 2500 W. The laser
beam is transmitted through a Fraunhofer COAX 9 co-axial
nozzle with a top hat profile and spot size diameter of 3 mm,
according to the manufacturer.

Regarding the selection of parameters in this paper, the
default manufacturer’s settings were left unchanged with
both carrier and shielding gas flow rate at 6 l/min and the
nozzle-stand-off distance at 11 mm. The other parameters,
laser power, laser traverse speed, and powder flow rate, were
varied in accordance with Table 2. The full factorial design
of this study was made up of three parameters settings at
three levels, constituting 27 different experimental points.
Each point was conducted thrice to ensure consistency
during data collection, thus generating a total of 81 printed
samples. For easy referencing, the experimental points are
named with the format of powder flow rate-laser power-
traverse speed with the units of g/min, W, and mm/min,
respectively. Table 2 shows the full factorial design and the
labelling of the various experimental points.

For powder flow rate, the machine only accepts voltage
inputs to control the rotation of a disc dispenser within the
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Table 1 Element composition of SS316L powder

Element C Mn P S Si Cr Ni Mo N Fe

% 0.03 2 0.045 0.03 0.75 16-18 10-14 2-3 0.1 Balance

powder hopper, which dispenses the powder. Therefore, the
calibration of the powder flow rate had to be performed, as
there can be manufacturing deviations in the powder hopper.
For example, to achieve a powder flow rate of 14 g/min,
the voltage applied to the hopper motor typically ranges
from 400 to 500 mV. The powder flow rate was measured
with the setup shown in Fig. 2, along with a camera to
record the weight increment over a duration of 1 min.
Three measurements were made for each voltage setting to
calculate a more representative average powder flow rate.

The printing of all 81 SS316L single track clads was
conducted on rolled SS316L bars, referred herein as
substrate, of size 60 mm (length) × 25 mm (width) ×
12 mm (thickness). Each sample is, by design, 50 mm
(length) × 3 mm (width) × 1 mm (height), as depicted
in Fig. 3. Every sample was printed individually onto its
respective substrate with a starting print temperature of
approximately 25◦C to ensure a fixed initial condition.
Printing multiple single tracks on the same substrate may
result in a higher starting print temperature for each
subsequent track and hence was avoided. Additionally, the
substrates were cleaned with isopropyl alcohol prior to
printing to remove any residue oil, paint, and debris.

The mass of molten metal deposited onto the substrate
was collected by measuring the substrate mass before and
after the print. The mass gain due to the molten metal
deposition during the printing was compared against the
measured powder flow rate input over the duration of the
print to determine the efficiency of the printing process,
which is given by:

ηprint = �msubstrate

ṁ × t
× 100% , (1)

where ṁ is the powder flow rate, t is the print time, and
�msubstrate is the change in mass of the substrate due to
metal deposition during the printing process.

Similar to cross-section A-A of Fig. 3, all printed
samples were sectioned perpendicularly to the laser traverse
direction at the center of the printed track. Subsequently,
they were mounted in a graphite phenolic resin, ground,
polished up to 1 μm, and etched using Kroll’s reagent
for a duration of 600 s. The etchant would expose the
microstructure of both the melt pool and substrate. For
electron backscattered detection conducted in a separate
study, a better surface finish was required, so the samples
of interest were further polished using OPU and OPS to
remove and reduce any fine scratches.

All the samples were analyzed by a laser microscope
(Keyence VK X250, Japan) and mapped using its propri-
etary software. Each image was then measured to determine
the (i) width, (ii) thickness, (iii) depth, and (iv) total height
(the addition of thickness and depth) of the clad. The mea-
surement of both the thickness and depth of the clad was
done using the substrate as the reference point, as illustrated
in Fig. 4.

For the clad hardness, the samples were tested with
the Vickers hardness machine (Future-Tech Microhardness
Tester FM-300e) using a load of 300 g. The measurements
were carried out at six locations on the cross-section of the
clad, as indicated by the × in Fig. 4. The recorded hardness
values were averaged to indicate the overall hardness of the
clad.

3 Results and discussions

Based on the test scheme given in Table 2, a total of 27
cases, each repeated thrice, were evaluated in this study.
The 27 × 3 = 81 clads would provide a distribution of the
printing efficiency, clad dimensions, which consist of the
width, thickness, depth, and height of the clad (see Fig. 4),
and overall clad hardness. The three clads of each case,
which were printed with the exact same process parameters,
were found to have only minor deviations from each other.
Therefore, only the average of each group of three is
presented in the following.

Fig. 1 Illustration of SS316L powder morphology at (a) 100 and (b)
400 magnifications
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Table 2 Breakdown of the
combinations of process
parameters and their
nomenclatures

Laser traverse speed Laser power

500 mm/min 750 W 1000 W 1250 W

Powder flow rate 10 g/min 10-750-0.5 10-1000-0.5 10-1250-0.5

12 g/min 12-750-0.5 12-1000-0.5 12-1250-0.5

14 g/min 14-750-0.5 14-1000-0.5 14-1250-0.5

1000 mm/min 750 W 1000 W 1250 W

Powder flow rate 10 g/min 10-750-1 10-1000-1 10-1250-1

12 g/min 12-750-1 12-1000-1 12-1250-1

14 g/min 14-750-1 14-1000-1 14-1250-1

1500 mm/min 750 W 1000 W 1250 W

Powder flow rate 10 g/min 10-750-1.5 10-1000-1.5 10-1250-1.5

12 g/min 12-750-1.5 12-1000-1.5 12-1250-1.5

14 g/min 14-750-1.5 14-1000-1.5 14-1250-1.5

3.1 Overall clad formation and relation with linear
energy density

During the printing process, cases {10-750-1.5, 12-750-
1.5, 14-750-1.5} resulted in balling and the absence of a
clad. Upon cooling, the metal “balls” were found to have not
bonded with the substrate and fell off easily. An example
of such failed prints is shown in Fig. 5(a). Cases {10-750-
1, 12-750-1, 14-750-1} also resulted in some balling, but
they were found to have bonded with the substrate. Other
cases resulted in a well-bonded clad, as shown in Fig. 5(b).

A key metric to define the heating environment [29],
which in turn can lead to the balling and failure of clad
formation (or lack thereof) is the linear energy density, E:

E = P

v
, (2)

Fig. 2 Powder flow rate measurement setup with a digital weighing
scale. A camera was used to record the weight increment over
a duration of 1 min. For each voltage input, measurements were
conducted thrice to obtain an average powder flow rate output

where P is the laser power and v is the laser traverse speed.
As shown by (2), the linear energy density is based on
the amount of energy given over a certain length of the
clad and is independent of powder flow rate. Therefore, the
effect of a higher flow rate where more energy is redis-
tributed to melting the incoming powder and less is used
to melt the substrate will not be captured by linear energy
density [30].

Referring to cases {10-750-1.5, 12-750-1.5, 14-750-1.5},
where both balling and absence of the clad occurred, and
cases {10-750-1, 12-750-1, 14-50-1}, where some balling
occurred at the sides and the clad just barely bonded,
the linear energy density was 30 J/mm and 45 J/mm,
respectively. Therefore, one can infer that a lower limit
of the linear energy density for the clad to be properly
bonded to the substrate exists. Through a parametric search
with process parameters not stated in Table 2, this critical
linear energy density was found to be 40 J/mm. Note that
this value is valid only for the selected machine, printing
method, and material chosen for this study and therefore
should not be taken as general. The more important

Fig. 3 Schematic illustration of a clad sample as viewed from the (a)
top and at the (b) cross-section A-A. All dimensions in mm
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Fig. 4 Definition of the clad dimensions relative to the surface of the
substrate. The locations where the hardness test was conducted are
marked by×

takeaway is the existence of a lower limit for the linear
energy density.

3.2 Printing efficiency

By its definition in (1), the print efficiency, ηprint, demon-
strates that the process parameters do affect the overall
printing efficiency of the system. Generally, it is better to
have a higher efficiency to ensure that majority of the pow-
der that is being dispensed into the system forms the clad
rather than being blown away or ejected out of the melt
pool during printing. However, due to practical reasons, it
is impossible to have an efficiency of 100%. On the other
hand, poor efficiency due to inappropriate process param-
eter selection can be costly due to the amount of material
wastage. By knowing the efficiency of the selected process
parameters, the overall cost of the print can be estimated
from the amount of powder used.

Figure 6 depicts the various powder flow rates to the lin-
ear energy density and ηprint, which is defined in (1). For
ease of reference, the symbol size scales with the mag-
nitude of the traverse speed, with the largest representing
1500 mm/min. As the linear energy density increases, the
spread of the efficiency tends to be smaller, other than
an anomaly with a very high efficiency of 85% at E =

Fig. 5 Example of (a) a poorly bonded melt track and (b) a desirable clad

150 J/mm for powder flow rate ṁ = 10 g/min. Addi-
tionally, the spread tends to reduce in size as the flow rate
increases from 10 to 12 g/min and 14 g/min. The trend of
the gradient is similar within the same traverse speed group
for different powder flow rates. Figure 6 also shows that,
with an increase in P/v, the efficiency slope becomes gen-
tler, indicating a drop in the rate of change of efficiency,
though always in an increasing direction.

Specifically, cases {10-1250-0.5, 12-1250-0.5, 14-1250-
0.5, 12-1250-1.5, 14-1250-1.5} with a higher laser power
showed the highest printing efficiency ranging between 70
and 85%. In contrast, samples printed at 750 W resulted
in lower efficiency between 50 and 65% in general. The
higher printing efficiency from the higher laser power is
likely attributed to the availability of energy to melt more
powder so that it does not ablate out of the melt pool. Since
the efficiency does not tell how well the clad has adhered to
the substrate, analysis of the clad cross-section is needed to
understand the melt pool formation.

3.3 Vickers hardness measurement

This section will discuss the hardness measured from the 81
experimental samples. Governed by the Hall-Petch effect,
where the grain size is a determining factor [31], the
expected hardness of SS316L should be within 200 Hv [32].
Post printing, besides the refinement of the grain size
through cold working, there is no other mechanism to
enhance the hardness of the print [33].

The hardness distribution in Fig. 7 corresponds to the
data taken for the 81 samples, each at the six locations illus-
trated in Fig. 4. Generally, the distribution shows a mean
hardness of approximately 200 Hv, agreeing with similar
studies [34, 35]. With a standard deviation of 17.55 Hv,
the spread of the hardness distribution is reasonable consid-
ering that a hardness of 225 Hv has been reported for general
additively manufactured SS316L [36]. Likely, the manufac-
turing technique has some effects on the hardness, though
not prominent because of the dominating Hall-Petch effect.
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Fig. 6 Printing efficiency, ηprint, due to variations in linear energy
density and powder flow rate. Note that each cluster corresponds to
a different laser traverse speed and the size of the symbol scales

with the magnitude of the traverse speed ( : v = 500 mm/min, :
v = 1000 mm/min, : v = 1500 mm/min)

Therefore, Fig. 7 implies that the process parameters have
minimal effects on hardness.

3.4 Geometric characterization

The dimensional results of the printed clad samples with
variations in the three process parameters will be explored.
All 81 clads were first evaluated with respect to laser power,
laser traverse speed, and powder flow rate, each at three
different levels, using statistical and dimensionless analyses
in Sections 3.4.1 and 3.4.2, respectively. Additional clads
were printed with stainless steels of different compositions
than SS316L to validate the scaling effect in Section 3.4.3.
Finally, a demonstration on how the dimensionless analysis
can be applied during a practical printing case is presented
in Section 3.4.4.

3.4.1 Statistical analysis of clad dimensions and dilution

The plot in Fig. 8 shows the results with the normalized
thickness (>0) and depth (<0) in blue and red, respectively,
and the error bar is depicted by the black lines. All length
scales were normalized by the laser diameter, Dlaser =
3 mm. From Fig. 8(a), it is discerned that the magnitude

Fig. 7 Distribution of hardness of the 81 experimental samples.
Expected hardness for SS316L is 200 Hv [32], which is indicated by
the black dashed vertical line

of depth increases as the power increases. At 750 W, no
melting of the substrate was observed, resulting in zero
depth. Increasing the power to 1000 W resulted in some
depth at approximately −0.03Dlaser. At 1250 W, more
depth was obtained at approximately −0.12Dlaser. These
observations show that the melt pool had penetrated the
substrate. In contrast, the laser power appears to have small
effects on the printed thickness of the clad. Regardless of the
power used, there are very little differences in the thickness
of the clad, ranging only from 0.2 to 0.23.

The effect of traverse speed on the height of the clad
is significant, as shown in Fig. 8(b). As the traverse speed
was increased from 500 to 1000 mm/min and then further
to 1500 mm/min, the overall height decreased by >30%
and approximately 17%, respectively. The rate of reduction
of the magnitude of depth was less than that of thickness,
though exhibiting a similar trend. Hence, one may infer that
the traverse speed affects the height (depth and thickness
combined) most significantly.

In Fig. 8(c), the results reveal that the thickness increases
with powder flow rate, whereas the magnitude of depth
decreases. In general, a higher powder flow rate would
translate to more powder particles being injected into the
laser beam, so the energy would be more absorbed by
the powders, resulting in less energy for the substrate.
Consequently, the clad thickness may increase while the
magnitude of depth may decrease. As a result of this
countering effect, the powder flow rate did not have a
noticeable effect on the overall clad height.

The importance of knowing the dimensions is to
determine if the printed clad is well bonded to the substrate,
using metrics such as dilution. The definition of dilution
depends on the method used to characterize it, which can be
through either geometrical or metallurgical means. Studies
conducted by Toyserkani et al. and Zhao et al. [37–39]
have proposed using the ratio of the volume of the molten
substrate to the volume of the deposited layer, which would
be accurate, but only feasible if the clad and substrate are
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Fig. 8 Histogram of normalised thickness and depth plotted against the three process parameters, (a) laser power, (b) traverse speed, and (c)
powder flow rate. The reference length for normalization is the laser diameter, Dlaser = 3 mm

of different materials or if the process is computed in a
simulation. Since the clad and substrate in this study are
of the same chemical composition, the dilution, δ, was
evaluated with the most common method instead, which
formulates as [37]:

δ = d

d + t
, (3)

where d is the depth of the melted clad and t is the thickness
of the clad (see Fig. 4). Samples of varying degrees
of dilution are depicted in Fig. 9, showing the different
types of clad that had been fabricated by varying the process
parameters.

Generally, a dilution between 10 and 30% indicates a
good melt pool formation [34, 39]. On the one hand, low
or no dilution may lead to porosity and air bubbles forming
underneath the clad, or poor bonding that results in delami-
nation. On the other, high dilution rates may induce porosity
due to keyhole welding effects [40]. Figure 10 describes
the distribution of 33 clads (out of the 81 samples) with
no dilution and poor adhesion to the substrate. Categoriz-
ing these 33 samples under the three parameters shows
that the effect of laser power on dilution is the most sig-
nificant. Specifically, 60% of the clads without dilution
corresponds to the low power setting of 750 W. Increas-
ing the laser power reduced the likelihood of no dilution,
with the counts dropping to 30% and 10% for 1000 W and
1250 W, respectively.

In contrast, both the traverse speed and powder flow rate
do not appear to have any significant effect on the dilution.
Within the 33 samples with no dilution, the distribution
is generally uniform regardless of the traverse speed and
powder flow rate settings. These findings are consistent with
the results in Fig. 8, where the laser power was found to
yield the most effect on the depth of the clad, since a higher
laser power would result in more of the substrate melting.

3.4.2 Dimensionless analysis

In this section, an in-depth evaluation of the effects of the
three process parameters on the various dimensions of the
clad formation is presented. Note that this study limited
the number of process parameters by choice to emulate the
typical control one can intuitively exert over a commercial
DED printer. If necessary, the analysis can be expanded
to include more variables, for instance, hatch spacing and
layer thickness. To derive a trend between the geometric
variables (i.e., thickness, depth, and width) and the three
process parameters (i.e., laser power, laser traverse speed,
and powder mass flow rate), a dimensionless analysis based
on Buckingham � theorem [41, 42] was implemented.
Samples without dilution were excluded based on the
assumption that scaling should only exist for the well-
bonded regime. If balling and unbonded clad exist, there
is no width or height to evaluate anymore. Additionally,
the analysis considers only a nozzle size of approximately

Fig. 9 Center cross-section of three different clad samples: (a) Case 14-750-1 that has no visible dilution. (b) Case 14-1250-1.5 with a small
dilution. (c) Case 12-1250-0.5 with good dilution within the recommend range of 10 to 30%

954 The International Journal of Advanced Manufacturing Technology (2023) 125:947–963



Fig. 10 Distribution of 33 clads with no dilution with respect to the three process parameters, (a) laser power, (b) laser traverse speed, and (c)
powder flow rate

3-mm diameter because a variation in the nozzle diameter is
not expected to substantially affect the formulation.

The development of the dimensionless analysis is as
follows:

1. Any one of the clad geometrical dimensions (width,
depth, and thickness; see Fig. 4) is assumed to be a
function of the process and system parameters. Based
on experience, five parameters, namely laser power, P ,
laser traverse speed, v, powder flow rate, ṁ, laser diam-
eter, Dlaser, and powder melting rate (here specific to
SS316L), ω̇316L, were selected due to their typical dom-
inating influence on print dimensions. This assumption
is given by:

Lclad = f (P, v, ṁ, Dlaser
︸ ︷︷ ︸

Machine

, ω̇316L
︸ ︷︷ ︸

Material

) , (4)

where Lclad is a general notion for any one of the
clad dimensions. Note that thermophysical properties of
materials have been implicitly included in the powder
melting rate term, which can be expanded into:

ω̇ = Hf + c (TMP − Tref)

κ/ρc
, (5)

where Hf is the latent heat of fusion, c is the specific
heat capacity, TMP is the melting temperature, κ is
the thermal conductivity, and ρ is the density, all with
respect to SS316L in (4). The reference temperature is
taken from room condition: Tref = 300 K. Using values
from Ref. [43], the powder melting rate can be found
as: ω̇316L ≈ 5 × 1010 1/s.

2. The number of non-dimensional variables that can be
extracted for this study is given by the difference
between the number of dimensional terms (six in
(4), including the left-hand-side) and the number of
dimensions (three for lengthscale, timescale, and mass,
based on the units of the dimensional terms). Therefore,
(4) can be rewritten in terms of three non-dimensional
terms:

Lclad/Dlaser = g (�i, �ii) , (6)

where the � terms are not unique and can be made
up of any combination of the dimensional parameters
stated on the right-hand-side of (4). For a systematic
derivation of the dimensionless terms, the readers can
refer to the thorough study by Coatanéa et al. [20].

3. Here, a suitable set of� terms and g function was found
to be:

�i = P

ṁv2
, �ii = Dlaserω̇316L

v
,

g (�i, �ii) = h
(

�i
�ii

)

= h (�1) .

Hence, the right-hand-side of (6) can be expressed
instead as a function of a single �1 term given by:

�1 =
(

P

v

)

1

ṁDlaserω̇316L
, (7)

which can be interpreted as the ratio of laser deposition
energy (P/v) to energy needed to melt the metal
powder (ṁDlaserω̇316L), both specific to a linear
distance (i.e., per unit length). Equation (7) shows that
�1 increases as the power increases, or as either powder
flow rate or traverse speed decreases, and vice versa.

Interestingly, (7), which is identical to the dimen-
sionless number given in Ref. [21], is similar to the
dimensionless number discovered by Rankouhi et al.
[19], which pertains to SLM. Specifically, both dimen-
sionless numbers can be factored into two parts, one of
which given by the linear energy density (P/v), which
was introduced in Section 3.1. The explicit appear-
ance of the linear energy density in both dimensionless
numbers explains why the term has typically been
regarded as a significant factor of print quality. How-
ever, unlike the linear energy density, �1 can show the
relative effect of all the three process parameters on the
dimensions of the clad size.

The difference between the DED and SLM dimension
numbers is contained in the other part, ṁDlaserω̇316L,
which is replaced by the ratio of specific heat capacity
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to the product of thermal conductivity, laser hatch spac-
ing, and laser scan speed in the SLM study [19]. This
similar, but not identical non-dimensional combina-
tion of parameters demonstrates the inherent influential
elements of laser-based manufacturing techniques, as
well as the distinction between two different printing
methods.

4. By design, (4) and (6) should hold true for any of the
geometrical dimensions. For example:

d/Dlaser = h(�1) , t/Dlaser = h′(�1) ,

(d + t)/Dlaser = h(�1) + h′(�1)

= h′′(�1) .

(8)

5. Since dilution in this work is defined as the ratio of clad
depth to clad height (see (3)), it can be interpreted as the
normalized, non-dimensional depth and should also be
a function of �1:

δ = d

d + t
= d

Dlaser

Dlaser

d + t

= h(�1)

h′′(�1)
= h′′′(�1) .

(9)

Using the dimensionless analysis, it is possible to
generate regions of clads that represent different regimes.
Figure 11 is a schematic illustration that sketches three
distinct types of clad formation along the characteristic
curve given by:

w

Dlaser
= h (�1) .

Region 1 on the leftmost portion (i.e., low �1) corresponds
to clads that will generally not bond properly with the
substrate (cf. Figure 5(a)) due to low relative laser power.
The region will also exhibit high sensitivity to �1, resulting
in steep variation in dilution and clad dimensions with small
�1 increment as the clad transitions from poor to marginally
acceptable bonding with the substrate. Crossing into region
2, which can cover a sizable �1 range, the clad formation
will stabilize, resulting in a good dilution range that
corresponds to a well-bonded clad (see Fig. 5(b)). Because
of the stabilization, the deviation in clad dimensions from
the characteristic �1 curve should be small too, rendering
region 2 optimal for quality prints. While the trend should
continue into region 3, the associated high relative laser
power will likely lead to an excessive melt pool or even
keyhole welding. As a result, this high �1 zone will
possibly be characterized by a wide spread in dilution
and clad dimensions, so maintaining a consistent print in
region 3 can be challenging. For this reason, along with
the corresponding exorbitant laser power that translates to
a high cost, region 3 is seldom engaged on purpose in

regular DED operations. Hence, all the 81 clads printed
for this study reside only in regions 1 and 2 since there is
no practical purpose to expend any resources for region 3,
though it should still be assessed in the future for academic
interests.

The 48 printed clads with non-zero dilution are plotted
with the non-dimensionalized width, w, thickness, t , and
depth, d, against �1 in the top, middle, and bottom graphs
of Fig. 12, respectively. The color scale indicates the linear
energy density ranging from 50 to 150 J/mm. Note that the
values in the color bar have been normalized by 100 J/mm.
Like illustrated in Fig. 11, the width displays a larger
variation (up to 0.4Dlaser) for �1 � 3, but stabilizes into
a relatively linear trend (varies within 0.2Dlaser) as �1

increases beyond 3. However, the variation in width is not
as drastic as portrayed in the schematic diagram, possibly
because of the limitation to present only clads with non-zero
dilution.

On the other hand, the thickness and depth seem to
have less deviations than the width, likely due to the lower
magnitude of the two variables (within 0.3Dlaser, while the
width can reach Dlaser). Overall, all three dimensions can
apparently be fitted reasonably by a first-order polynomial
line with respect to �1. The resulting best fit lines can be
expressed as:

w

Dlaser
= 0.0522�1 + 0.744 , (10a)

t

Dlaser
= 0.0423�1 + 0.083 , (10b)

d

Dlaser
= 0.0360�1 − 0.012 , (10c)

and are indicated by a solid red line in Fig. 12.
Regions 1 and 2 are more clearly demarcated by

plotting dilution, δ = d/(d + t), against �1, as shown
in Fig. 13, where the shaded grey region indicates the
recommended dilution range of 10 to 30% for a good melt
pool formation [34, 39]. On the left of Fig. 13, where �1 is
low, region 1 shows clads with a large variation in dilution
(approximately 0 to 0.5) for a range of �1 = [1.5, 3].
This cluster contains clads of low height, some of which
with dilution close to 0, indicating that the clads in region 1
are typically flat and not well-bonded to the substrate, like
the inset for region 1 in Fig. 11. Therefore, for the sake
of determining a suitable set of process parameters for a
successful print, region 1 should be avoided as the clads
printed may be of poorer quality. This exclusion effectively
means that the setting of process parameters that results in
low �1 value is generally not recommended.

As compared to region 1, region 2 has a more stable
dilution with less variations with respect to �1 value,
ranging from 10 to 50% for �1 = [3.5, 6] in accordance
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Fig. 11 Schematic illustration of the non-dimensional width, plotted
against the non-dimensional �1 term, which will reveal three gen-
eral regions of clad formation. Center cross-sections representative of
regions 1 and 2 and different clad height are shown by the insets. The

insets show a possible trend of clad formation that should stabilize
around the range of�1 in region 2. More spread and growth in the clad
width will be expected when crossing into region 3

with Fig. 13. These clads were generally well-bonded due
to sufficient melting of both powder and substrate.

The two clusters of dilution scatter denoting regions 1
and 2 in Fig. 13 indicate a discontinuity as �1 increases
from 3 to 3.5. In contrast, the width, thickness, and depth
scatters in Fig. 12 appear to be more continuous with �1.

Combining all the findings so far, a reasonable inference
for applications concerning DED of SS316L parts will be

to operate with a combination of process parameters that
corresponds to region 2. Here, this particular region was
found to correspond to �1 > 3, and is analogous to the
process windows that are suggested in previous studies
for metal powder bed additive manufacturing [19, 45].
Interestingly, the presented empirical observations appear to
be supported by numerical results of the same �1 range as
well. The simulations, performed by Zhang et al. [44], are

Fig. 12 Non-dimensional width (top), thickness (middle), and depth
(bottom) plotted against non-dimensional parameter, �1 (see (7)). ◦
denotes the 48 samples (out of 81 samples) with dilution > 0 and
indicates the simulation results from Ref. [44]. The sample points are

colored by the linear energy density, P/v, normalized by 100 J/mm.
Overall, the three clad dimensions appear to be reasonably fitted by a
first-order polynomial line with respect to �1. The expressions for the
three best fit lines, denoted by a solid red line, are given in (10)
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Fig. 13 Clad dilution plotted against the non-dimensional parameter,
�1 (cf. (7)). The shaded grey region indicates the recommended
dilution range of 10 to 30% [34, 39]. Refer to Fig. 12 for further
details on the remaining notations of this plot. Similar to the
schematic illustration in Fig. 11, two regions can be seen, separated
discontinuously at approximately �1 = 3. Large variation in dilution
is first observed at lower �1, which reduces to smaller deviations as
�1 increases beyond 3

denoted by in Figs. 12 and 13, where good agreement with
the measured w, t , d, their respective best fit lines, and δ can
generally be seen.

3.4.3 Validation of dimensionless analysis

Validation of the dimensionless analysis based on Bucking-
ham � theorem was conducted to ensure that the scaling
with non-dimensional clad width, thickness, and depth and
the non-dimensional parameter, �1, which denotes the ratio
of laser deposition energy to the energy needed to melt
the metal powder (see Section 3.4.2 for derivation), indeed
applies. To do so, 48 additional clads, one half with Udde-
holm Corrax [46] and the other with BÖHLER M789
AMPO [47], were printed with different sets of process
parameters that cover a range of �1 = [1, 18]. Corrax
and M789 are specialized stainless mold steel and maraging
steel, respectively. While still belonging to the class of steel,
Corrax and M789 will display different behaviors from each
other, as well as from SS316L due to the differences in their
element composition (see Tables 1 and 3). Similar to the
analysis performed on the 81 SS316L clads in the preceding
section, the clad width, thickness, and depth were measured
for each prescribed �1 value. These measured data will be
referred as the “Actual” results.

From the SS316L dataset evaluated in Section 3.4.2,
best fit lines of first-order polynomial with respect to �1

have been extracted for the non-dimensional clad width,
thickness, and depth. Using the best fit lines’ expressions
shown in (10) and given �1, the clad characteristic lengths
can be predicted. The dilution can be further determined
since it is defined in (3) as the ratio of depth to the
sum of depth and thickness. Note that the best fit lines
were derived from a range of �1 up to 6 (see Fig. 12),
so some of the calculations here are extrapolation rather
than interpolation, thus truly challenging the applicability
of the dimensionless analysis. These predicted data will be
labelled as the “Calculated” results.

The comparison of the actual and calculated non-
dimensional clad width, w, thickness, t , and depth, d, is
given in left, center, and right correlation plots of Fig. 14,
respectively. Unlike Figs. 12 and 13, the color scale here
indicates the magnitude of �1, so a different color scheme
was used. The datapoints of Corrax and M789 are denoted
by square and diamond symbols, respectively. Except for
clad thickness, the calculated clad dimensions appear to
agree reasonably with their actual counterparts. Specifically,
both the clad width and depth of Corrax show a correlation
of more than 80%, while that of M789 display correlation
of 73% and 66%, respectively.

For clad thickness, the actual and calculated results
generally match better for the lower �1 < 10 range.
As �1 increases, the fitting begins to overpredict the clad
thickness. Recall that the best fit lines were extracted from a
range of �1 = [1, 6], such a discrepancy is not unexpected
and suggests that, for thickness: (i) a larger �1 range than
that evaluated in Section 3.4.2 is needed to better represent
Region 2; and (ii) the model may require a higher-order
polynomial function. Despite its incompatibility with the
higher �1 range, the thickness fitting still returns a good
correlation of approximately 90% when the evaluation is
limited to datapoints that correspond to �1 < 10.

The dilution of the Corrax and M789 clads is plotted
against �1 in Fig. 15, along with that of SS316L from
Fig. 13, repeated here for reference. Note that the color
range in Fig. 15 has been shifted to account for the larger
range of linear energy density that has been covered in this
validation study. Like in Fig. 14, the points of Corrax and
M789 are denoted here by square and diamond, respectively.

Even with the additional information from the Corrax
and M789 clads, the discontinuous separation of regions
1 and 2 is still apparent in Fig. 15. However, instead of

Table 3 Element composition of Uddeholm Corrax and BÖHLER M789 AMPO powders [46, 47]

Element C Mn Si Cr Ni Mo Ti Al Fe

Corrax (%) 0.03 0.3 0.3 12 9.2 1.4 0 0 Balance

M789 (%) 0 0 0 12.2 10.0 1.0 1.0 0.6 Balance
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Fig. 14 Correlation plots for measured (Actual) and predicted (Cal-
culated; based on (10)) non-dimensional clad width (left), thickness
(center), and depth (right). The sample points of Corrax and M789 are
differentiated by square and diamond symbols, respectively, and are

colored by the non-dimensional parameter, �1, which ranges from 1
to 18 here. The correlation is reasonably good (i.e., generally more
than 70%) for width and depth. For thickness, the correlation is only
satisfactory when limited to the �1 < 10 range

a vertical cutoff as postulated in Section 3.4.2, the gap
appears to be described by 0.025�1 + 0.3, where �1 > 3.
Correspondingly, regions 1 and 2 overlap over a range of
�1 = [3, 9] here. The cause of the switch from region 1 to 2
is beyond the scope of this paper, but should be an important
mechanism to explore in future studies. These differences
also reiterate the importance to progressively expand the
parametric space of the dimensionless analysis for a better
representation of the clad characteristic lengths.

Overall, this validation study presents a reasonably
good agreement between the actual and predicted clad
characteristic lengths, even when the best fit models were
applied to different stainless steels and extrapolated to
larger �1. Hence, the dimensionless analysis developed in
Section 3.4.2 is validated and seemingly general to most
steel-based powders.

3.4.4 Application of dimensionless analysis

This section presents how the dimensionless analysis is
envisioned to be applied in the practical DED processes.
Listed in the following are the various key steps:

1. Clad information should be collected before printing to
construct the characteristic lines as shown in Fig. 12.

2. Based on user’s needs, a set of width, thickness, and
depth can be prescribed, while the dilution can be
estimated.

3. Then, from Fig. 12, or equivalently Fig. 13, the cor-
responding non-dimensional parameter, �1, can be
derived.

4. With �1 known and given laser spot size and thermo-
chemical properties of the prealloyed powder, the three

Fig. 15 Clad dilution of SS316L (circle), Corrax (square), and M789
(diamond) plotted against the non-dimensional parameter, �1. The
shaded grey region indicates the recommended dilution range of 10
to 30% [34, 39]. The sample points are colored by the linear energy

density, P/v, normalized by 100 J/mm. Note the difference in color
range from Fig. 13 due to the larger range of linear energy density cov-
ered here. Like before, two regions that are separated discontinuously
can be observed, with regions 1 and 2 overlapping over �1 = [3, 9]
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Table 4 Tabulation of expected and measured clad width, thickness,
and depth for �1 of 3 and 4.3, each with three clads printed

Measured

�1 = 3 Expected Clad 1 Clad 2 Clad 3

w/Dlaser 0.902 0.883 0.884 0.930

t/Dlaser 0.211 0.189 0.198 0.202

d/Dlaser 0.097 0.096 0.103 0.103

�1 = 4.3 Expected Clad 1 Clad 2 Clad 3

w/Dlaser 0.971 0.954 0.951 0.940

t/Dlaser 0.267 0.258 0.271 0.261

d/Dlaser 0.143 0.160 0.153 0.143

process parameters, namely laser power, traverse speed,
and powder flow rate, can be set accordingly using (7).

Consider the following application with SS316L powder
and a commercial DED printer: The clad needed is of
0.9Dlaser wide, 0.2Dlaser thick, and 0.1Dlaser deep. From
Fig. 12, the corresponding �1 for this application is
approximately 3. Recognizing the industry’s emphasis in
high-throughput rate, maximizing laser traverse speed is
arguably the logical choice. Supposed the printer has a
maximum laser power of 1200 W and small powder mass
flow rate variations about 12 g/min, the highest traverse
speed will then approximately be 816 mm/min.

Another scenario may see the user requiring a clad with
larger width, thickness, and depth of Dlaser, 0.3Dlaser, and
0.15Dlaser, respectively, thus necessitating a larger �1 of
approximately 4.3. Assuming that the printer in this case
is limited to a maximum traverse speed of 616 mm/min
and fixed powder mass flow rate of 12 g/min, the corre-
sponding laser power will then approximately be given by
1300 W.

For each of the two cases, three SS316L clads were
printed using the aforementioned settings. The measured
characteristic lengths of the six SS316L clads are tabulated
in Table 4. The mean errors in clad width, thickness, and
depth are illustrated in Fig. 16, all within a 10% range, thus

confirming once again the applicability of the dimensionless
analysis developed in Section 3.4.2. More importantly, this
demonstration shows how the dimensionless analysis can be
intuitively applied and hence has the potential to be adopted
by the DED community as a standard tool.

4 Conclusions

In this paper, the characterization of single-track laser
deposited stainless steel clad was performed using a
dimensionless analysis derived for the DED process.
Recognizing the importance for industry adoption, the
analysis had placed specific emphasis in using only
parameters that are available on commercial printers and
can be prescribed before printing, along with prealloyed
powder so that the thermochemical properties are fixed,
thus keeping the analysis as simple for implementation as
possible. The study was constructed with 81 clad samples,
with repeatability ensured through a wide sample range per
parameter. A dimensionless parameter, identical to that in
a previous study [21], was found and verified with further
experiments. The application of the dimensionless analysis
for practical DED operations was demonstrated through
explicit examples.

Major findings from this study are as follows:

• SS316L clads printed with the DED technique can be
classified by the clad dimensions and hardness of the
cross-section of each clad.

• Hardness of SS316L DED tracks generally averages
around 180 Hv to 220 Hv, which is close to the typical
SS316L hardness of 200 Hv. The mild influence from
the manufacturing technique is attributed to the Hall-
Petch effect where the material hardness is determined
by its grain size.

• The most significant parameter for clad depth is
laser power due to its huge impact on the melt pool
formation. However, laser power appears to have little
influence on the clad thickness.

Fig. 16 Percentage error
between expected and measured
clad width, thickness, and depth
for �1 of 3 and 4.3, averaged
over the three clads printed for
each �1 case
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• The dominant parameter in determining the overall clad
height of the part is the laser traverse speed. Increment
in the traverse speed will result in a lower clad height
and vice versa.

• Higher laser power seems to reduce the likelihood of
clads being formed with zero dilution. Such an effect
on the dilution was not observed for both traverse speed
and powder flow rate.

• The dimensionless parameter for DED clads can be
interpreted as the ratio of laser deposition energy to
the energy needed to melt the metal powder. Best fit
lines of first-order polynomial functions with respect
to the dimensionless parameter were extracted from the
SS316L dataset and verified by reasonable agreement
attained in applications to stainless mold steel and
maraging steel.

Future work can consider applying the clad models to
predict and quality control thin wall structures from DED
process. Extension of the analysis to materials other than
stainless steels and, as suggested by Coatanéa et al.[20],
an integration with other additive or even traditional
manufacturing techniques will test the generality of the
dimensionless analysis. The analysis can also be useful in
providing constraints to guide real-time monitoring [48] or
control algorithms [10] that can enhance the quality of parts
manufactured by the DED process.
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