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Abstract: The surface quality of parts fabricated using laser-directed energy deposition additive
manufacturing significantly affects the fatigue life, corrosion resistance, and performance of the com-
ponents. Surface quality improvements remain a key challenge in laser-directed energy deposition
because of the involvement of multiple simultaneously occurring physical phenomena controlling
the surface characteristics. Here, a unique combination of structured light scanning characterization
and mechanistic modeling was used to identify three key physical factors that affect surface quality.
These factors include a geometric factor, an instability factor, and a disintegration factor, which were
calculated using a mechanistic model and correlated with the surface characteristics data obtained
from the structured light scanning characterization. It was found that these factors can precisely
explain the variations in the average surface roughness. In addition, skewness and kurtosis of the
surfaces made by laser-directed energy deposition were found to be significantly better than those
observed in traditional manufacturing. Based on the experimental and modeling results, a surface
quality process map was constructed that can guide engineers in selecting appropriate sets of process
variables to improve deposit surface quality in additive manufacturing.

Keywords: directed energy deposition; laser processing; 3D printing; LENS; surface roughness;
skewness; kurtosis; dimensionless variables; modeling; optical measurements

1. Introduction

Additive manufacturing (AM), particularly laser-directed energy deposition (LDED),
has revolutionized the production of complex components with intricate geometries [1,2].
However, the surface quality of deposits produced using LDED remains a critical con-
cern [3,4] as it directly impacts the fatigue life [5,6], corrosion resistance [7], and overall
performance of the manufactured components. For example, rough surfaces of additively
manufactured parts were shown to act as fatigue crack initiation sites and degrade fatigue
life [5]. In addition, rough surfaces generally have a larger interfacial area with the corrosive
environment during service, which can increase the rate of corrosion [7]. Therefore, part
surface quality improvement is a formidable challenge for manufacturing superior parts
using LDED, which is the main motivation behind this work.

Several attempts have been made to improve the surface quality in LDED (Table 1).
Both experimental [8–16] and computational [17–23] approaches have been used. It is
evident from Table 1 that the overall limitation of the experimental approach [8–16] is
that it needs time-consuming and expensive trial-and-error adjustments of many process
variables. Post-process machining and grinding add an extra cost and often cannot be
applicable to the internal surfaces. Post-process laser polishing [8–10,12] is also expensive
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and can promote other defects and undesirable microstructure. The surface quality of
LDED parts is affected by multiple simultaneously occurring physical phenomena [1]. An
in-depth fundamental understanding of these phenomena is still evolving, and the avail-
able computational models [17–20] are often inadequate to predict surface characteristics
accurately. Among the existing computational approaches, mechanistic modeling of LDED
processes is important. Mechanistic modeling includes part-scale finite element models,
molten-pool-level computational fluid dynamics models, and powder scale models. These
existing models are often inadequate in providing a detailed insight into the evolution
of surface characteristics and are computationally expensive. In LDED, the part surface
quality is affected by the deposit geometry and deposition pattern [24,25]. Hydrodynamic
instability [26–28] of the molten pool can form a wavy deposit surface, often resulting in
a rough part surface. Under certain circumstances, the molten pool can disintegrate into
small islands, which, upon solidification, can form balls on the deposit surface and degrade
surface quality [29,30]. Once these physics-based factors can be quantified and calculated,
they can be correlated with the experimentally measured surface characteristics data to
reveal insights into surface quality and ways to improve it. With the progress in non-contact
measurements [31–36], it is now possible to extract high-quality data on surface quality.
Therefore, what is needed and not available is a method to identify, quantify, and calculate
the most important physical factors that affect deposit surface quality and establish a
correlation between them and the experimentally measured surface characteristics.

Table 1. Selected examples of using experimental [8–16] and computational [17–23] approaches to
improve surface quality in laser-directed energy deposition.

Approach Limitations Reference

Experimental

Post-process laser polishing
with optimized processing

conditions was used.

The process is expensive,
difficult to apply for internal

surfaces, and can promote
other defects and undesirable

microstructure.

[8]

Post-process laser remelting
removed the traces of the

spatter and unmelted
powder to improve the

surface quality.

The process is
time-consuming, expensive,

and applicable only to
external surfaces.

[9,10]

Post-process laser remelting
reduced surface roughness

and waviness.

The process is tested only for
thin wall structures. In

addition, there is no guided
approach to select the power

of remelting laser.

[11]

Post-process laser polishing
was applied at different laser

energy levels to improve
surface finish.

The process is
time-consuming and
applicable only to the

external surfaces.

[12]

An annular laser beam
produced a higher

temperature at the deposit
edges than at the center and

was beneficial to obtain
smooth surfaces.

Commercial LDED machines
have limited flexibility in

adjusting the laser
beam profile.

[13]

The scanning direction was
changed between two
consecutive layers to
minimize the surface

unevenness.

Changing scanning direction
between layers can result in

other defects such as lack
of fusion.

[14]

Process parameters such as
power of the laser beam and

scanning speed were
adjusted to improve

surface quality.

Trial-and-error adjustment of
process variables is

time-consuming
and expensive.

[15,16]
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Table 1. Cont.

Approach Limitations Reference

Computational
and data sciences

A three-phase computational
fluid dynamics model was

used to observe the melting
dynamics of individual

powder particles to
understand the evolution of

surface features.

Powder scale models
simulating the dynamics of
individual powder particles

are computationally
intensive and can not be used

in real time.

[17]

A thermal finite element
simulation was used to

adjust the laser power to
control the melt pool

dimensions and
surface quality.

A limited understanding of
the relations between the

temperature field and surface
quality can make the

part-scale thermal models
inefficient.

[18]

A simplified geometric
model was used to obtain the

track overlap to
approaximately predict the

surface smoothness.

This model did not consider
the effects of temperature

fields and molten pool
geometry on surface quality.

[19]

Multiphysics
Object-Oriented Simulation
Environment based model

was used to obtain the
deposit surface features.

This approach did not
provide the local surface

roughness, skewness,
and kurtosis

[20]

Statistical correlations and
machine learning

frameworks were established
to reduce surface roughness

by adjusting
process variables.

The use of statistical
correlations and machine
learning depends on the

availability of
high-quality data.

[21–23]

Here, a unique combination of structured light scanning characterizations of the
deposited surfaces and mechanistic modeling was used to identify three key physical
factors that affect the surface quality, including a geometric factor, an instability factor,
and a disintegration factor. These factors were calculated using a mechanistic model that
was rigorously tested using independent experimental data of LDED of stainless steel
316. The computed values of the three physical factors were correlated with the surface
characteristics data obtained from the structured light scanning characterization. Apart
from the average surface roughness, the skewness and kurtosis of the deposit surfaces
made by laser-directed energy deposition were compared with those observed in traditional
manufacturing. Based on the experimental and modeling results, a surface quality process
map was constructed that can be used to select appropriate sets of process parameters
to improve the deposited surface quality. The mechanistic modeling used in this work,
although simplified, is computationally efficient and can provide an in-depth scientific
understanding of physical factors affecting surface quality in additive manufacturing.
Providing scientific insights into surface quality development based on physical factors is a
unique contribution to the field. Although the methodology was developed and tested for
LDED, a similar approach can also be used to improve surface quality for other additive
manufacturing processes, such as laser and electron beam powder bed fusion and wire arc
additive manufacturing.

2. Methodology

In this work, several parts were fabricated using laser-directed energy deposition.
The surface profiles of the parts were measured by a structured light scanning method. A
mechanistic model of the LDED process was validated against the experimental data and
used to calculate the three physical factors responsible for determining the surface qualities
of parts. The methodology used in this work is schematically represented in Figure 1 and is
explained in detail below.
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Figure 1. Schematic representation of the methodology used in this work. Structured light scanning
was used to measure the surface profile of the parts made by laser-directed energy deposition (LDED).
A mechanistic model of LDED process was used to calculate the three physical factors responsible for
determining the surface qualities of parts. The computed values of the physical factors were tested
against the surface characteristics measured by the structure light scanning.

2.1. Fabrication of Parts Using Laser DED

The samples were fabricated using the AMBIT Directed Energy Deposition/HAAS
UMC 750 hybrid system, incorporating gas-atomized stainless steel 316 powder sourced
from Carpenter Additive, U.K. During the fabrication of 18 samples, the laser power varied
between 400 and 700 W with a step of 100 W, and the scanning speed varied between
450 and 750 mm/min with a step of 50 mm/min. The powder mass flow rate was kept
constant at 0.083 g/s. All other process parameters remained constant (Table 2). The
experiments were designed to investigate the variations in the surface characteristics of
AM components with the intricate interplay of laser power and scanning speed. The square
samples with a dimension of 22 × 22 mm were prepared by depositing consecutive layers
oriented perpendicular to each other on a stainless steel 316 substrate. Since the surface
features or anomalies formed after the deposition of a layer are redefined as the layer is
remelted during the building of subsequent layers, the surface characteristics are measured
only for the final deposited surfaces, as described below.



J. Manuf. Mater. Process. 2024, 8, 124 5 of 19

2.2. Structured Light Scanning Characterization of Part Surfaces

After the parts were fabricated, the surface characteristics were measured using a
lab-built structured light scanning (SLS) system [33,34], consisting of a camera for image
capture and a projector for fringe pattern projection, as depicted in Figure 2. Coded fringe
patterns were projected onto the part surface, and the camera captured distorted phase
lines for 3D reconstruction into point cloud data. The camera, equipped with a telecentric
lens at a 0.486 magnification rate and a resolution of 1280 × 960 pixels, worked in tandem
with a projector with a 912 × 1140 pixels resolution. Phase retrieval employed 18-step
phase-shifted patterns, enabling the lab-built SLS system to achieve a surface topography
measurement with a ±5 µm accuracy at a scanning rate of 30 Hz. Figure 3a,b illustrates the
sample scanned using SLS, and Figure 3c shows the resulting reconstructed 3D image.
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Figure 2. (a) Actual setup and (b) schematic representation of the structured light scanning method
for measuring the surface characteristics.

For every part, the point cloud data representing the surface were measured in the
x-y plane (horizontal) and were stored as the matrix Z(x, y), with Z indicating the surface
height. The mean plane was computed based on all the captured points on the surface.
For each measured surface, the three surface characteristic descriptors, Sa (average surface
roughness represented by the arithmetical mean height), Ssk (skewness of surfaces), and
Sku (kurtosis of surfaces), were calculated following ISO 25178 [37] as

Sa =
1
A

x
|Z(x, y)|dxdy (1)

Ssk =
1
S3

q

[
1
A

x
Z3(x, y)dxdy

]
(2)

Sku =
1
S4

q

[
1
A

x
Z4(x, y)dxdy

]
(3)

where A is the area of the measured surface and Z(x, y) is the matrix of the surface height.
Sq represents the root mean square value of the surface height and is represented as [37]

Sq =

√
1
A

x
Z2(x, y)dxdy (4)

Surface skewness (Ssk) measures the deviation in height distribution from the mean
plane with a positive Ssk, indicating a deviation below the mean plane and a negative value
signifying a deviation above [37]. This information is valuable in determining whether the
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prominent features on the surface are peaks or valleys [37]. The surface kurtosis (Sku) serves
as an indicator of the sharpness of peaks and valleys. A Sku value exceeding 3 suggests
sharper features, while a value below 3 indicates more rounded peaks or valleys on the
surface [37].
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Figure 3. Image of the (a) 3D isometric view and (b) top surface of a stainless steel 316 part fabricated 
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Figure 3. Image of the (a) 3D isometric view and (b) top surface of a stainless steel 316 part fabricated
by laser-directed energy deposition. The part is 22 mm long and 22 mm wide and is made using 500 W
laser power, 9.17 mm/s scanning speed, and 0.083 g/s powder mass flow rate. (c) Surface profile of
the part within the region shown by a black dashed box in figure (b). The color bar represents the
surface height or depth in mm.

In this work, the primary interest was to understand the evolution of only the de-
posited surface qualities. That is the reason why the average roughness, skewness, and
kurtosis of the surfaces were measured, as discussed above. The dimensional accuracy of
additively manufactured parts is affected by thermal distortion, which is beyond the scope
of this work. In addition, the data for intermediate layers do not affect the final surface
quality for the two following reasons. First, the surface features formed after the deposition
of a layer are redefined as it is remelted during the building of subsequent layers. Therefore,
to obtain a detailed understanding of the surface quality of the part, it is sufficient to study
only the top or open surfaces. Second, surface characteristics have negligible effects on the
heat absorption and the formation of the molten pool compared to process parameters and
alloy properties. Therefore, the surface characteristics of the intermediate layers do not
contribute to the molten pool formation and the final part surface quality.
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It is worth noting that due to the capability of measuring surface topography in real
time, the system can capture each melting layer during the entire printing process. For this
study, the top surfaces were specifically measured since the external surfaces directly impact
product quality. In the meantime, apart from characterizing the areal surface roughness
parameters, it is also possible to identify visual printing defects on surfaces (e.g., cracks
and pits) through morphological 3D point cloud data processing, though this is not the
focus of this present work.

Table 2. Thermophysical properties [38] of stainless steel 316 and constant process variables.

Parameters Values
Thermal conductivity of alloy, W/mK 15

Specific heat, J/kgK 500
Density, kg/m3 7800

Latent heat of fusion, J/kg 272,000
Surface tension, N/m 1.5

Surface tension gradient with temperature, N/mK 0.0004
Solidus temperature, K 1693

Liquidus temperature, K 1733
Viscosity, Pa·s 0.007

Laser beam diameter, mm 2.0
Average powder diameter, microns 75
Shielding gas (Argon) velocity, m/s 5

Shielding gas (Argon) flow rate, L/min 4
Hatch spacing, mm 0.5

Ambient temperature, K 298
Laser absorptivity 0.3

2.3. Calculations of Temperature Fields and Deposit Geometry

Deposit geometry, fusion zone shape and size, and temperature fields significantly
affect the surface quality. A mathematical model is developed to calculate these parameters
from the process variables and thermophysical properties [38] of alloys (Table 2). The
following assumptions are made to make calculations simplified and tractable:

• The mechanistic model assumes a quasi-steady state of heat conduction [1]. In this
method, the coordinates along the direction of the laser beam scanning are transformed
to capture the scanning speed effect. The method also assumes that the substrate width
is significantly larger than the width of the deposited track.

• The energy from the laser beam is assumed to be concentrated at a point on the top
surface of the building deposit [1]. The transverse section of the deposit is approxi-
mated as a half-ellipse [39], whose major and minor axes are the half-width and height
of the deposit, respectively.

• The LDED process is in conduction mode. The effects of the convective flow of liquid
metal inside the molten pool [1], mainly driven by buoyancy and the spatial gradient of
surface tension on temperature fields, are neglected. However, the model is calibrated
against a 3D, transient numerical heat transfer and fluid flow model [39].

• Thermophysical properties of alloys are assumed to be independent of temperature.
The laser absorptivity is assumed to be a constant.

During the LDED process, a 3D-curved deposit geometry is formed because of the
melting and accumulation of powders. The transverse section of the deposit (perpendicular
to the scanning direction) is approximated as a half-ellipse, and its dimensions are calculated
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using the method described in [39]. The major axis (b) and minor axis (c) of the ellipse are
the half-width and height of the LDED deposit, respectively. They are calculated as [39]

b = fm rb
√

ηc (5)

c =
2

.
m

√
ηc

π fm rb V ρ
(6)

where fm denotes a fraction of the radius ( rb) of the laser beam, and its value [39] is
generally between 0.75 and 1.0. V is the scanning speed,

.
m is the mass flow rate of the

powder feedstock, and ρ is the alloy density. ηc is catchment efficiency defined by the
fraction of the powder mass captured into the pool. Huang et al. [40] showed that the
catchment efficiency is affected by the molten pool top surface area. Since the molten pool
size increases directly with the energy input, catchment efficiency can be represented using
the following parameter [39]:

Q =
P/V

Cp∆T + L
(7)

where P is the laser power, V is the scanning speed, Cp is the specific heat of the alloy, ∆T
is the difference between the solidus temperature of the alloy and the ambient temperature,
and L denotes the latent heat of fusion. The catchment efficiency is calculated from the
parameter (Q) using a polynomial reported in [39].

The length of the curved front edge of the molten pool is equal to the half-width of the
deposit (b) because the flow distribution of the powder stream shows a radial symmetry [39].
The temperature (T) at any location of the deposit is represented by [41]

T = T0 +
λ P

2 π k
√

x2 + y2
exp

−V
(

x +
√

x2 + y2
)

2 α

 (8)

where T0 is the ambient temperature and λ is the absorptivity. k and α are the thermal
conductivity and diffusivity of the alloy, respectively. x and y are the distances from the
laser beam axis along the length and width directions, respectively. The boundary of the
molten pool is tracked from the temperature field based on the solidus temperature of the
alloy. The values of molten pool dimensions are used to compute the three physical factors
for surface quality, as discussed below.

2.4. Three Physical Factors and Their Calculations

The physical significance of the three physical factors (Figure 1), their effects on surface
quality, and their calculations are explained below:

Geometric factor: Surface quality is significantly affected by the deposit geometry [24,25].
Higher hatch spacing and thicker deposits can increase the peak-to-valley distance (Figure 1)
and result in rough surfaces. In contrast, wider deposits result in flatter and smoother
surfaces. Therefore, surface roughness is directly proportional to the deposit height (c) and
hatch spacing (h) and inversely proportional to the deposit width (2b). The geometric factor
is defined by

G∗ =
c h

(2b)2 (9)

The geometric factor (G∗) is dimensionless. The deposit width (2b) and height (c)
are computed using Equations (5) and (6), respectively. Therefore, the geometric factor
includes the effects of layer height, hatch spacing, and deposit dimensions that depend on
the laser parameters.

Instability factor: Hydrodynamic instability [26,27] of the molten pool can form a
wavy deposit surface. Hydrodynamic instability is caused because of the differences in the
velocity of the liquid metal on the molten pool top surface and the shielding gas velocity.
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A dimensionless Richardson number (Ri) can be used to quantify the hydrodynamic
instability and is expressed as [26,27]

Ri =
g c(

Ug − Umax
)2 (10)

where g is the acceleration due to gravity and Ug is the velocity of the shielding gas. Umax
is the maximum velocity of the molten metal and is approximated as [42]

Umax =

[
dγ

dT
dT
dy

√
2b

0.664
√

ρ µ

]2/3

(11)

where dγ
dT is the surface tension gradient with temperature and µ is the viscosity of liquid

metal. dT
dy is the average temperature gradient on the molten pool top surface and is

calculated as
dT
dy

=
Tmax − Ts

π/4 (b + c)
(12)

where Tmax is the maximum temperature inside the molten pool and Ts is the solidus
temperature of the alloy. The dimension dy is the half-width of the deposit along the curved
top surface and is calculated by assuming the transverse section of the deposit is an ellipse.

Disintegration factor: It is well-known [29,30] that the molten pool during additive
manufacturing can disintegrate into small islands, which, upon solidification, can form
balls on the deposit surface and degrade surface quality. The solidification time indicates
the time during which the molten pool remains liquid. Therefore, a high solidification time
increases the chance of the molten pool disintegrating and degrading the surface quality.
In contrast, a high surface tension force prevents the molten pool from disintegrating.
Therefore, the disintegration factor (D∗) is represented by the ratio of solidification time
(tsol) to the surface tension force (ST) as

D∗ = tsol/ST (13)

The disintegration factor is normalized by dividing the values by their maximum.
Solidification time is calculated as the pool length divided by the scanning speed. The
surface tension force (ST) is calculated as [26]

ST = γ π (b + l/2) (14)

where γ is the surface tension of molten metal and l is the pool length.

3. Results and Discussions
3.1. Temperature Fields and Deposit Geometry

Since the temperature fields and deposit geometry significantly affect the surface
quality, they are calculated using the mathematical model described in Section 2.3. Figure 4a
shows the temperature profile on the longitudinal section (the plane along the scanning
direction) of the deposit. The curved shape of the LDED deposit near the front end of the
liquid pool is formed by the accumulation of powders. The isotherms are extended in a
direction opposite to the scanning, capturing the effects of rapid scanning. The sky-blue
region bounded by the liquidus (1733 K) and solidus (1693 K) isotherms is the solid–liquid
two-phase mushy zone. The molten pool is defined by the region surrounded by the
solidus isotherm.

To prove that the assumptions made in the model (Section 2.3) are correct and the
model is well-calibrated, the results were compared with a multiphysics heat and fluid flow
model [39]. Figure 4b shows the temperature profile on the longitudinal section under the
same processing conditions as Figure 4a but is calculated using a well-tested, 3D, transient
numerical model of heat transfer and fluid flow. The result is adapted from [39]. The
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temperature field results are quite different from those of the two models. The heat transfer
and fluid flow model considers the convective flow of molten metal, and the computed
velocity vectors are shown by black arrows (Figure 4b). The convective flow mixes cold and
hot liquid metal and significantly alters the temperature distribution inside the molten pool.
However, it can be seen that the deposit geometry and molten pool dimensions computed
using the mathematical model used in this work (Figure 4a) match reasonably well with
those calculated using the complex numerical model (Figure 4b). It provides the confidence
to use the simplified mathematical model to calculate the deposit geometry and molten
pool dimensions for estimating the surface quality. In addition, the mathematical model
used in this work is much more computationally efficient than the numerical model.
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Figure 5 explains the variations in deposit geometry and molten pool dimensions with
laser power and scanning speed. The orange region bounded by the liquidus (1733 K) and
solidus (1693 K) isotherms is the solid–liquid two-phase mushy zone. The molten pool is
defined by the region surrounded by the solidus isotherm. A higher laser power results in
a bigger molten pool and deposit (Figure 5b) than those in Figure 5a. A slower scanning
speed indicates a higher heat input per unit length of the deposit and thus results in a
bigger molten pool and deposit (Figure 5c) than those in Figure 5a. In addition, a slower
scanning speed allows more powders to deposit per unit length of the deposit, resulting in
a slightly thicker deposit (Figure 5c) than that in Figure 5a. Transverse sections (the plane
perpendicular to the scanning direction) of deposits computed using the mathematical
model match well with the corresponding experimental results [39] at different laser powers
(Figure 6). The slight mismatch between the computed and experimental cross-sections is
due to the simplifying assumptions made in the calculations as well as measurement errors.
Therefore, the well-tested mathematical model is used to compute the three physical factors
affecting the surface quality, as discussed below.
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3.2. Effects of Three Physical Factors on Surface Quality

Figure 7 explains the effects of the three physical factors (Section 2.4) on the average
surface roughness. The average surface roughness values are measured using structured
light scanning (Section 2.2). Here, the surface roughness is normalized by dividing it by the
average powder diameter. Larger powders are often difficult to melt, and partially melted
powders can attach to the deposit surfaces and increase surface roughness [43]. Therefore,
the average powder diameter has a direct relation with the surface roughness and is an
appropriate variable to normalize it [43]. Figure 7a shows that the surface roughness
increases with the geometric factor. Fabricating thinner and wider deposits can reduce the
geometric factor (Equation (9)) and thus the surface roughness. The geometric factor and
surface roughness can also be minimized by lowering the hatch spacing (Equation (9)) but
it may reduce productivity.
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Figure 6. Comparison between the deposit cross-sections computed using the model used in this
work and the experimentally measured cross-sections [39] of stainless steel 316 deposits made by
laser-directed energy deposition using (a) 1500 W and (b) 2500 W laser power. For both cases,
scanning speed and powder mass flow rate were 10.6 mm/s and 0.25 g/s, respectively. Yellow
dashed lines indicate the fusion zone boundaries.

The instability factor is represented by the Richardson number. The Richardson
number indicates the hydrodynamic instability of the molten pool, which is well-known
in both fusion welding and additive manufacturing literature. Figure 7b shows that the
surface roughness increases with the Richardson number. However, the increase in the
average surface roughness becomes less significant at higher values of the Richardson
number. A similar trend is observed in the average surface roughness with respect to the
disintegration factor (Figure 7c). For the processing conditions resulting in high values of
the disintegration factors, the molten pool can disintegrate into small balls and degrade
surface quality. To capture the combined effects of the three dimensionless physical factors,
a dimensionless surface quality number is defined as the product of the three factors,
assuming that the three factors have equal influence on the surface quality. As expected,
the average surface roughness increases with the dimensionless surface quality number
(Figure 8a).
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Figure 7. The ratio of the average surface roughness of the parts to powder diameter is represented as
functions of (a) the dimensionless geometry factor, (b) Richardson number indicating the instability
factor, and (c) the dimensionless disintegration factor. Here, the average surface roughness values are
measured using the structured light scanning. Corresponding values of the three physical factors
are calculated using the model used in this work. The error bars in the data points indicate the
measurement error in the surface roughness values. Mean absolute errors (MAE) for (a–c) are 0.015,
0.059, and 0.091, respectively. In addition, Root Mean Square Errors (RMSEs) for (a–c) are 0.021, 0.079,
and 0.114, respectively. The data are for parts made using 0.083 g/s powder mass flow rate. Laser
power was varied between 400 and 700 W with a step of 100 W and the scanning speed was varied
between 450 and 750 mm/min with a step of 50 mm/min.
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Although the average surface roughness is the most widely used parameter represent-
ing surface quality, it only describes the statistical values such as the heights and depths of
peaks and valleys. Under certain circumstances, the use of the average surface roughness
is limited. For example, the surface of an as-printed LDED part and a post-machined part
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surface can have the same average surface roughness. Therefore, other parameters, such as
skewness and kurtosis of the part’s surface, are often used to represent the surface quality,
as discussed below.

3.3. Skewness and Kurtosis of the Deposited Surfaces

Skewness is a representation of the surface profile of the mean line. A positive skew-
ness indicates that the surface primarily has peaks. In contrast, part surfaces with negative
skewness are generally composed of valleys. The sharpness of the peaks is represented by
kurtosis. Apart from representing the part surface quality, skewness and kurtosis are found
to be correlated with the fatigue life and tribological properties of parts [44]. For example, a
part with a high surface skewness contains many peaks and valleys that are potential stress
concentration sites leading to fatigue failure. Mathematically, skewness and kurtosis are
the third and fourth-order moments of the probability distribution of the surface heights,
respectively. The third and fourth standardized moments of a normal random variable
are 0 and 3, respectively. Therefore, the desired values of skewness and kurtosis of a part
surface are 0 and 3, respectively (Figure 8b,c).

It can be found that the skewness and kurtosis (Figure 8b,c) of the printed surfaces
are close to 0 and 3, respectively, indicating a normal distribution of the surface profile.
This is an inherent characteristic of the LDED samples made in this work and does not
significantly change with the dimensionless surface quality number for different processing
conditions. According to industry standards, the desired values of skewness and kurtosis
of manufactured surfaces should be close to 0 and 3, respectively. Therefore, it is important
to compare these values for printed surfaces with those for traditionally manufactured
parts. Figure 9 shows a comparison of the surface profile skewness and kurtosis of parts
made by laser DED in this work with those fabricated using traditional manufacturing
processes [45], such as milling, honing, grinding, electro-discharge machining, and turn-
ing. It can be seen that LDED can often produce better surface quality than traditional
manufacturing processes. In addition, the data reported in the independent peer-reviewed
literature indicates that the values of skewness and kurtosis vary significantly for the tradi-
tionally manufactured parts. In contrast, such variations are remarkably less in additively
manufactured parts.

3.4. Surface Quality Map

From Figures 7 and 8, it is evident that the surface characteristics are significantly
affected by the LDED process and processing conditions. The effects of processing condi-
tions and alloy properties are captured through the dimensionless surface quality number.
Figure 10a shows a surface quality map indicating the variations in dimensionless surface
quality number with heat input (laser power/scanning speed) and powder mass flow rate.
From the map, it is evident that a high heat input and powder mass flow rate can degrade
the surface quality. A high heat input results in a larger pool that can disintegrate into small
balls and increase surface roughness. A large mass accumulation per unit length of the
track at a high mass flow rate can increase the peak-to-valley distance and result in a rough
surface. This map indicates the relative susceptibilities to surface roughness at different
LDED processing conditions. A high value of surface quality number indicates poor surface
quality. For example, the part shown in Figure 10c corresponds to a higher value of the
surface quality number than the part in Figure 10b and thus exhibits rougher surfaces.
Once these types of process maps are available on the shop floor [46], engineers can predict
and control the surface quality before performing any experiments. However, please note
that the quality of the entire part depends on both external and internal qualities. For
example, internal qualities such as microstructure and the presence of porosity, cracking,
and lack of fusion voids can affect mechanical and corrosion properties. However, this
work concerns only the external surface qualities, and the internal qualities are beyond the
scope of this work.
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physical factors. (b,c) Images of the top surface of two stainless steel 316 parts fabricated by laser-
directed energy deposition using corresponding conditions shown in (a).
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4. Summary and Conclusions

In this work, a unique combination of structured light scanning characterization and
mechanistic modeling was used to identify three key physical factors that affect the deposit
surface quality in laser-directed energy deposition. Below are the main conclusions:

(1) The average surface roughness of deposits fabricated by laser-directed energy de-
position was found to increase at higher values of the geometric, instability, and
disintegration factors. Based on the geometric factor, it was found that the surface
roughness could be minimized by fabricating thinner and wider deposits and by low-
ering the hatch spacing. A pronounced hydrodynamic instability of the molten pool
indicated by a high value of the Richardson number could result in rough surfaces.
A long solidification time and low surface tension force on the molten pool surface
could lead to the disintegration of the molten pool into small balls on the deposit
surface and degrade the surface quality.

(2) Surfaces with positive skewness values primarily had peaks. The sharpness of the
peaks was represented by kurtosis. The skewness and kurtosis of the printed deposit
surfaces were close to 0 and 3, respectively, indicating a normal distribution of the sur-
face profile. In addition, the measured values of skewness and kurtosis show that the
LDED deposit surface quality was significantly better than traditional manufacturing
processes such as milling, honing, grinding, electro-discharge machining, and turning.

(3) A surface quality map indicating the relative susceptibilities to surface roughness at
different LDED processing conditions is presented. From the map, it was found that a
high heat input and powder mass flow rate could degrade the surface quality. A high
heat input results in a larger pool that can disintegrate into small balls and increase
surface roughness. A large mass accumulation per unit length of the track at a high
mass flow rate can increase the peak-to-valley distance and result in a rough surface.
The surface quality map can be used to select appropriate sets of process parameters
to improve deposit surface quality.
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