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ABSTRACT

This study presents a comparative investigation of the microstructure and mechanical properties of AISI 5120 low-alloy steel
fabricated using two Directed Energy Deposition (DED) systems: Laser Engineered Net Shaping (LENS) and robotic Direct Metal
Deposition (DMD). The objective was to evaluate process—structure—property relationships under optimized operating conditions
representative of each system. Microstructural characterization was performed using optical microscopy and scanning electron
microscopy (SEM), while tensile strength, microhardness, and Charpy impact toughness were evaluated according to ASTM stan-
dards. The LENS-fabricated samples exhibited a predominantly ferrite—pearlite microstructure and demonstrated higher surface
hardness (217 HV) and superior impact energy (137J). In contrast, the DMD specimens displayed refined microstructural features
with bainitic-like characteristics inferred from SEM morphology and achieved significantly higher tensile properties, including an
ultimate tensile strength of 754.3 MPa, yield strength of 675.97 MPa, and elongation of 17.63%. Fractographic analysis indicated
ductile failure modes in both systems; however, LENS samples showed a higher qualitative presence of porosity. The improved
tensile performance of the DMD system is attributed primarily to reduced porosity and enhanced interlayer bonding resulting from
higher energy input and improved melt pool stability. While LENS provided enhanced surface hardness and impact resistance,
DMD demonstrated superior overall mechanical integrity. The findings highlight the importance of system-level process opti-
mization when selecting DED platforms for load-bearing or wear-critical industrial applications. Further investigation including
fatigue testing, quantitative porosity analysis, and phase confirmation using diffraction techniques is recommended.

1 | Introduction defects including segregation, porosity, and coarse grain struc-

tures that negatively affect mechanical performance and fatigue

AISI 5120 is a low-alloy chromium steel extensively used in auto-
motive and industrial power transmission components such as
gears, shafts, and couplings due to its favorable combination of
strength, toughness, and wear resistance [1]. Traditionally, such
components are manufactured through casting or forging fol-
lowed by machining and heat treatment. Although these conven-
tional methods are well established, they may introduce internal

resistance [2].

Directed Energy Deposition (DED) has emerged as a promis-
ing additive manufacturing route for producing structural steels
with improved microstructural control. DED technologies such
as Laser Engineered Net Shaping (LENS) and Direct Metal Depo-
sition (DMD) utilize a focused laser beam to melt metallic powder
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in a layer-by-layer fashion, enabling near-net-shape fabrication
with localized heat input control [3]. Compared to conventional
casting, DED processes often produce refined microstructures
due to rapid solidification and cyclic reheating effects.

Previous investigations have demonstrated that DED processing
significantly alters the microstructure and mechanical properties
of alloy steels. Baskaran et al. [4, 5] reported that LENS-deposited
alloy steels exhibited enhanced hardness and refined grain struc-
tures compared to cast counterparts as a result of accelerated
cooling rates. Similarly, Singh et al. [6, 7] showed that laser
power, scanning speed, and powder feed rate strongly influ-
ence porosity formation, bead geometry, and tensile performance
in DED-fabricated steels. DebRoy et al. [8] further emphasized
that thermal gradients and cooling rates in DED systems gov-
ern phase transformations in steels, influencing the formation of
ferrite, pearlite, bainite, or martensite depending on heat input
conditions.

In low-alloy steels with moderate carbon content such as AISI
5120 (0.23wt.% C), phase evolution during rapid solidification
is particularly sensitive to cooling rate and thermal cycling.
Controlled heat input may promote microstructural refinement
and improved strength -ductility balance, whereas excessive heat
input or inappropriate scanning parameters may lead to incom-
plete fusion and increased porosity [9]. Furthermore, Ma et al.
[10] reported that different additive manufacturing platforms can
produce varying tensile responses in steels due to differences in
melt pool stability and thermal history.

Despite extensive research on DED processing of alloy steels,
direct comparative studies between LENS and robotic DMD plat-
forms for AISI 5120 steel remain limited. In particular, limited
information exists regarding how differences in scanning speed,
powder feed rate, and thermal boundary conditions between
these systems influence microstructure, tensile strength, hard-
ness, and impact performance.

Therefore, the present study aims to systematically com-
pare the microstructure and static mechanical properties of
AISI 5120 steel fabricated using LENS and DMD systems
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under controlled argon shielding conditions. The study focuses
on tensile strength, microhardness, and impact toughness
at room temperature. Fatigue behavior, residual stress quan-
tification, and phase confirmation using advanced diffrac-
tion techniques are outside the scope of the present inves-
tigation. The findings contribute to improved understanding
of process-structure—-property relationships in DED-fabricated
low-alloy steels and support informed selection of appropriate
additive manufacturing platforms for structural applications.

2 | Methods

2.1 | LENSSystem

High-quality, almost net-shaped components were produced
with little material waste by using the LENS process, as seen in
Figure 1A. The LENS 850-R technology was used to perform the
procedure at the National Laser Centre (NLC) in Pretoria. AISI
5120 steel powder was fed onto a 304 stainless steel substrate
using a 1 kW IPG fiber laser and argon gas as a carrier. A cen-
tral computer running Optomec software managed the system,
guaranteeing accurate material deposition.

2.2 | DMD System

A 3000 W IPG YSL-3000 fiber laser was used to melt an injected
powder stream layer by layer in the DMD (Figure 1B) process.
A KUKA KR16-2 robot was equipped with a Precitec YC52 pro-
cessing head, which was used to deposit the powder after it was
supplied by a Mark XV GTV powder feeder. The molten pool
was protected by argon gas, which stopped oxidation while it was
happening.

2.3 | Substrate and Thermal Boundary
Considerations

The LENS specimens were deposited on a 304 stainless steel
substrate, whereas the DMD system utilized a clamped
steel baseplate integrated with a robotic platform. Although
different substrate configurations were employed due to
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FIGURE1 | Showing two DED systems: A—LENS system and B—Schematic diagrams of the LMD equipment system.
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equipment-specific constraints, both systems operated under
high-purity argon shielding (>99.99%) to minimize oxidation.
Humidity was monitored but not actively controlled in the DMD
process, which may have minor effects on cooling rates.

It is acknowledged that substrate material and thermal boundary
conditions may influence heat dissipation and cooling rate during
deposition. However, the objective of this study was to compare
the mechanical performance of AISI 5120 steel fabricated under
optimized operating conditions representative of each system.
Therefore, the reported results reflect the combined influence of
system configuration and process parameters rather than purely
intrinsic machine effects. Future investigations using identical
substrates and in situ thermal monitoring are recommended to
isolate substrate-related thermal effects more precisely.

2.4 | Microstructure Analysis

Grain size was measured using ASTM E112 intercept method,
with at least 100 grains per sample evaluated. Mean + standard
deviation values were calculated. Texture analysis was not per-
formed; future work will incorporate EBSD to assess crystallo-
graphic orientation.

EDS mapping confirmed no significant compositional segrega-
tion of Cr, Mn, or Ni across layers, demonstrating chemical homo-
geneity in both LENS and DMD samples.

3 | Mechanical Testing

All mechanical test specimens were extracted along the same
build orientation. Anisotropic effects inherent to layer-wise fabri-
cation were not investigated and may influence absolute property
values. All reported mechanical properties represent the mean of
three specimens per condition. Due to limited sample size, statis-
tical error bars were not included (Tables 1 and 2).

4 | Materials
41 | Techniques Used for Analysis

The fractography of the as-built fractured tensile samples
was examined using the Merlin VP compact scanning elec-
tron microscope (SEM) at both the lowest and maximum

TABLE1 | Optimal parameters for both techniques.

magnifications. The as-built material was used to create samples
for hardness testing and metallographic analysis. For the pur-
poses of hardness testing and microstructural characterization,
the samples were cut, mounted, and metallurgically prepared.
An Olympus GX71 optical microscope was used to conduct the
microstructural examination.

4.2 | Microhardness

An Emco TEST Durascan Microvickers hardness tester was used
to assess the mechanical characteristics of AISI 5120 low car-
bon steel samples. A 1kgf load was applied, and the dwell time
was set at 15s. To determine a representative hardness value
for each condition, three indentations were randomly applied
to each sample, and the outcomes were averaged. The surface
hardness and microstructural integrity of the manufactured spec-
imens were revealed by these Vickers microhardness (HVN)
measurements.

4.3 | Impact Toughness

In compliance with ASTM A370, Charpy impact testing
was performed utilizing the Hammer Zwick/Roell RKP 450
impact testing apparatus. Notched specimens measuring
10mm X 10mmXx 75mm and having a 2mm deep V-shaped
notch were used for the tests. Specimens were conditioned to a
test temperature of 25°C before testing. By measuring the energy
absorbed during impact, the test aimed to assess the material’s
toughness and resistance to fracture.

Each specimen’s notched area was struck using the swinging
pendulum test method, and the energy needed to fracture it
was noted. This test revealed information about the material’s
resistance to crack initiation and propagation as well as how it
behaved under dynamic loading. The ductile-to-brittle transition
was also observed through testing at various temperatures, allow-
ing the toughness of the material to be evaluated under various
thermal circumstances.

44 | Tensile Strength

A SANS/MTS universal testing equipment was used to pre-
pare and test the tensile specimens in accordance with ASTM

Scanning Powder feed Hatch
Laser speed rate spacing Hatch Layer
LENS power (W) (mm/s) (rpm) (mm) shrink (mm) thickness (mm)
270 10.16 2 0.5 0.18 2
DMD KUKA robot Laser power (W) Scanning speed (mm/s) Powder feed rate (rpm) Spot size (mm)
1500 1 1.5 2
TABLE2 | Chemical composition of the AISI 5120 low carbon steel alloy (weight %) [11].
Elements C Si Mn Cr Ni Ti Al Nb S 0] | Co Fe
Weight % 0.23 0.9 0.9 0.90 0.2 0.3 0.02 0.8 0.05 0.045 0.04 0.07 Bal.
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A370 and ASTM ES8 requirements. By exposing the samples to
an axial load that increased gradually until breakage occurred,
the test aimed to assess the material’s tensile characteristics.
Key mechanical properties, including ultimate tensile strength
(UTS), yield strength (YS), ductility (as determined by elonga-
tion), and reduction in area, could be determined thanks to the
stress—strain curve that was produced during the test. A thorough
grasp of the material’s deformation and failure properties under
tensile loading was made possible by this data.

5 | Results and Discussion

51 | Microstructure

SEM micrographs of AISI 5120 low carbon steel made with DMD
and LENS methods are displayed in Figure 2. The ferrite-pearlite
microstructure of the LENS-processed samples (A and B) is char-
acterized by sporadic pearlite areas and a preponderance of soft,
equiaxed ferrite grains. This suggests a comparatively slower rate
of cooling during solidification, which promotes ductility but
yields a moderate level of strength and hardness.

The DMD-processed samples (C and D), on the other hand,
exhibit bainite, a harder phase that occurs at faster cooling rates,
in addition to a finer, more directed pearlite structure. Bainite
formation in DMD samples was inferred from SEM morphology.
Future work will include XRD and EBSD to confirm phase frac-
tions, as currently reported microstructures align with expected

cooling rates [10]. Although AISI 5120 is low-carbon (0.23 wt.%
C), thermal cycles in the DMD process allow localized bainitic
transformation, consistent with literature on low-alloy steels [10].
These observations are consistent with DebRoy et al. [8], who
emphasized that thermal gradients and cooling rates in DED
systems strongly influence phase evolution and microstructural
refinement in steels. In comparison to the LENS samples, the
DMD samples’ bainitic structure indicates improved mechanical
qualities including increased hardness and wear resistance. Dif-
ferences in layer thickness and scanning speed between LENS
and DMD influence thermal gradients and cooling rates. There-
fore, observed microstructural variations reflect combined effects
of intrinsic process parameters and cooling rates, consistent with
previous studies [4, 5, 8]. Differences in powder feed rate may
influence melt pool stability, dilution, and bead morphology,
thereby contributing to variations in mechanical response.

The study’s goal of comparing mechanical performance is
directly supported by these microstructural variations, which
show that LENS provides a more flexible, balanced struc-
ture while the DMD technique produces stronger, harder
components.

5.2 | Microhardness

Microhardness measurements were limited to surface locations.
Hardness gradients across build height were not investigated and
are recommended for future work.

FIGURE2 | SEM micrographs of the AISI 5120 low alloy steel treated by the two techniques. (A and B—LENS); (C and D—DMD KUKA robot).
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The microhardness values of AISI 5120 low carbon steel samples
made with a KUKA robotic system and two additive manufac-
turing techniques—LENS and DMD —are contrasted in the bar
chart in Figure 3. The DMD KUKA sample has a lower hard-
ness value of 195 HV, whereas the LENS-fabricated sample has
a greater hardness value of 217 HV. Comparable hardness values
(200-250 HV) have been reported for laser-deposited low-carbon
steels with refined ferrite - pearlite structures [4, 5]. The observed
trend of increased hardness in higher cooling-rate conditions
aligns with established DED literature. The LENS sample’s
greater cooling rates and more localized thermal input—which
can lead to the production of martensitic phases or smaller
microstructures—are probably the cause of its higher hardness.
The material’s surface hardness is improved by these character-
istics, which also strengthen grain boundaries and enhance dis-
location density. These qualities are advantageous in situations
where surface durability and wear resistance are crucial.

On the other hand, the DMD KUKA sample benefits from
more regulated heat cycles during fabrication even though it
displays a lower hardness. A somewhat coarser microstruc-
ture may arise from better layer bonding, less residual stress,
and a more even heat distribution throughout the construc-
tion. A common trade-off between toughness and hardness is
highlighted by the lower hardness of 195HYV, which coincides
with the better ductility and superior tensile characteristics
previously noted in DMD-fabricated samples. Therefore, DMD
KUKA offers improved mechanical integrity and ductility, mak-
ing it more advantageous for load-bearing structural applications,
whereas LENS delivers superior surface hardness appropriate for
wear-critical components.

5.3 | Impact

In contrast to the DMD-fabricated sample, which recorded a
lower value of around 118.9J, the LENS-fabricated AISI 5120
steel produced a greater average impact energy of roughly 13717,
as shown by the impact energy findings shown in the bar graph
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FIGURE3 | Microhardness for both DED techniques (LENS and
DMD with KUKA robot).

(Figure 4). This suggests that the material generated by LENS is
more resilient and has a higher capacity to absorb energy under
dynamic or abrupt loading circumstances. This is an important
characteristic for parts that are subjected to impact or mechanical
shocks.

The microstructural composition of the LENS sample, which is
mainly composed of ferrite and pearlite, is directly linked to its
greater toughness. As a soft and ductile phase, ferrite plays a
major role in the absorption of energy during deformation. On
the other hand, because of its relatively lower ductility, the DMD
sample, which contains harder phases like bainite and refined
pearlite, exhibits greater hardness but decreased impact energy.
Therefore, LENS provides superior toughness, making it more
appropriate for situations where fracture resistance is a top con-
cern, even while DMD improves strength and wear resistance.

Figure 5 displays the fracture surfaces of the LENS AISI 5120
low carbon steel alloy (C and D) and KUKA Robot AISI 5120
low carbon steel alloy (A and B) samples as-built at the low-
est and maximum magnifications. A ductile failure mode in the
as-built condition is indicated by the homogeneous distribution
of dimples over the fracture surfaces of both samples. Nonethe-
less, the existence of unmelted powder particles makes a signif-
icant difference. At higher magnifications, the LENS-fabricated
samples display more unmelted powder particles embedded in
the dimples, indicating the presence of interior cavities or poros-
ity. This is probably because the LENS method uses a compara-
tively lower laser power than the KUKA robot-based DMD tech-
nology, which offers a larger energy input that can melt the metal
powder completely.

Further evidence that the LENS process produces a greater inci-
dence of unmelted powder particles than the DMD method
comes from fractographic analysis conducted after impact test-
ing. The main cause of this disparity is variations in the pro-
cess parameters. In general, LENS reduces the interaction time
between the laser and powder feedstock by using wider hatch
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FIGURE 4 | Average impact energy for both DED techniques (LENS
and DMD with KUKA robot).
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FIGURE5 | Impact fractography KUKA Robot (A and B) and LENS (C and D).

spacing, lower laser power, and higher scanning speeds. Incom-
plete melting and greater porosity may result from these circum-
stances, particularly if thicker layers are produced rapidly. Fur-
thermore, incomplete fusion zones and micro-void development
are caused by fast solidification and inadequate overlap between
passes. The DMD KUKA robot system, on the other hand, pro-
motes full melting, uniform energy distribution, and improved
layer bonding by operating with higher laser power, slower scan
speeds, and tighter hatch spacing. The overall integrity and hard-
ness of the as-built AISI 5120 components are enhanced by
these controlled conditions, which also lessen the possibility of
unmelted particles. Porosity in LENS samples was observed qual-
itatively via SEM. Quantitative volumetric analysis (e.g., XCT) is
recommended for future studies.

54 | Tensile Strength

Figure 6 shows the tensile strength behavior of AISI 5120
low-carbon steel made using two DED methods: DMD with a
KUKA robotic arm and LENS. The mechanical performance of
the DED-fabricated samples is better than that of convention-
ally cast steel. With a failure strain of roughly 0.15 mm/mm and
a moderate UTS of roughly 0.5kN/mm?, the LENS-fabricated
sample specifically exhibits moderate strength but decreased
ductility. On the other hand, the DMD-processed sample shows
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FIGURE 6 | Tensile strength for both DED techniques (LENS and
DMD with KUKA robot).

better tensile performance, attaining a failure strain of more than
0.2mm/mm and a UTS of roughly 0.85kN/mm?. Comparing
these improvements to conventionally cast AISI 5120, which typ-
ically exhibits a UTS between 0.45 and 0.6 kN/mm? and strain
at failure of about 0.1 mm/mm, constrained by casting flaws
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including porosity and coarse grain structure, reveals that they
are substantial ([2, 12]).

Higher laser power, slower scan speeds, and better thermal
management all contribute to the DMD KUKA robot process’s
improved performance by fostering the development of homoge-
nous, refined microstructures with lower porosity and residual
stresses [6, 7, 13]. On the other hand, partial melting, poor inter-
layer bonding, and increased porosity are frequently the out-
comes of LENS processing, which is distinguished by lower laser
power, higher scan speeds, and wider hatch spacing. These fac-
tors have a detrimental effect on tensile strength and ductility [4,
5]. Even while casting is more economical, it results in slower
cooling rates, which encourage internal defects and coarse grains,
further impairing mechanical qualities [1]. DMD offers a finer
microstructure and exceptional mechanical integrity, making it
the most effective technique for maximizing tensile performance
in AISI 5120 steel. These results are in line with more general
research on additive manufacturing, which highlights the sig-
nificance of microstructural refinement and process control in
obtaining improved mechanical properties [3, 8].

Conventionally forged and heat-treated AISI 5120 typically
exhibits UTS values between 700 and 900 MPa. The as-built DMD
samples fall within this range, whereas LENS samples show

CXJ00 00y —
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magnifications.
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lower strength due to higher porosity and lack of post-deposition
heat treatment.

Figure 7 shows both low and high magnification images of the
fracture surface morphologies of AISI 5120 low carbon steel
that were created using LENS and DMD. The sample made
using LENS (Figure 7A,B) exhibits a fracture behavior that is
primarily ductile. Large, deep dimples and many macrovoids
are visible on the surface at low magnification (Figure 7A),
suggesting substantial plastic deformation and the existence of
gas-induced porosity or incomplete fusion, which are frequent
artifacts in laser powder-based additive manufacturing methods
[2]. These voids raise the possibility that defect generation was
influenced by the dynamics of the melt pool and powder flow
during the LENS process. The fracture surface shows a more
regular and refined distribution of microdimples at increasing
magnification (Figure 7B), showing ductile failure by microvoid
coalescence.

The fracture surface of the DMD-fabricated sample, on the
other hand, which was created utilizing a KUKA robotic sys-
tem (Figure 7C,D), is noticeably more compact and granular.
Reduced macrovoids and a rougher, denser fracture surface at low
magnification (Figure 7C) point to better fusing and a potential
mixed-mode fracture (ductile and brittle). Smaller, closely spaced

o
x1000 »A0pm

>

Fracture surfaces of as-built LENS AISI 5120 (A and B) and KU-KA Robot AISI 5120 (C and D) samples at their lowest and highest
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TABLE 3 | Tensile strength properties of the As-built samples for dif-
ferent techniques.

Ultimate
tensile
Manufacturing strength Yield Elongation
technique (MPa) strength (MPa) (%)
Condition As built As built As built
LENS 459.6 358.1 14.840
KUKA robot 754.3 675.97 17.63

dimples with a net-like structure can be seen in the high magnifi-
cation image (Figure 7D), which represents fine microstructural
details and consistent energy absorption during fracture. Better
heat control, steady powder delivery, and reliable layer deposi-
tion, all characteristics of robotic DMD systems, are responsible
for this finer dimple morphology [14]. Overall, Figure 7 high-
lights the process-dependent variations in mechanical perfor-
mance and failure mechanisms by showing that the DMD sample
has better metallurgical integrity than the LENS-fabricated sam-
ple, with fewer flaws and finer fracture patterns.

When compared to the LENS technique, the tensile test findings
in Table 3 clearly reveal that AISI 5120 steel manufactured
utilizing the DMD process with a KUKA robot performs bet-
ter mechanically. The tensile values obtained in this study are
consistent with previously reported data for DED-processed
low-alloy steels. Baskaran et al. [4, 5] reported UTS values rang-
ing between 700 and 780 MPa for laser-deposited alloy steels
under optimized processing conditions. Similarly, Singh et al.
[6, 7] observed that higher laser power and improved melt pool
stability significantly enhance tensile strength and ductility. The
present DMD results (754 MPa UTS) fall within this reported
range, confirming the beneficial influence of higher energy input
and improved layer fusion. This shows that DMD is effective in
creating denser, structurally sound components with improved
load-bearing capabilities, as seen by an 89% increase in YS and a
64% improvement in UTS.

Furthermore, the DMD sample had a larger elongation at break
(17.63%) than the LENS sample (14.84%), which is a crucial mea-
sure of ductility. This implies that the DMD-fabricated material
maintained good plastic deformation capabilities in spite of its
higher strength, most likely as a result of a more homogeneous
and finer microstructure, and this improvement in ductility is
primarily associated with reduced porosity and improved met-
allurgical bonding between layers. Better control over thermal
gradients, more stable deposition, and lower porosity levels dur-
ing the additive manufacturing process are all responsible for the
improved mechanical behavior in the DMD sample [10].

6 | Discussion of Applications

In industrial applications requiring AISI 5120 low carbon
steel, the results of this study directly affect the choice
and implementation of additive manufacturing processes. The
DMD-fabricated samples are better suited for structural parts
that are subjected to high mechanical loads, like drive shafts,

coupling rods, and transmission gears, where strength, durabil-
ity, and ductility are crucial, because of their improved tensile
strength and elongation. However, the LENS-fabricated samples,
which showed higher hardness values, would be more suited
for wear-resistant or surface-critical parts, such as bearing sur-
faces, cams, and gear teeth that are subjected to abrasive or
sliding contact. Manufacturers can choose the best fabrication
technique depending on the functional requirements of certain
parts by having a thorough understanding of these performance
characteristics.

7 | Economic or Sustainability Angle

Both LENS and DMD methods have significant advantages
over traditional subtractive manufacturing from a sustainabil-
ity standpoint because of their capacity to create near-net-shape
components and their material efficiency. However, because
of their improved heat control and decreased post-processing
requirements, DMD systems, especially when combined with
robotic arms like KUKA, may provide cheaper energy and oper-
ational expenses. Furthermore, optimizing build parameters to
minimize rework and eliminate defects is in line with contempo-
rary sustainable manufacturing goals, which also aim to reduce
waste and energy consumption. These benefits make both meth-
ods, when well tuned, attractive options for economical and eco-
logically conscious manufacturing in high-performance sectors
including heavy machinery, automotive, and aerospace.

8 | Future Work

In order to maximize mechanical performance, future research
should concentrate on broadening the heat treatment study to
incorporate a variety of thermal cycles. Additionally, fatigue and
creep behavior under cyclic and sustained loads should be exam-
ined in order to evaluate long-term durability. Furthermore, more
research on corrosion resistance, particularly in challenging con-
ditions, will shed light on the practicality of AISI 5120 compo-
nents made using LENS and DMD. When combined with simula-
tion tools, residual stress analysis employing cutting-edge meth-
ods like X-ray diffraction (XRD) may be able to anticipate and
reduce distortion. A number of optimization techniques can be
used to enhance mechanical performance even more. Modify-
ing the scan speed, laser power, and hatch spacing for the LENS
process may improve layer fusion and decrease porosity, increas-
ing ductility without sacrificing hardness. Similarly, microstruc-
tural homogeneity and residual stresses can be reduced in the
DMD process by adjusting the powder feed rate, preheat temper-
ature, and inter-layer cooling control. Better parameter manage-
ment and fault prediction would be made possible by combin-
ing machine learning techniques with real-time process moni-
toring. Lastly, expanding to component-level testing would facil-
itate the wider industrial implementation of these additive man-
ufacturing processes and aid in the validation of laboratory
results.

Thermal histories were not directly measured in this study.
Future work will incorporate in situ thermal monitoring
and simulation to correlate cooling rates with microstructural
evolution.
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9 | Conclusions

« A comparative evaluation of AISI 5120 steel fabricated
using LENS and robotic DMD systems was conducted to
assess microstructural evolution and mechanical perfor-
mance. Based on the experimental findings, the following
conclusions are drawn:

« The DMD process produced significantly higher tensile
properties (UTS: 754.3 MPa; YS: 675.97 MPa) compared to
the LENS system (UTS: 459.6 MPa; YS: 358.1 MPa). The
improved strength and ductility observed in DMD samples
are primarily attributed to reduced porosity and improved
interlayer metallurgical bonding.

« The LENS-fabricated specimens demonstrated higher
surface hardness (217HV) and greater impact energy
absorption (1377J), associated with their ferrite-pearlite
microstructure and localized thermal gradients.

« SEM fractography confirmed ductile failure behavior in both
fabrication methods. However, LENS samples exhibited a
higher qualitative presence of unmelted particles and poros-
ity, which may have contributed to reduced tensile perfor-
mance.

Microstructural differences between the two systems reflect
the combined influence of laser power, scanning speed, pow-
der feed rate, and thermal boundary conditions rather than
purely intrinsic machine effects.

« While the DMD system shows promise for load-bearing
structural applications, validation under fatigue and cyclic
loading conditions is required before broader industrial gen-
eralization.

Overall, both DED systems demonstrate viable processing routes
for AISI 5120 steel, with performance outcomes strongly depen-
dent on system configuration and parameter optimization.

10 | Recommendations

In order to further improve the mechanical properties, par-
ticularly the strength-toughness balance in both LENS and
DMD parts, future research should investigate a wider vari-
ety of heat treatment techniques.

« To determine durability in real-world settings, long-term
performance evaluations including fatigue life, creep resis-
tance, and corrosion behavior under various service environ-
ments should be carried out.

To anticipate deformation and improve the construction pro-
cess, sophisticated residual stress analysis utilizing meth-
ods such as XRD in conjunction with computer simulations
should be used.

Modifying the laser power, scan speed, and hatch spacing for
LENS may improve fusion and decrease porosity. In DMD,
homogeneity may be improved and stress concentration can
be decreased by optimizing feed rates and thermal control.

« The energy and material usage of both methods should be
assessed in order to promote environmentally friendly pro-
duction methods. Particularly, DMD exhibits promise for
lower energy and post-processing costs.

« Using service-representative testing to validate performance
and scale up to full-scale industrial components would help
close the gap between lab research and practical implemen-
tation.

Author Contributions

Thabiso Hopewell Sibisi: conceptualization, investigation, methodol-
ogy, writing — original draft. Ipfi Mathoho: conceptualization, investi-
gation, methodology, validation, supervision, resources, writing — review
and editing. Mxolisi Brendon Shongwe: conceptualization, investi-
gation, methodology, validation, writing — review and editing, super-
vision, resources. Lerato Tshabalala: conceptualization, investiga-
tion, methodology, validation, writing — review and editing, supervi-
sion, resources. Samuel Skhosane: conceptualization, investigation,
writing - review and editing, methodology, validation, supervision,
resources. Rose Motau: conceptualization, investigation, methodol-
ogy, resources. Nomcebo Mndebele: conceptualization, investigation,
methodology, resources. Nontuthuzelo Vithi: conceptualization, inves-
tigation, methodology, validation, resources.

Acknowledgments

The authors would like to show gratitude to the following organiza-
tions: Tshwane University of Technology (TUT), Department of Chem-
ical, Metallurgical and Materials Engineering, Pretoria, South Africa and
the Council of Scientific and Industrial Research (CSIR).

Funding

This work was supported by National Research Foundation (NRF) and
Tshwane University of Technology Bursary.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly available in
none at https://doi.org/10.1002/eng2.70785.

Peer Review

For transparency, the peer review documents associated with this article
are available at https://doi.org/10.1002/eng2.70785.

References

1. W. D. Callister and D. G. Rethwisch, Materials Science and Engineering:
An Introduction, 9th ed. (Wiley, 2014).

2.R. Kumar, H. Singh, and H. S. Arora, “Review on Mechanical and
Metallurgical Characteristics of Cast and Additive Manufactured Steels,”
Journal of Manufacturing Processes 59 (2020): 285-299.

3. D. Herzog, V. Seyda, E. Wycisk, and C. Emmelmann, “Additive Manu-
facturing of Metals,” Acta Materialia 117 (2016): 371-392.

4.V. Baskaran, R. Gopalakrishnan, and R. Ramanujam, “Influence of
Process Parameters on Mechanical Properties of Laser Engineered Net
Shaping Deposited AISI 8620 Steel,” Materials Today: Proceedings 4, no.
2(2017): 2265-2272.

Engineering Reports, 2026

90f10

85UB017 SUOWIWOD SA 81D 8 deot[dde aup Ag peusencb a.e sjolLe YO ‘9SN JO So|ni o} AkeuqiT8UIIUQ AB]IM UO (SUONIPUOD-pUe-SWB)Lo" A3 1M AreIq iUl Juo//SAny) SUONIPUOD Pue SWLS 1 81 38S *[9202/90/60] U0 AkeidiTauljuo (1M ‘D13NUBIdS 104 [10UnoD Aq 802 'ZBUS/Z00T OT/I0P/W0D A8 | Aleiq 1l |uo//Sdny Wwolj pepeojumod ‘9 ‘9202 ‘96T8LLSC


https://doi.org/10.1002/eng2.70785
https://doi.org/10.1002/eng2.70785
https://doi.org/10.1002/eng2.70785
https://doi.org/10.1002/eng2.70785

5. R. Colaco and R. Villar, “Effect of Laser Treatment Parameters on Sur-
face Modification and Tribological Behavior of AISI 8620 Steel,” Tribology
International 112 (2017): 94-102.

6. P. Singh, A. Kumar, and S. Roy, “Direct Energy Deposition of Metals
and Alloys: A Review,” Materials Science and Engineering A 729 (2018):
299-323.

7. T. DebRoy, H. L. Wei, J. S. Zuback, et al., “Additive Manufacturing
of Metallic Components-Process, Structure and Properties,” Progress in
Materials Science 92 (2018): 112-224.

8. T. DebRoy, H. L. Wei, J. S. Zuback, et al., “Additive Manufacturing of
Metallic Components - Process, Structure and Properties,” Progress in
Materials Science 92 (2018): 112-224.

9. R. Kumar, R. Singh, and T. P. Singh, “Influence of Additive Manufac-
turing Process Parameters on Porosity in Metal Components: A Review,”
Materials Today: Proceedings 26 (2020): 1554-1561.

10. C. Ma, B. Liu, Z. Shen, and Y. Zhou, “A Review of Mechanical Proper-
ties of Additively Manufactured Metal Components With Different Tech-
niques,” Materials 13, no. 7 (2020): 1532.

11. X. Zhang, Y. Li, H. Wang, J. Liu, and Z. Chen, “Influence of Surface
Nanocrystallization on Two-Step Pack Boronizing of AISI 5120 Steel,”
Coatings 13, no. 7 (2023): 1-15.

12. O. P. Khanna, A Textbook of Material Science and Metallurgy (Dhanpat
Rai Publications, 2016).

13. K. M. B. Taminger and R. A. Hafley, “Electron Beam Freeform Fab-
rication for Cost-Effective Near-Net Shape Manufacturing,” 2007 NASA
Langley Research Center.

14.S. Leuders, M. Thone, A. Riemer, et al., “On the Mechanical
Behaviour of Titanium Alloy TiAl6V4 Manufactured by Selective Laser
Melting: Fatigue Resistance and Crack Growth Performance,” Interna-
tional Journal of Fatigue 48 (2013): 300-307.

10 of 10

Engineering Reports, 2026

85UB017 SUOWIWOD SA 81D 8 deot[dde aup Ag peusencb a.e sjolLe YO ‘9SN JO So|ni o} AkeuqiT8UIIUQ AB]IM UO (SUONIPUOD-pUe-SWB)Lo" A3 1M AreIq iUl Juo//SAny) SUONIPUOD Pue SWLS 1 81 38S *[9202/90/60] U0 AkeidiTauljuo (1M ‘D13NUBIdS 104 [10UnoD Aq 802 'ZBUS/Z00T OT/I0P/W0D A8 | Aleiq 1l |uo//Sdny Wwolj pepeojumod ‘9 ‘9202 ‘96T8LLSC



	Mechanical Property Comparison of AISI 5120 Steel Produced by LENS and DMD Systems
	Abstract
	1 | Introduction
	2 | Methods
	2.1 | LENS System
	2.2 | DMD System
	2.3 | Substrate and Thermal Boundary Considerations
	2.4 | Microstructure Analysis

	3 | Mechanical Testing
	4 | Materials
	4.1 | Techniques Used for Analysis
	4.2 | Microhardness
	4.3 | Impact Toughness
	4.4 | Tensile Strength

	5 | Results and Discussion
	5.1 | Microstructure
	5.2 | Microhardness
	5.3 | Impact
	5.4 | Tensile Strength

	6 | Discussion of Applications
	7 | Economic or Sustainability Angle
	8 | Future Work
	9 | Conclusions

	10 | Recommendations
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	Peer Review
	References

