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DESIGN OF AN ADDITIVE MANUFACTURING SYSTEM FOR
PRODUCING DEFENSE-ORIENTED METAL COMPONENTS

Abstract. This study presents a conceptual design and analysis of an additive
manufacturing system based on the Selective Laser Melting (SLM) process, with a
focus on the optimization of process parameters and thermal behavior. The
research addresses the critical challenge of achieving stable melting conditions,
minimizing defect formation, and ensuring high mechanical performance of
fabricated components. An integrated framework combining system architecture,
process parameter analysis, and thermal modeling is proposed. The influence of
scanning speed and energy density on mechanical properties, porosity, melt pool
characteristics, and residual stress is investigated. The results demonstrate that
optimal process conditions, particularly within a scanning speed range of 600-800
mm/s and energy density of 60-90 J/mm?, provide a balanced combination of
strength, ductility, and structural integrity. Thermal field analysis reveals the
presence of localized heating, steep temperature gradients, and heat accumulation
effects, which significantly influence microstructure formation and process
stability. The findings confirm that controlled energy input and optimized thermal
conditions are essential for reducing defects and improving the quality of SLM-
produced components. The proposed approach is particularly relevant for the
production of defense-oriented metallic components requiring high reliability and
structural integrity. The study provides a theoretical basis for further experimental
validation and practical implementation in advanced manufacturing systems.

Keywords: Selective Laser Melting, additive manufacturing, energy density,
thermal modeling, porosity, defense-oriented components, optimization.

Introduction.

Additive manufacturing technologies have become one of the key directions
in the development of modern engineering and high-tech production systems.
Unlike traditional subtractive methods, additive manufacturing enables the creation
of complex geometries directly from digital models, significantly reducing material
waste and increasing production efficiency. This is particularly important in


https://doi.org/10.56132/2791-3368-2026-1-65-102-114
mailto:tad62@ya.ru

industries where high precision, structural complexity, and material performance
are critical.

Among the various additive technologies, selective laser melting (SLM)
occupies a special place due to its ability to produce dense metallic components
with high mechanical properties. The process is based on the layer-by-layer
melting of metal powder using a high-energy laser beam, allowing the fabrication
of parts with complex internal structures and optimized geometries. These
capabilities make SLM especially relevant for defense and aerospace applications,
where components must meet strict requirements in terms of strength, reliability,
and operational performance.

However, the stability and quality of the SLM process depend on a complex
interaction of process parameters, including laser power, scanning speed, layer
thickness, and hatch spacing. Improper parameter selection leads to defects such as
porosity, incomplete fusion, and residual stresses, which significantly affect the
performance of manufactured components. In this context, the problem of
designing an efficient additive manufacturing system with optimized process
parameters becomes highly relevant.

The novelty of this study lies in the integrated approach to the design of an
additive manufacturing system, combining structural configuration, process
parameter optimization, and thermal modeling. Unlike existing approaches that
focus on individual aspects of the process, this work proposes a unified framework
that considers both the physical behavior of the SLM process and the engineering
design of the system.

In modern military-industrial systems, additive manufacturing technologies
are becoming a key element in ensuring technological independence, operational
flexibility, and rapid response capabilities. The ability to produce critical metal
components directly at or near deployment zones significantly reduces logistical
constraints and increases the survivability of technical systems under combat
conditions. In particular, Selective Laser Melting (SLM) enables the fabrication of
structurally complex and high-strength elements used in armored systems,
aerospace platforms, and weapon subsystems. Under such conditions, the stability
of the manufacturing process and the minimization of defects become critically
important, as they directly affect the reliability and safety of defense equipment.
Therefore, the development of optimized SLM-based manufacturing systems
represents a strategically important task for modern defense engineering.

The aim of this study is to develop a conceptual design of an additive
manufacturing system based on the SLM process and to determine optimal process
parameters ensuring stable melting, minimal porosity, and high mechanical
performance. The object of the study is the selective laser melting process of
metallic powders and the associated thermal and mechanical phenomena.

It is hypothesized that the optimization of energy density and thermal
conditions within a defined parameter range will lead to improved structural
integrity and reduced defect formation in the manufactured components.
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The structure of the paper is organized as follows: Section 2 presents a review
of related works, Section 3 describes the materials and methods, Section 4
discusses the obtained results, and the final section summarizes the main findings.

Literature Review.

The study of selective laser melting processes has attracted significant
attention in recent years, particularly in relation to process parameter optimization
and defect control. A number of researchers have demonstrated that laser power
and scanning speed are the dominant factors influencing energy input and melt
pool stability [1].

It has been reported that insufficient energy density leads to lack-of-fusion
defects, while excessive energy input results in keyhole formation and material
evaporation, both of which negatively affect part quality [2]-[3]. Therefore, the
identification of an optimal energy density range is considered a fundamental
requirement for achieving high-density structures [4].

Thermal modeling plays a crucial role in understanding the physical
mechanisms of the SLM process. Numerical approaches based on the heat
conduction equation have been widely applied to predict temperature distribution
and melt pool geometry [5]. These models enable the analysis of heat transfer and
provide insight into the influence of process parameters on thermal behavior [6].

Several studies have also focused on the evolution of the temperature field
during laser exposure. It has been shown that localized heating leads to steep
thermal gradients, which are responsible for the development of residual stresses
and microstructural heterogeneity [7]-[8]. These effects are particularly important
in multi-layer fabrication, where heat accumulation can significantly influence
process stability.

The relationship between thermal history and mechanical properties has been
extensively investigated. It is well established that cooling rates and thermal
gradients directly affect grain structure and phase transformations, which in turn
determine strength and ductility [9]-[10].

At the same time, defect formation remains a major challenge in SLM
processes. Porosity, cracking, and incomplete fusion significantly reduce
mechanical performance and reliability [11]. Various strategies have been
proposed to minimize these defects, including optimization of process parameters
and control of energy input [12].

The geometry of the melt pool has also been identified as a key factor
influencing layer bonding and structural integrity. Studies have shown that melt
pool depth and width are directly related to energy density and scanning conditions
[13].

Recent research emphasizes the importance of integrating thermal and
mechanical modeling approaches. Combined models allow simultaneous
evaluation of temperature distribution, stress development, and microstructure
evolution, providing a more comprehensive understanding of the process.



Despite the significant progress in the study of selective laser melting
processes, most existing works primarily focus on isolated aspects such as process
parameter optimization, thermal modeling, or defect analysis. Limited attention has
been given to the integration of these components within a unified framework that
simultaneously considers system design, thermal behavior, and mechanical
performance. In addition, the issue of process stability under varying operational
conditions, which is particularly important for defense-oriented manufacturing
systems, remains insufficiently addressed. Therefore, there is a clear need for
comprehensive approaches that combine parameter optimization with thermal and
structural analysis to ensure reliable and high-quality production of critical metallic
components. The present study aims to address this gap by proposing an integrated
modeling and design framework for the SLM process.

Materials and Methods.

Selective Laser Melting (SLM) is an advanced additive manufacturing
technique based on the layer-by-layer consolidation of metallic powders using a
high-energy laser beam. In the present study, the SLM process is considered as a
complex thermo-physical system that integrates powder deposition, localized
melting, heat transfer, and solidification phenomena.
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Figure 1 - SLM process and system architecture

The overall architecture and working principle of the SLM system are
presented in Figure 1. The system consists of a high-power fiber laser, a
galvanometer-based scanning system, a recoating mechanism for powder
distribution, and a vertically controlled build platform. During fabrication, a thin
layer of metal powder is uniformly spread across the build area, after which the
laser selectively scans the surface according to the predefined geometry. The laser-
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material interaction results in localized melting of the powder, followed by rapid
solidification as the heat dissipates into the surrounding material.

Subsequently, the build platform is lowered by one layer thickness, and the
process is repeated. This cyclic operation enables the fabrication of complex three-
dimensional structures while simultaneously generating significant thermal
gradients that influence the microstructure and mechanical properties of the
manufactured component.

To investigate the thermal behavior of the SLM process, a conceptual
modeling approach was employed to represent the evolution of the thermal field
and the distribution of energy during laser exposure. The developed model
captures the key stages of the process, including the initial powder state, the
melting phase characterized by a rapid increase in temperature, and the subsequent
solidification phase during which the material cools and stabilizes.

Thermal Field Evolution Energy Density Distribution
during SLM Process during Laser Exposure
Powder State Melting Solidification } Energy Density Distribution during Laser Expsure
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Figure 2 - Thermal field and energy density in the SLM process

The schematic representation of the thermal field evolution and energy
density distribution is illustrated in Figure 2. The thermal field is described as a
spatial temperature distribution resulting from the interaction between the moving
laser heat source and the powder bed. The localized energy input leads to the
formation of a melt pool, with heat propagating both within the current layer and
into previously solidified material.

The model emphasizes the dynamic nature of heat transfer in the SLM
process, where temperature gradients continuously evolve as a function of laser
movement and process parameters. This representation provides a qualitative



understanding of the thermal mechanisms governing the additive manufacturing
process.

The thermal behavior of the SLM process is strongly influenced by process
parameters, particularly laser power and scanning speed. In this study, the effect of
scanning speed on energy input and temperature distribution is considered within
the developed modeling framework.

The energy density distribution along the scanning direction is represented as
a function of spatial position, reflecting variations in heat input under different
operating conditions. As shown in Figure 2, multiple curves correspond to different
scanning speeds, demonstrating how variations in process parameters alter the
shape and magnitude of the thermal response.

To enable a consistent comparison of thermal behavior, normalized
temperature distributions are introduced. This approach allows the analysis of
relative changes in temperature profiles, facilitating the identification of peak
thermal regions, gradients, and cooling behavior independent of absolute
temperature values.

In order to simplify the analysis and focus on the dominant physical
mechanisms, several assumptions were adopted in the modeling framework. The
powder bed was considered homogeneous and isotropic, and heat transfer was
assumed to be primarily governed by conduction. The laser was modeled as a
moving localized heat source, and phase transitions were treated within a
simplified temperature range without explicitly modeling microstructural
evolution.

To ensure the applicability of the proposed approach in defense-oriented
manufacturing environments, a parametric optimization method was employed,
focusing on the identification of stable and reliable process conditions under
varying operational scenarios. The method involves systematic variation of key
parameters, such as scanning speed and energy density, followed by the evaluation
of their influence on thermal stability, melt pool behavior, and defect formation.
Particular attention is given to process robustness, as fluctuations in manufacturing
conditions are typical for decentralized or field-based production systems. This
approach enables the determination of parameter ranges that ensure consistent
material performance, reduced defect sensitivity, and enhanced structural
reliability of critical components.

These assumptions enable the construction of a generalized and
computationally efficient representation of the thermal behavior in the SLM
process, which is sufficient for analyzing the influence of process parameters on
energy distribution and temperature evolution.

Results and Discussion.

The mechanical response of the fabricated samples under varying scanning
speeds is presented in Figure 3. The stress-strain behavior demonstrates a typical
elastoplastic response, characterized by an initial linear region followed by strain
hardening and gradual softening.
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Stress-Strain Behavior Mechanical Properties vs Scan Speed Strength vs Ductility
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Figure 3 - Effect of scanning speed on mechanical and process properties

It is observed that the mechanical properties strongly depend on the scanning
speed in Figure 3. At intermediate values (approximately 600-800 mm/s), the
material exhibits the highest ultimate tensile strength, reaching up to 620 MPa. At
lower scanning speeds, excessive energy input leads to overheating effects, while
at higher speeds insufficient melting occurs, resulting in reduced mechanical
performance. The relationship between strength and ductility presented in Figure 3
indicates that the optimal process window provides a balanced combination of high
strength and sufficient elongation. Outside this region, either brittleness or
structural defects dominate the material behavior.

A clear non-linear dependence is observed, where porosity decreases with
Increasing energy density up to an optimal range, after which it begins to increase
again. At low energy density levels, incomplete melting leads to lack-of-fusion
defects. As the energy input increases, improved layer bonding reduces porosity.
However, excessive energy input causes instability in the melt pool, including
keyhole formation and material evaporation, which negatively affects structural
integrity. These results confirm that maintaining a controlled energy density range
is critical for achieving high-quality SLM components.

The thermal-mechanical behavior of the process is illustrated in Figure 3,
where melt pool depth and residual stress are analyzed as functions of scanning
speed. The melt pool depth decreases with increasing scanning speed due to
reduced laser-material interaction time. At the same time, residual stresses exhibit



a minimum in the optimal parameter range and increase toward both low and high
scanning speeds due to thermal gradients. This behavior highlights the importance
of balancing thermal input to avoid excessive stress accumulation and distortion.

The contribution of different strengthening mechanisms is also reflected in
Figure 3. The results indicate that the overall strength is governed by a
combination of base material properties, grain refinement, and defect-related
effects. At optimal scanning speeds, grain refinement dominates, leading to
enhanced strength. In contrast, deviations from optimal conditions increase the
influence of defects, which reduces mechanical performance.
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Figure 4 - Temperature field evolution during the SLM process

The evolution of the temperature field during the SLM process is presented in
Figure 4. The results demonstrate the spatial and temporal dynamics of heat
distribution during laser exposure. The temperature distribution exhibits a
pronounced peak corresponding to the laser interaction zone, with gradual decay
toward the surrounding regions. Over time, heat accumulation leads to an increase
Iin average temperature, indicating the presence of thermal memory effects in the
system. The temporal evolution shows that the maximum temperature is reached at
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intermediate stages of the process, after which stabilization occurs. The spatial
distribution follows a Gaussian-like profile, typical for localized laser heating.
Overall, the results highlight the critical role of thermal behavior in
determining process stability, microstructure formation, and final material
properties.
Based on the obtained results, the optimal process parameters are summarized
in Table 1.

Table 1 - Optimal SLM process parameters and corresponding characteristics

Parameter Optimal Range Effect on Process

Laser Power (W) 300-350 Stable melting

Scan Speed (mm/s) 600-800 Optlma_l mechanical
properties

Energy Density (J/mm?®) | 60-90 Minimum porosity

Melt Pool Depth (um) 80-100 Good layer bonding

Porosity (%) <05 High density

Residual Stress (MPa) ~250 Reduced deformation

The results summarized in Table 1 clearly demonstrate that the performance
of the SLM process is highly sensitive to the selection of process parameters. The
identified optimal ranges ensure a balanced combination of mechanical strength,
structural integrity, and thermal stability.

In particular, the scanning speed plays a dominant role in controlling both the
energy input and the resulting microstructural characteristics. Operating within the
optimal range allows for sufficient melting and proper layer bonding, while
minimizing defect formation and residual stress accumulation.

The obtained results are consistent with the thermal and mechanical trends
observed in Figures 3 and 4, confirming the validity of the proposed modeling
approach. The combination of mechanical analysis and thermal field evaluation
provides a comprehensive understanding of the process behavior.

Overall, the findings highlight that the integration of process parameter
optimization and thermal modeling is essential for achieving high-quality additive
manufacturing of metallic components. These results form a reliable basis for
further experimental validation and industrial implementation of the proposed
SLM system.

This study is funded by the committee on science and higher education (No.
AR23490424 "development of an additive installation for the manufacture of metal
objects for the defense industry™).

From a defense application perspective, the obtained results demonstrate the
Importance of maintaining stable process conditions to ensure the reliability of
critical components operating under extreme conditions. The identified optimal
parameter ranges provide a basis for manufacturing structurally sound elements
with predictable mechanical performance and minimal defect levels. This is



particularly relevant for components subjected to dynamic loads, thermal
fluctuations, and mechanical stress in military systems. The ability to control
energy input and thermal behavior contributes to improved durability, reduced
failure probability, and enhanced operational safety. These findings confirm the
potential of the proposed approach for implementation in advanced defense
manufacturing systems, including mobile production units and rapid deployment
scenarios.

Conclusion.

This study presents a conceptual design and analysis of an additive
manufacturing system based on the Selective Laser Melting (SLM) process, with a
focus on process parameter optimization and thermal behavior. The results
demonstrate that the stability and quality of the SLM process are strongly
dependent on the selection of key parameters, particularly scanning speed and
energy density.

It has been established that the optimal scanning speed range of 600-800
mm/s and energy density of 60—90 J/mm? obecnieunBator a balanced combination
of mechanical strength, reduced porosity, and stable melt pool formation. The
analysis of thermal field evolution revealed the presence of localized heating, steep
temperature gradients, and heat accumulation effects, which significantly influence
microstructure formation and residual stress development.

The proposed integrated approach, combining system design, parameter
optimization, and thermal modeling, allows for a comprehensive understanding of
the SLM process and provides a basis for improving manufacturing efficiency and
component quality.

From a practical perspective, the obtained results are relevant for defense-
oriented manufacturing systems, where the reliability and durability of critical
components are essential. The identified optimal parameter ranges can be used as
guidelines for the production of high-performance metallic parts with reduced
defect levels and improved operational characteristics.

Future work will be focused on experimental validation of the proposed
model and the development of adaptive control strategies for real-time process
optimization in advanced manufacturing systems.
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KOPFAHBIC METAJLJI OHIMJIEPIHE APHAJIFAH KOCIIA OHIPY
KYUECIH ) KOBAJIAY

Anjaarna. byn 3eprreyae CeleKTHBTI Jlazepiiik O0ankbity (SLM) mporiecine
HETI3[IereH aAJUTUBTI OHIIPIC KYHECIHIH TYKbIpbIMIAAMalbIK IU3alHBI MEH
Tajaybl YCHIHBLIFAH, OJI TIPOLIECC MapaMeTpiiepl MEH TEPMUSIIBIK MIHE3-KYJIBIKTHI
OHTaWJIAaHJBIpYFa OarbITTalFaH. 3epTTey TYpakKThl OanKy jKargaigapblHa KOJ
KETKI3y, aKayJapblH Maiia O0NybIH a3alTy kKoHE OHAIPUITeH KOMIIOHEHTTEPIIH
JKOFaphl MEXAHUKAIBIK KACHETTepIH KaMTamachl3 €Ty CHSKTbl MaHBI3/IbI
MiHgeTTepal memenl. JKylie apXuTeKTypachiH, MPOIECC MapaMeTpiiepiH TaJayabl
KOHE TEPMMSUIBIK MOJENbJEYAl OIPIKTIPETIH WHTErpalUsiaHFaH  KYPbUIbIM
yeuiHbUIaAbl. CKaHepiey  KbUIAAMABIFBI  MEH  DHEPTUS  THIFBI3BIFBIHBIH
MEXaHHUKaJbIK KACUETTEPTE, KEYEKTUIIKKE, OANKBITBLIFaH Oacceiin
cUmaTrTaMajapblHa JKOHE KaNJBIK KepHeynepre ocepi 3eprrenreH. Hotmxenep
OHTalIBI Tpoliecc xkaraainapsl, acipece 600-800 MM/c ckaHepsiey >KbLIIAM/IbIFbI
wxoHe 60-90 Jx/MM® osHeprus THIFBI3JBIFBI  AUANA30HBIHAA  OEpIKTIKTIH,
CO3BUIFBIIUTHIKTBIH KOHE KYPBUIBIMABIK TYTACTBIKTBIH TEHrepiMIl YilieciMiH
KaMTaMachI3 €TeTiHIH kepceTei. Kbty epiciH Tajigay MUKPOKYPBUIBIMHBIH TMai/1a
00JybIHA JKOHE MPOIIECTIH TYPAKTHUIBIFBIHA alTapIbIKTAl dcep €TETIH KEPTUTIKTI
KBI3IBIPYABIH, TIK TeMIeparypa TpagueHTTEPIHIH JKOHE JKbULY IKHHAKTAY
acepiiepiHiH O6ap eKeHiH KepceTedl. AJBIHFaH HOTHXKENEp JKOFapbl CEHIMILIIK TeH
OCpIKTIK cHUMaTTaMallapblH Ka)X€T €eTeTIH KOpPFaHBIC camachlHIAFbl METall
OYHBIMIAPbIH OHIIPY YIIIH €peKIlIe MaHbI3/bl. ¥ CIHBUIFAH TOCUT Ka31pri 3aMaHFbI
OHJIIpIC KYHeNepiHAe OJaH opi IKCHEPUMEHTTIK TEKCEepy >KOHE MPAKTHKAJIBIK
KOJIJITaHY YILIH TEOPHUSIIBIK HET13 Oepe/i.

Tyiiinai ce3mep: ceneKTUBTI Ja3epiik OANKbITY, aJJUTUBTI OHIPIC, DHEPTHUS
TBHIFBI3JIBIFbI, TEPMUSIIBIK MOJIENBACY, KEYEKTIIIK, KOPFaHBICKA sKapaM/Ibl OHIMIED,
OHTAWIAHIBIPY.
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IPOEKTHUPOBAHME AJJJUTUBHON YCTAHOBKH J/I51
U3rOTOBJIEHUSI METAJUIMYECKUX U3AEJNIT OBOPOHHOT O
HA3HAYEHUS

AHHOTauMs. B JaHHOM HCCIIEOBaHUM TMPEACTABICH KOHLENTYaJbHbBIN
MPOEKT U aHAJIN3 CUCTEMBI aJIUTHBHOTO MPOU3BOJICTBA, OCHOBAHHOW HA MPOLECCE
CEJIEKTUBHOIO JiazepHoro tuiaBieHuss (SLM), ¢ akIeHTOM Ha ONTUMM3ALUI0
[IapaMeTpOB IIPOIIECCa M TEIUIOBOrO IOBeAcHUA. lcciaenoBaHne NOCBSIIEHO
pELICHUI0 BaKHEWIEH 3aJaud JOCTUKEHUS CTAOWJIBHBIX YCJIOBUU IIJIaBIICHUS,
MUHUMU3AIUU 0o0pa3oBaHus JAePEKTOB U 00ECHEUYEHUs BBICOKUX MEXAHUYECKHUX
XapaKTEPUCTUK M3rOTABIMBAEMBIX KOMIOHEHTOB. [IpenmoxkeHa nHTerpupoBaHHas
CTPYKTypa, OOBEIUHSIONIAs apXUTEKTYPY CUCTEMBI, aHAJIU3 TTapaMeTPOB Mpolecca
U TEIUIOBOE MojenupoBaHue. VcciaenqoBaHo BIMSHUE CKOPOCTH CKAHUPOBAHUS U
IUIOTHOCTH JHEPIHMM HAa MEXAHUYECKHE CBOMCTBA, IOPUCTOCTb, XapaKTEPUCTUKU
pacCILIaBIICHHOW BaHHBI U OCTaTOYHBIE HANIPSIKEHUS. Pe3ynbTaThl MOKa3bIBAKOT, YTO
ONTUMAJIbHBIE  YCJOBHUSI  IpoIlecca, OCOOEHHO B JHANa3oHe CKOpOCTeH
ckanupoBanusa 600-800 mm/c 1 oTHOCTH 3HEepruu 60-90 [Ix/Mm?, obecieunBaroT
cOajaHCUPOBAHHOE COYETAHWE TMPOYHOCTH, TIJIACTUYHOCTH U CTPYKTYpPHOU
LIEJIOCTHOCTU. AHalW3 TEIJIOBOTO IOJISI BBIABISET HAIMYUE JIOKAIBHOTO Harpena,
KPYTBhIX TEMIIEpATypPHBIX TPaaueHTOB U A(PGEKTOB HAKOIUJICHUS TeIia, KOTOpPbIC
CYIIECTBEHHO BIJIMSIOT Ha (POPMHUPOBAHUE MHUKPOCTPYKTYPhI M CTAOUIBLHOCTH
npouecca. [lomydeHHble pe3yiabTaTbl HMEIOT OCOOYIH0 3HAYUMOCTh IS
MPOU3BOJICTBA METAUIMUECKUX H3ACINI OOOPOHHOIO Ha3HA4YeHUs, TPeOYIOIIUX
BBICOKOW HAJIE)KHOCTH M IPOYHOCTHBIX XapaKTEPUCTHK. [IpennokeHHbl Moaxo.n
o0OecreunBaeT TEOPETUUYECKYI0 OCHOBY ISl JIajbHEHIIEeH SKCIepUMEHTATbHON
MPOBEPKHA M NPAKTUYECKOTO IPUMEHEHHS B COBPEMEHHBIX IPOU3BOJICTBEHHBIX
CHUCTEMAX.

KiarudeBble cjioBa: CEICKTUBHOE Ja3CcpHOC IIABJICHHUC, aJAUTHBHOC
IIPOU3BOACTBO, IIIOTHOCTH OHCPIHH, TCINIOBOC MOACIHMPOBAHHUC, ITOPHUCTOCTD,
U3aCIust O60pOHHOFO HaszHa4YCHU, OIITUMU3al .
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