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Abstract

The application of Wire Arc Additive Manufacturing for metal component fabrication on marine ves-
sels and offshore platforms remains a significant challenge and an under-explored research domain.
The primary obstacle lies in the dynamic and complex nature of the maritime environment, which
imposes severe constraints on the operational stability of 3D printing systems. Methodologically, the
article presents an analysis of the problems of using WAAM technology in the marine environment, as
well as a theoretical analysis of the functionality, advantages and limitations of technical and software
tools designed to improve the reliability of WAAM technology in marine conditions. The findings
indicate that while WAAM offers notable adaptability and flexibility, maintaining print quality re-
mains a challenge due to the high sensitivity of the process to fluctuations in thermal and mechanical
conditions, particularly under the influence of shipborne vibrations. To accelerate the adoption of
WAAM technology in maritime industries, this study synthesizes existing research aimed at improving
instrumentation for effective WAAM implementation. Specific technical requirements for deploying
WAAM on marine vessels are identified, alongside a critical assessment of current software and hard-
ware solutions that could enhance the robustness of WAAM in offshore environments. Furthermore,
recommendations are provided for advancing digital modeling, real-time monitoring, diagnostic
methodologies, and process control to optimize WAAM for marine engineering applications. The
study also delineates the functional properties of various metals suitable for WAAM-based man-
ufacturing in maritime settings, highlighting their respective benefits and limitations. Ultimately,
enhancing instrumentation for high-quality 3D printing is identified as a key driver for ensuring the
competitiveness and innovation potential of WAAM technology in the maritime sector.

Keywords: additive manufacturing; quality control; metal alloys; process modeling; marine engineer-
ing; tooling; control systems; forecasting

1. Introduction
Additive manufacturing, in particular Wire Arc Additive Manufacturing (WAAM) technology,

represents one of the most promising and actively evolving areas in modern industry. This method
makes it possible to form metal products through layer-by-layer deposition of material, thereby
providing an effective alternative to traditional manufacturing techniques. Unlike subtractive methods,
such as mechanical processing based on the removal of excess material by cutting or grinding, WAAM
is characterized by high resource efficiency, minimizing metal waste due to the targeted build-up of
the structure. WAAM technology is widely used in high-tech industries such as aerospace, mechanical
engineering, shipbuilding, and energy, where the manufacture of large-sized and structurally complex
parts is especially important. By combining welding principles with additive approaches, WAAM
offers high-strength characteristics and manufactured components quality while maintaining high
flexibility in designing products of various geometries and sizes.
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At the same time, ensuring the stability of technological parameters and characteristics of manu-
factured products requires high-precision process control at all stages of WAAM, taking into account its
multi-parametric nature. Comprehensive information integration of changes in parameters and charac-
teristics that have a direct impact on the quality of final products is needed, which leads to the need for
reliable monitoring and management systems capable of ensuring the stability and reproducibility of
the production process. A significant amount of empirical data collected during production demands
their detailed analysis and interpretation in order to optimize, which stimulates the development of
new approaches to control, availability and accuracy of parameters.

Analyzing the functionality, potential limitations of modern tools, and challenges associated
with the implementation of WAAM technology allows for a deeper understanding of key issues
and technological gaps. Such an analysis makes it possible to assess in more detail the causes of
defects affecting the quality of manufactured products. An overview of modern approaches to process
parameter control and optimization contributes to a better understanding of existing technological
difficulties and strategies to overcome them.

Simultaneously, the authors of this article, exploring WAAM processes with an insight into marine
industry and drawing on their experience using robotic wire-arc equipment on naval vessels, present
their results and recommendations regarding further application in this direction. The presented find-
ings are aimed at further development and adaptation of the technology in the marine industry, which,
in return, contributes to a deeper understanding of ways to improve monitoring and management
systems to enhance the stability and operational efficiency of WAAM under maritime operational
conditions.

One of the key factors influencing the quality of WAAM implementation when it is used on
offshore platforms and ships is external factors, particularly vibrations and oscillations. These im-
pacts significantly complicate the formation of components, creating risks of deviation from the set
parameters and the occurrence of defects. A number of studies, specifically in the works of X. Shi et al.
[1,2], emphasize the necessity of taking into account the specific loads occurring in real conditions of
marine operation. However, despite valuable observations, these studies did not consider the effect
of prolonged vibration exposure on the stability of the deposition process and the properties of the
formed material, nor did they ponder other several critically factors. In the study by K. Sainath et al.
[3], the significance of adaptive control systems capable of accounting external influences to maintain
WAAM process stability in marine environment was emphasized. Nevertheless, aspects of active
compensation of abrupt vibrations and oscillations in operation have not received due consideration.
Similarly, in the work of F. Ji et al. [4] characterized the nature of defects arising during additive
arc production, but there was no emphasis on real-time defect mitigation under dynamic external
influences. The study by L. Xue et al. [5] focused on defects control caused by dynamic compression,
but did not take into account additional loads typical of the marine environment, such as vibration
and shock effects.

In the work of N. Rosli et al. [6] analyzed the influence of external factors on the WAAM
process, however, such critical parameters as ship pitching and vibrations remained outside the field
of study. A study by S. Tang et al. [7]proposed a methodology regarding changing thermomechanical
characteristics in WAAM process, but the external environment impacts, especially in the marine
context, was not included. In the work of Y. Wang et al. [8]considered methods for stabilizing thermal
effects in the weld area, which acts as an important element of quality assurance, but the authors did
not take the constant dynamic characteristic changes of the marine environment into consideration, as
well as the associated corrosive and climatic effects, which significantly affect the reliability of marine
structures. However, the above-mentioned and other reviewed scientific papers do not address the
issues of choosing modern tools to ensure the utility of WAAM in the marine environment.

Modeling, control and forecasting of technological processes play a key role in increasing the
efficiency of WAAM technology, since these components allow not only predicting manufacturing
results, but also optimizing parameters in real time. In the study by I. Watanabe et al. [9]numerical
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modeling methods were applied, which made it possible to analyze the mechanical changes of the
material during the surfacing process. However, these models did not take into account the dynamic
variability of parameters that occurs during long production cycles. The work of L. Yuan et al. [10]
focused on software management tools that facilitate rapid response to technological deviations and
ensure high product quality, but its use was limited to laboratory conditions with stable external
parameters.

Predictive technologies using machine learning methods have demonstrated the potential to
predict product characteristics based on collected production data, as shown in the work of D. Ding et
al. [11] However, the study did not consider the models’ resilience to sudden changes in production
conditions, which is critical for applications in the marine industry. Similarly, a study by M. Chandra
et al. [12], which focused on predicting the occurrence of defects in the WAAM process, did not
cover complex defects that occur at various stages of manufacturing, including under the influence of
external disturbing factors.

In the work of J. Franke et al. [13]„ integrated technological solutions combining monitoring,
management and data processing systems were considered, but their applicability in an unstable
marine environment remained outside the scope of the analysis. The H. Study Cho et al.[14], focused
on real-time data processing to improve the accuracy and adaptability of process control, while the
factor of mutual influence of thermal and mechanical loads, critical for ensuring the stability of WAAM,
was not taken into account. The innovative algorithms for automated control of WAAM processes,
considered in the work of A. Yaseer[15], demonstrate significant potential in the field of parameter
optimization, however, the study was limited to the analysis of already stabilized processes and did
not concern the integration of such algorithms in a volatile production environment. In the work of C.
Ruiz et al. [16]„ methods for predicting the quality of finished products based on the analysis of data
obtained during the WAAM process were investigated. However, the authors did not pay attention
to the influence of complex external factors, including combined thermal and mechanical effects in
real time, which can significantly distort forecasts and reduce the accuracy of models. The issues
of choosing digital technologies for modeling, monitoring, and managing the WAAM 3D printing
process, taking into account the destabilizing effects of the external environment, have also not been
considered.

Important aspects of the temperature resistance of metals were examined in the work by A.
Kostenko et al. [19] but an analysis of their corrosion resistance during operation was absent, which
is critically important for the marine industry. The study by S. Panicker et al.[20], focused on the
influence of mechanical stresses on the microstructure of metals during WAAM, but issues related
to deformations, crack formation, and their prevention in unstable production conditions were not
sufficiently addressed. In the work by A. Maurya et al. [21], approaches to optimizing the selection of
metals and alloys depending on process parameters to enhance the wear resistance of final products
were proposed. However, the study insufficiently accounted for the interaction of complex factors, such
as temperature gradients, cooling rate, and external dynamic impacts. The study by G. Barrionuevo et
al. [22], was oriented towards optimizing simulation parameters to improve the accuracy of predicting
defects in metal but was limited to standard printing conditions, not taking into account the influence
of vibrations, rolling, and other dynamic factors characteristic of marine operation. The work by F.
Marefat et al. [23], contributed to understanding the influence of changes in metal composition on the
stability of the WAAM process but did not cover the aspect of adapting material properties to changes
in the surrounding environment. Meanwhile, this adaptability could be one of the key factors for the
successful application of WAAM in marine engineering, where ensuring the durability and reliability
of components in an aggressive external environment is critically important.

Consequently, the aim of this article is a comprehensive analysis and investigation of modern
instrumental tools aimed at improving wire arc additive manufacturing, with an emphasis on identify-
ing key technical problems and challenges caused by the impact of the dynamic marine environment.
Furthermore, the article presents recommendations for applying the corresponding instrumental
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support and selecting metals, taking into account the specifics of the maritime sector. To achieve
this goal, several key tasks have been defined: – Investigation of the features of applying WAAM
technology in the marine industry, where complex operating conditions, including vibrations and
oscillations, impose additional requirements on process control systems and quality assurance of man-
ufactured products; – Analysis of the functional capabilities, advantages, and limitations of existing
technical and software tools for monitoring, diagnostics, management, and control of 3D printing
to enhance the efficiency of WAAM in a marine environment; – Analysis of modern methods and
technologies for digital modeling, monitoring, diagnostics, and control of the WAAM process, aimed
at improving the accuracy, stability, and reproducibility of 3D printing, identifying their strengths and
existing limitations in the context of ensuring the quality and geometric precision of metal parts; –
Determination of the advantages and disadvantages of the operational and technological properties of
metals used in the production of components for the marine industry, oriented towards ensuring the
reliability, resilience, and stability of the WAAM process under marine operating conditions.

Overall, this article is aimed at improving the WAAM methodology, contributing to the develop-
ment and adoption of more reliable, high-performance solutions for the use of additive manufacturing
in the marine industry.

2. Methodology
2.1. Current Research

This research focuses on additive manufacturing using wire arc additive manufacturing (WAAM)
technology, specifically for applications in the maritime industry, including ships and mobile platforms.
The study assessed the impact of vibrations and ship motion on the stability of the deposition process
and the final quality of manufactured components. To achieve this, data on the frequencies and
amplitudes of vibrations caused by shipboard machinery operations were analyzed. Structural
solutions aimed at minimizing these negative effects were explored, particularly through the use of
a gyrostabilized platform to maintain equipment at a horizontal level. The study also examined an
automated WAAM control system developed by the authors, featuring a feedback mechanism tailored
for the specific operational conditions of 3D printers on a maritime vessel.

2.2. Instrumental Tools for Enhancing WAAM Technology in Maritime Environments

The research involved a detailed analysis of technical documentation and scientific articles in-
dexed in the Scopus database over the past five years, focusing on additive manufacturing using wire
arc additive manufacturing (WAAM) technology. A key aspect of the study was the comprehensive
evaluation of existing instrumental tools for improving the WAAM process for use on ships and off-
shore platforms. The functional purpose, advantages, and disadvantages of various technical solutions
for mitigating the impact of the marine environment and stabilizing technological operations in WAAM
were outlined. The study also described the functional roles, benefits, and limitations of technical tools
used to assess the quality of parts produced by 3D printers using WAAM technology. Additionally,
an overview of available software tools for process analysis, simulation, and quality assurance of
WAAM-produced components was provided, highlighting their advantages and drawbacks.

2.3. Digital Modeling, Monitoring, Diagnostics, and Control Tools for the WAAM Process

The analysis of functional capabilities for ensuring the efficiency of 3D printing was based on
the study of tools that enable precise calculation of thermal fields and mechanical stresses, as well
as their integration into the process control system. Particular attention was given to modeling tools
that assess the impact of thermal cycles on material properties, helping to better control the cooling
process and prevent defect formation in metal parts manufactured using WAAM technology. The
study also focused on advanced technological approaches to monitoring and controlling the process
and material behavior during deposition. Key monitoring and control systems for different stages of
the 3D printing process were identified, along with their roles in ensuring high product quality, as
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well as their advantages and limitations in practical applications. Additionally, the study examined
the future prospects of instrumental tools aimed at improving WAAM processes. Considering trends
in automation, opportunities for integrating artificial intelligence and machine learning into process
modeling and control were explored. The development of digital technologies for further defect
reduction and quality enhancement in manufactured components was also analyzed. A classification
of modern instrumental tools for ensuring high-quality WAAM processes was proposed.

2.4. Metals Used in WAAM Technology for the Maritime Industry

Special attention was given to the selection of metals for WAAM applications in the maritime
industry. The study analyzed the functional advantages and disadvantages of using different alloys
according to a proposed classification. The specific properties of the analyzed alloys affecting the 3D
printing process were outlined. Challenges requiring detailed consideration and optimization of the
WAAM process to achieve the required quality and reliability of final products were discussed. Special
attention was paid to challenges related to the influence of different materials and WAAM process
conditions on the stability and reproducibility of the process.

3. Results
3.1. WAAM Technology in Maritime Environments

Despite its undeniable advantages, wire arc additive manufacturing (WAAM) technology, whose
structural component diagram is shown in Figure 1, has not yet been properly implemented on
maritime vessels and platforms [24–27]. The primary reasons for this include the challenging conditions
of the dynamic marine environment and the impact of various production factors on the manufacturing
process of metal components.

Figure 1. Block diagram of WAAM technology components on a naval ship.

During the technological process of 3D printing, utilizing the WAAM technology, each inter-
mediate component undergoes numerous thermal cycles, which significantly influence the material
microstructure and the quality of the final part. The heating and cooling processes inherent to each
layer contribute to the formation of a microstructure distinct from those of materials fabricated via
traditional methods, such as machining, casting, or rolling. The continuous thermal fluctuations lead
to variations in crystalline structure, phase distribution, and mechanical properties, including strength,
ductility, and durability [28]. Simultaneously, the WAAM technology offers unique opportunities for
the creation of multi-material structures, with varying properties within a single component. This
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is achieved by employing different materials for distinct sections of the part, ensuring optimal char-
acteristics for each functional zone. Such material flexibility reduces costs by minimizing the need
for expensive universal materials while enhancing the part’s performance by aligning its properties
with specific operational requirements [29]. Furthermore, WAAM facilitates material mixing, enabling
the development of complex coatings with improved properties, such as corrosion resistance under
real marine conditions or enhanced wear resistance, as well as the ability to form material transitions
within a single component [30].

A key feature of the wire arc additive manufacturing technology is its significant potential for
application on marine vessels and various offshore platforms, particularly in environments requiring
rapid and autonomous fabrication or repair of metal components. This technology enables the
production of large-scale parts with minimal material waste, making it particularly attractive for use
on marine ships, where space and resources are limited. Of particular value is WAAM’s ability to
repair damaged structural elements directly on board, substantially reducing downtime and improving
operational efficiency. A distinguishing aspect of the WAAM process on ships is the impact of dynamic
environmental factors, such as ship roll and vibrations, which can adversely affect the stability of
the welding process, the morphology, microstructure, and quality of the deposited metal samples.
Vibrations from power machinery or wave motion can lead to uneven material deposition, resulting in
defects such as pores, cracks, or altered surface texture [2,3,28].

To mitigate the effects of ship roll and vibrations on ships and mobile platforms, various stabiliza-
tion solutions can be employed. One approach being explored by the research team is the installation
of WAAM equipment on a gyro-stabilized platform [1,2], which automatically compensates for ship
movement, maintaining the work zone at a horizontal level (as shown in Figure 2), thereby reducing
oscillations and ensuring process stability—critical factors for achieving the desired metal deposition
quality. The level of contemporary research and development of instrumental tools for enhancing
WAAM technology allows the creation of automated feedback systems that function in real-time. The
research team aims to ensure stable control and management of welding parameters based on external
marine environmental conditions. To achieve this goal, an automated WAAM control system with
feedback implementation has been developed. The research was conducted both in laboratory settings,
utilizing appropriate simulation platforms, and in real-world marine environments aboard a ship.
The welding apparatus’s current and voltage were monitored in real time using a current sensor. The
morphological characteristics of the components were assessed using machine vision techniques. In
the laboratory, the ship’s roll and vibration conditions were simulated using a platform equipped
with a nine-axis accelerometer and vibration sensor. Real-time adjustments to the average output
current were made through vector control of the welding potentiometer, which was manipulated by
the robotic arm. Magnetic field parameters were controlled via frequency and amplitude modulation
to optimize welding quality.

Figure 2. Gyro-stabilized platform to reduce vibration.
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In the marine environment, the use of WAAM technology, compared to conventional printing
methods on land, is influenced not only by vibrations generated by the vessel’s own power system
but also by low-frequency oscillations and pitching induced by irregular, multidirectional sea waves.
The 6-DOF stabilization platform and the developed vibration modules, integrated into the WAAM
equipment, are designed to simulate vibrations and pitching under shipboard conditions, enabling pre-
optimization of process parameters in the challenging maritime environment. Actual sea conditions
are initially measured using vibration sensors and a nine-axis accelerometer on a research vessel, with
the data then converted into 29-bit instructions required by the 6-DOF platform to control multi-axis
motions and orientation. Due to the variable nature of the surrounding environment and the large
amplitude of oscillations and pitching in shipboard conditions, the stability of the droplet, arc, and
molten pool during the WAAM process is significantly disrupted. Therefore, it is crucial to employ
general control modules and feedback control mechanisms for WAAM equipment to adapt to the
complex conditions aboard vessels. The automated system developed for this purpose is illustrated in
Figure 3

Figure 3. Instrumental features of an automated system with a collar link for monitoring and ensuring the
accuracy of the production of parts on a marine vessel.

The automated system integrates various sensors, including current, voltage, nine-axis accelerom-
eters, and three-axis vibration sensors. These sensors interface with a computer via the Modbus 485
protocol. The current and voltage sensors can capture real-time welding current and voltage with a
sampling frequency of 1000 Hz. Additionally, the system is equipped with two CCD cameras for real-
time imaging of droplet behavior, arc dynamics, molten pool morphology, and profile formation. Using
deep learning techniques, these image signals, along with electrical time-series signals, are transformed
into abstract high-dimensional features and the necessary parameters for process adjustment. Through
dynamic adjustments of the actual current, voltage, and robotic arm positioning, morphological defects
can be corrected in real time. The obtained high-dimensional parameters are applied to pre-trained
deep learning models for further evaluation of the quality of the formed components.

The automated system is modular, ensuring that each module performs specific functions while
maintaining a standardized data transmission format across all modules. The welding robot is
subjected to varying degrees of vibration and oscillation. Excessive vibration negatively impacts
welding quality. Therefore, when measuring vibration frequency, speed, acceleration, and other
relevant information via the three-axis vibration sensor, a shutdown threshold and other precautionary
actions are established to protect the system.
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Vibrations occurring aboard the ship during WAAM operations pose significant challenges
that markedly affect the quality of the deposited metal. Specifically, instability in the vibrational
environment leads to oscillations in both the welding gun and the supporting plate on which the part
is formed (Figures 4 and 5)

Figure 4. Acceleration curve of (a) the welding gun and (b) the support plate.

Figure 5. Trajectory of spatial movement of (a) the support plate and (b) the welding gun.

These oscillations alter the trajectory of the arc and metal droplet during deposition, potentially
leading to uneven material deposition, defect formation, or changes in the microstructure of the
product. Specifically, an increase in vibration amplitude at critical frequencies can cause the growth of
inhomogeneities in metal deposition, complicating the achievement of desired strength and accuracy
characteristics. Experimental studies by the authors [1,2] have shown that the vibrations of the support
plate and welding gun on a ship can exhibit varying amplitudes and frequencies. The vibrations of the
support plate along the z-axis have lower amplitude compared to those of the welding gun, which
vibrates in the x, y, and z directions. This is due to the cantilevered design of the welding gun, making
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it more sensitive to external influences. Notably, significant vibrations are observed in the frequency
range of 10–15 Hz, which often coincides with the natural frequency of the welding equipment. This
results in resonant phenomena that disrupt process stability and may negatively impact the final
product’s quality.

An important aspect of working in a vibrational environment is the relative positioning of the
welding gun and the support plate. Vibrations of both components alter their relative positions, which
can cause arc fluctuations and change the behavior of the metal as it is deposited onto the surface
of the part. This not only reduces the deposition process’s accuracy but also creates difficulties in
predicting the final characteristics of the samples, such as microstructure, mechanical properties,
and material thickness uniformity. To mitigate the adverse effects of vibrations, adaptive real-time
process parameter control methods can be used, involving adjustments to wire feed speed, current,
and temperature to compensate for changes in environmental conditions.

To stabilize the impact of the dynamically changing marine environment on the 3D printing
process, the authors conducted research on the use of an external longitudinal magnetic field [1].
Positive results were obtained, such as improvements in the grain structure of ER50-6 steel, enhanced
mechanical properties of the resulting samples, and arc stability. The study revealed that applying
the appropriate longitudinal magnetic field significantly improves the surface quality of the formed
samples, particularly in low-vibration conditions. Optimized magnetic field parameters at 0.95 A
demonstrated pronounced effects.

The performed analaysis supports the positive conclusions regarding the use of additive tech-
nologies, as applied in various countries worldwide, for both civilian and military maritime fleets and
is available in the public domain [24–29]. According to the authors [24,25], the use of additive manu-
facturing technologies for the production and repair of metal parts on marine vessels and platforms is
both timely and highly relevant. Thus, with the use of effective stabilization structures, mechanisms,
modern digital technologies, and systems, the application of WAAM technology on marine ships and
platforms is feasible. At the same time, it is clear that additional technical and software components,
along with corresponding research, are necessary to stabilize the dynamically changing conditions of
the marine environment. Furthermore, it is important to consider both the advantages and drawbacks
of existing modern tools for enhancing WAAM, with the aim of ensuring the stability and integrity of
each metal layer deposited during the optimization, coordination, and control procedures of all 3D
printing processes.

3.2. Technical and Software Instrumental Tools for Enhancing WAAM Technology in Marine Engineering
Applications

To ensure high quality and reliability of final products, it is crucial to have both technical and
software tools that aid in assessing the quality of parts produced using WAAM technology on 3D
printers. These tools provide researchers and users with the functional capabilities necessary to
implement comprehensive quality control of components manufactured with WAAM technology
aboard maritime vessels. Given the particularly aggressive nature of the marine environment and its
impact on material properties, it is essential to apply modern methods and technologies to ensure the
longevity and reliability of manufactured components. Ships are constantly subjected to vibrations,
shock loads, and wave action, which requires ongoing monitoring of 3D printer performance and
quality control during part production. Therefore, it is vital to consider the functional capabilities of
various instrumental tools used to assess and monitor the quality of parts produced by this technology.

The advantages and disadvantages of the technical tools that can be employed for quality as-
sessment of components produced with WAAM technology in real-world marine environments are
outlined in Table 1.
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Table 1. Functional Purpose, Advantages, and Disadvantages of Technical Tools for Investigating the Quality of
Parts Produced Using WAAM Technology on 3D Printers.

№. Name Purpose Advantages Disadvantages
1 Metallographic

Analysis [30,31]

1.1 Scanning
Electron
Microscopy
(SEM)

1.2 Optical Mi-
croscopy
(OM)

1.3
Composition
Analy-
sis(EDS,
XRD)

1.1 Study mate-
rial surfaces
to defects
and mor-
phology

1.2 Determine
phase com-
position and
chemical
elements in
materials

1.1 High resolu-
tion, detailed
analysis
of surface
structures

1.2 Ease of use
and fast anal-
ysis

1.3 Precise iden-
tification
of material
composi-
tion, detects
crystalline
structures
and phases

1.1 High equip-
ment cost,
complex
sample
preparation

1.2 Limited
depth of
view, re-
stricted
resolution

1.3 Susceptible
to elemental
interference
and peak
overlap

2 Transmission Elec-
tron Microscopy
(TEM) [32]

Analyze mi-
crostructure at
the atomic level
to study phase
transformations
and crystal lattices

High resolution,
atomic-level inves-
tigation

Expensive method,
complex sample
preparation
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№. Name Purpose Advantages Disadvantages
3 Non-destructive

testing (NDT)
[33–35]

3.1 X-ray Tomog-
raphy (CT)

3.2
Radiography
(X-Ray)

3.3 Ultrasonic
Testing (UT)

3.1 3D scanning
using X-rays
for detailed
analysis of
microstruc-
ture and
internal
voids.

3.2 Detect inter-
nal defects
(e.g., pores,
cracks) with-
out cutting
samples.

3.3 Use ultra-
sonic waves
to detect
defects at
various
depths. Criti-
cal for large
WAAM
parts.

3.1 Non-
invasive,
3D imaging,
detailed
internal com-
position.

3.2 High pen-
etration
depth, high
spatial and
temporal res-
olution, non-
destructive
[33].

3.3 Broad mate-
rial compat-
ibility, good
structural
stability,
low residual
stress.

3.1 High equip-
ment cost,
limited
sample size.

3.2 Complexity
in experi-
mental setup
.

3.3 Limited
application
range.

4 Optical and Laser
Scanning Technol-
ogy [36]

4.1 Laser Scan-
ners

4.2 Optical 3D
Scanners

4.1 High-
precision
lasers mea-
sure surface
coordinates
to assess
CAD model
compliance.

4.2 Reconstruct
surface ge-
ometry for
comparison
with original
models.

4.1 Rapid collec-
tion of large
datasets.

4.2 Non-
invasive,
precise 3D
models.

4.1 Sensitive to
temperature,
humidity,
and lighting
changes.

4.2 Short scan-
ning dis-
tance, high
cost, slow
speed.
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5 Chemical Composi-

tion Control [37]

5.1 Optical
Emission
Spectrome-
try (OES)

5.2 X-ray Flu-
orescence
Analysis
(XRF)

5.1 Rapid el-
emental
analysis of
metals.

5.2 Non-
destructive
determi-
nation of
chemical
composi-
tion.

5.1 Fast results
for large sam-
ple volumes.

5.2 High excita-
tion energy,
versatile
for met-
als, alloys,
coatings, etc.

5.1 Some mate-
rials require
specialized
preparation

5.2 Requires reg-
ular calibra-
tion; long cy-
cle time

6 Thermal and Envi-
ronmental Monitor-
ing [38]

6.1 Infrared
Thermogra-
phy (IR)

6.2 Climate Test-
ing

6.1 Use of
infrared
cameras to
monitor the
tempera-
ture during
printing and
to detect
abnormal
zones

6.2 To simulate
Marine oper-
ating condi-
tions, includ-
ing exposure
to salt wa-
ter, moisture,
and tempera-
ture changes

6.1
Thermography
can detect
defects such
as cracks,
corrosion
foci, or inter-
nal damage
that may be
invisible or
inaccessible
to other
methods

6.2 Allows you
to assess the
long-term
resistance
of materials
to climate
change

6.1 The method
may be less
effective
for analyz-
ing materials
with uniform
thermal con-
ductivity or
for materials
that absorb
infrared
radiation

6.2 Sometimes
tests cannot
accurately
reproduce
the actual
operating
conditions
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7 Acoustic Emission

[39] 7.1 Detection
of microc-
racks and
defects dur-
ing and after
production

7.2 The acoustic
emission
method
allows
real-time
monitoring
of deforma-
tion and
defects

7.1 Provides the
possibility of
continuous
monitoring
of materials
and struc-
tures during
Operation

7.2 Allows you
to identify
problems
in a timely
manner and
take the
necessary
measures
to prevent
damage

7.3 Relative
simplicity
and low cost

7.1 Limited
information

7.2 An ad-
ditional
resource for
online mon-
itoring and
detection
tools

7.3 The results
may be dis-
torted by
the presence
of external
noise or
vibrations
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8 WAAM Process

Quality Control
[40].

8.1 Welding Pro-
cess Monitor-
ing

8.2
Interferometry

8.3 Temperature
Monitoring

8.1
Measurement
of current,
voltage, wire
feed rate,
welding pool
temperature
parameters
for detection

8.2 Record accu-
rate changes
in the ge-
ometry of
parts during
the manu-
facturing
process

8.3 Infrared cam-
eras and pa-
rameters al-
low you to
monitor tem-
perature pa-
rameters dur-
ing printing
in real time

8.1
Convenience
of collecting
welding
process pa-
rameters and
recording
data

8.2 High accu-
racy, high
sensitivity
and high
efficiency

8.3 High preci-
sion, good
stability, easy
automation

8.1 Large
amount
of raw data
for real-time
data pro-
cessing and
analysis

8.2 High cost,
slow re-
sponse, high
thermal
inertia

8.3 Stable con-
ditions are
required
for mea-
surement
accuracy

8.4 Additional
sensors and
systems are
required
for accurate
operation
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9 Vibration/Shock

Monitoring [41].

9.1
Accelerometers

9.2 Shock Sen-
sors

9.3 Gyroscopes

9.1 Used to
monitor vi-
brations and
shock loads
on parts
during ship
operation

9.2 For monitor-
ing impacts
and their
impact on
materials
in marine
conditions

9.3 Measure
angular ac-
celerations
to monitor
and com-
pensate for
rotations and
vibrations
of the ship’s
Hull during
printing

9.1 Capable of
accurately
measuring
movements
and vibra-
tions, they
are easily in-
tegrated into
monitoring
systems

9.2 Measure
short-term
loads and
are suitable
for difficult
conditions

9.3 Maintain
accuracy
even during
movements

9.4 Fast re-
sponse, high
accuracy
and high
reliability

9.1 May give er-
rors at low
accelerations

9.2 Limited
sensitivity to
prolonged
loads, not
suitable for
continuous
monitoring

9.3 May lose
accuracy due
to long-term
measure-
ments, high
price

9.4 Subject to
interference
and have
a limited
service life

10 Mechanical Testing
[42]. 10.1 Evaluation

of me-
chanical
properties,
such as
tensile
strength,
stiffness,
etc.

10.1 Accurate re-
sults when
used

10.2 Ability to
evaluate
operational
properties

10.1 The need
for spe-
cialized
equipment

10.2 Complex
preparation
of samples
for testing
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11 Corrosion Testing

[43,44].

11.1 Corrosion
Testing

11.2 Salt mist
(salt Spray
Testing)
[43,44].

11.3
Electrochemical
impedance
spec-
troscopy
(EIS)

11.1 Simulation
of salt
water cor-
rosion to
assess the
corrosion
resistance
of materials

11.2
Measurement
of corrosion
resistance
of mate-
rials and
coatings
in marine
conditions

11.1 Rapid as-
sessment of
corrosion in
conditions
close to
marine

11.2 Without
damage
to the
corrosion
assessment,
allows
you to
study mech-
anisms
without
damaging
the material

11.3 Cost-
effective
and reliable
real-world
simulation

11.4 High accu-
racy and
a wide
frequency
range allow
real-time
monitoring
of changes

11.1 Does not
take into
account all
natural con-
ditions (for
example,
tempera-
ture fluctua-
tions)

11.2 Complexity
of inter-
preting
the results,
high cost of
equipment

11.3 High re-
quirements
for process-
ing samples
and exper-
imental
equipment

11.4 Complex
experi-
mental
conditions
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12 Control of wear

and fatigue
strength [45]

12.1 Three
biological
tests(Tribology
Testing)

12.2 Fatigue
strength
testing
(Fatigue
Testing)

12.1 Assessment
of resis-
tance to
friction and
wear in
water or
in contact
with salt
water

12.2
Determination
of the ma-
terial’s
resistance
to repeated
loads, tak-
ing into
account
the effects
of mois-
ture and
corrosion

12.1 High accu-
racy and re-
liability, as
well as fore-
casting the
service life
of the prod-
uct

12.2
Experimental
results can
be used
directly
for design
with rela-
tively good
sensitivity

12.3 Suitable for
various ma-
terials and
operating
conditions

12.4 It is well
suited for
materials
that are
subjected
to variable
loads

12.1 Long test
period and
complex
simulation
of test
conditions

12.2 Requires a
special ex-
perimental
setup

12.3 Equipment
depends
on the
presence
of chips
in the re-
sults of the
experiment

12.4 Long test-
ing process,
requires
expensive
equipment

The influence of marine motion and vibrations on the operation of 3D printers employing WAAM
technology presents a significant challenge to ensuring stable and high-quality performance. Additive
manufacturing, especially WAAM, in such environments requires a high degree of stability to maintain
precision in part fabrication. In maritime conditions, where waves, vibrations from engines, and rapid
acceleration are prevalent, it is crucial to employ specialized technical tools and systems to compensate
for these influences. The main technical tools, instruments, and systems that assist in measuring and
controlling the impact of marine motion and vibrations, as well as ensuring stable 3D printer operation
on ships or platforms, are listed in Table 2.
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Table 2. Functional Purpose, Advantages, and Disadvantages of Technical Tools Used for Investigating the Impact
of Marine Environment and Stabilizing Technological Operations in WAAM Technology.

№. Name Purpose Advantages Disadvantages
1 Gyroscopic Stabiliz-

ers [46,47] 1.1 Stabilize
the printing
platform
by coun-
teracting
angular ship
movements.

1.1 Rapid re-
sponse to
orientation
changes;
automati-
cally adjusts
motions to
reduce oscil-
lation impact
and ensures
uniform
printing.

1.2 Effectively
counteracts
angular
movements,
ensures
platform
smoothness
even under
turbulence,
guarantee-
ing print
quality.

1.1 High cost,
complex
setup/integration
with other
systems;
limited ef-
fectiveness
in extreme
conditions.

1.2 Significant
installation
and main-
tenance
expense.
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2 Active Vibration

Damping Systems
[48,49].

2. 1
Piezoelectric
Active Vi-
bration
Damping
Systems.

2. 2 Vibration
Isolation
Mounts.

2. 1 Actively
neutralize
vibrations
using piezo-
electric
actuators
that gen-
erate com-
pensatory
vibrations
in response
to measured
oscillations.

2. 2 Mechanical
supports
or piezo-
electric
platforms
to reduce
vibration
transmis-
sion to
WAAM
printer.

2. 1 High pre-
cision,
compact
design,
and energy
efficiency.

2. 2 Fast vi-
bration
damping
maintains
process sta-
bility with
minimal dis-
placement.

2. 3 Easy in-
tegration
and user-
friendly
operation.

2. 1
Weight/volume
constraints;
requires
frequent
mainte-
nance/calibration.

2. 2 High cost,
complex
integration,
and substan-
tial energy
consump-
tion.

2. 3 Reduced
efficiency
over time
due to me-
chanical
wear.

3 Adaptive Stabiliza-
tion on Systems
[50].

3.1 Electro- me-
chanical/
Hydraulic
Stabilization
Systems.

3.1
Automatically
adjusts pa-
rameters
to adapt to
environmen-
tal changes,
enhancing
efficiency
in marine
instability.

3.2 Ensures
print stabil-
ity/accuracy
and mini-
mizes errors
from plat-
form uneven-
ness/vibration.

3.1 Requires
skilled op-
erators for
setup/ man-
agement and
significant
investment.
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№. Name Purpose Advantages Disadvantages
4 Platform Tilt/ Posi-

tion on Monitoring
Systems [51].

4.1
Inclinometers
(Tile Sensors)

4.2 Laser Posi-
tion Sensors

4.1 Measure real-
time angular
deviations
to correct
WAAM
printer
position.

4.2 Monitor
printer
head/platform
position for
accuracy
during ship
motion.

4.1 Precise tilt
measure-
ment; easy
integration
with 3D
printing
system.

4.2 Accurately
tracks object
position
under vibra-
tion.

4.3 Detects
ship-motion-
induced de-
viations, en-
suring high
print accu-
racy/quality.

4.1 High cal-
ibration/
maintenance
require-
ments;
complex real-
time data
processing.

4.2 Increased
system com-
plexity/cost
and need
for high-
performance
computing.

4.3 Susceptible
to tem-
perature/
mechanical
interference
errors.

5 Motion Compensa-
tion Modules for
WAAM Systems
[52]

5.1 Pitch Com-
pensation
Modules

5.2 Stabilization
Platform.

5.1 Integrated
into robotic
manip-
ulators;
automati-
cally adjust
print head
position
relative to
ship motion.

5.2 Maintain
workspace
stability
regardless
of ship
oscillations.

5.1 Ideal for
environ-
ments with
persistent
instability.

5.2 Reduces
vibra-
tion/sway
impact on
WAAM
accuracy.

5.3 Minimizes
ship-motion-
induced
errors.

5.4 Reliable sup-
port for high-
precision op-
erations.

5.1 Require com-
plex setup
and precise
measure-
ments for
efficient use.

5.2 Large spatial
footprint
limits use in
constrained
spaces.

5.3 Demanding
maintenance
require-
ments.
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6 Temperature Fluc-

tuation Compensa-
tion Systems [53].

6.1 Climate Con-
trol Systems

6.2 Thermal
Control of
Printing
Zone

6.1 Maintain
constant
printing
zone tem-
perature
in marine
conditions.

6.2
Compensates
for external
temperature
fluctua-
tions from
weather
or ship
systems.

6.1 Reduces ma-
terial crack-
ing/warping
risks.

6.2 Prevents
printing
defects.

6.3 Optimizes
produc-
tion effi-
ciency and
equipment
lifespan.

6.4 Minimizes
temperature
impact on
materials;
improves en-
vironmental
adaptability.

6.1 High energy
consump-
tion and
regular
mainte-
nance.

6.2 Ineffective
under
extreme
tempera-
ture/humidity
changes.

6.3 Complex
installation/
mainte-
nance.

6.4 High equip-
ment/ instal-
lation costs.

7 Intelligent systems
for predicting and
preventing fluctua-
tions [54,55].

7.1 Machine
Learning-
Based Pre-
dictive
Algorithms.

7.2 Vibration
Early Warn-
ing Systems.

7.1 Use ship mo-
tion/environmental
data to
forecast
oscillations
and trigger
preventive
actions.

7.2 Activate
compen-
sation
measures
based on vi-
bration load
measure-
ments/predictions.

7.1
Autonomous
problem
detec-
tion/correction.

7.2 Enhances
equip-
ment/personnel
safety.

7.3 Improves
real-time
predic-
tion/response
accuracy.

7.4 Reduces
downtime,
losses, and
improves
safety.

7.1 Requires
large
datasets
and spe-
cialized
expertise.

7.2 Demands
integration
with other
systems.

7.3 High compu-
tational com-
plexity.

7.4 High up-
front costs,
false alarms,
and frequent
mainte-
nance.
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8 WAAM Pro-

cess Monitor-
ing/Automation
[56,57].

8.1 Automated
WAAM
Control
Systems

8.2 Adaptive
Printing
Parameter
Systems

8.1
Automatically
adjust print-
ing based on
platform vi-
brations/tilt.

8.2 Dynamically
adjust wire
feed speed,
current, etc.,
based on en-
vironmental
changes.

8.1 Precise pa-
rameter
regulation;
minimizes
operator
errors.

8.2 Enhances
productiv-
ity/output
quality.

8.3 Reduces
human
interven-
tion/material
waste.

8.4 Improves
system
stability/
adaptability
and material
savings.

8.1 High imple-
mentation
costs.

8.2 Incorrect
adaptation
risks process
failures.

8.3 Complex cal-
ibration chal-
lenges algo-
rithms.

8.4 High system
complex-
ity/cost.

In addition to the technical tools that ensure the quality control of parts produced by 3D printers
using WAAM technology, it is essential to consider the software tools that enhance this technology.
Software solutions play a significant role in modeling, analyzing, and predicting material properties,
which helps to improve the accuracy of production and ensure the desired quality of final products.
They enable the creation of detailed computer models, simulations, and the analysis of thermal and
mechanical processes, which contributes to a better understanding of how various parameters affect
the final product. The advantages and disadvantages of the main software tools used for research,
simulation, and ensuring the quality of parts produced by 3D printers with WAAM technology, with
an emphasis on their ability to model, predict, and optimize WAAM processes under real maritime
conditions, are presented in Table 3.
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Table 3. Advantages and Disadvantages of Software Tools Used for Research, Simulation, and Quality Assurance
of Parts Produced by 3D Printers Using WAAM Technology.

№. Name Purpose Advantages Disadvantages
1 ANSYS Numerical

simulation and
analysis software
covering mechan-
ical, thermal, and
electrical studies
[58].

1.1 Systems
for mod-
eling and
analyzing
mechanical
and thermal
processes
using the fi-
nite element
method
(FEM)

1.1 Supports a
wide range
of physical
phenomena;
accurate
prediction
of residual
stresses and
deforma-
tions

1.1 High licens-
ing cost;
steep learn-
ing curve for
new users

2 ABAQUS Powerful
finite element anal-
ysis software for
solving complex en-
gineering problems
[59].

2.1 Professional
software for
nonlinear
analysis

2.2 Simulation
of mechan-
ical and
thermal
processes

2.1 Models for
complex ma-
terials and
processes

2.2 Accuracy in
predicting
changes
in the mi-
crostructure

2.1 Difficulty
in setting
up and
modeling

2.2 High license
cost

3 MATLAB/Simulink
Numerical compu-
tation, modeling,
and simulation
software [60].

3.1 Algorithm
develop-
ment/testing,
including
data anal-
ysis and
prediction

3.2 Enables
block di-
agram
creation for
simulating
complex
engineering
systems

3.1 Not spe-
cialized
for direct
mechani-
cal/thermal
process
analysis

3.2 High compu-
tational capa-
bilities

3.1 Does not
specialize
directly in
mechanical
or thermal
processes

3.2 Special
resource re-
quirements
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4 COMSOL Multi-

physics Software
for thermal process
modeling and
simulation [61].

4.1 Study and
predict the
temperature
in the treated
areas, im-
portant for
controlling
the welding
process and
preventing
defects

4.1 Accurate
thermal
impact
modeling

4.2 User-
friendly
interface
for model
creation/
manage-
ment

4.1 Limited
mechanical
analysis
capabilities

4.2 Requires
specialized
expertise for
effective use

5 AnsysGranta:
Materials Informa-
tionManagement
Information system
for managing prop-
erties of materials
and data [62].

5.1 Manages
material data
throughout
product
lifecycles

5.2 Analyzes/
selects ma-
terials for
specific ap-
plications
with high
accuracy

5.1 Support for
a wide range
of materials
and proper-
ties

5.2 Integration
with other
engineering
applications

5.1 High licens-
ing costs

5.2 Complex us-
ability

6 JmatPro Thermody-
namic and phase
diagram modeling
software for mate-
rial alloy calcula-
tions [63].

6.1 Optimizes
materials
and process-
ing

6.2 Simulates
phase dia-
grams for
alloys

6.3 Thermo-
dynamic
calculations
for material
properties

6.1 Supports
numer-
ous types
of alloys,
allowing
research for
metals, ce-
ramics, and
polymers

6.1 Low accu-
racy for
novel/non-
standard
materials

6.2 Cost-
prohibitive
for small
enterprises
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7 Flow3DAM Ad-

ditive manufac-
turing simulation
software for
metal 3D printing
processes[64].

7.1 Analyzes
ther-
mal/mechanical
processes
during 3D
printing

7.2 Optimizes
printing
parameters

7.1 Ability to
simulate
complex
aspects of
printing,
such as
cooling,
stress, and
deformation

7.2 Supports
various
methods, in-
cluding laser
and elec-
tron beam
melting

7.1 Requires
high com-
putational
power

7.2 Demands
deep exper-
tise in mod-
eling/3D
printing

8 Thermo-Calc
Thermodynamic
calculation soft-
ware for phase
transformations
and material
properties under
varying conditions
[65].

8.1 Modeling of
phase trans-
formations
in alloys

8.2 Analysis
of thermo-
dynamic
properties of
materials

8.3
Optimization
of metal pro-
cessing
processes
to obtain
the desired
properties

8.1 High accu-
racy in phase
diagram
prediction

8.2 Suitable for
alloys, ce-
ramics, and
polymers

8.1 Requires ex-
pertise for ef-
fective use

8.2 Expensive
licenses for
small organi-
zations
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№. Name Purpose Advantages Disadvantages
9 AM-DSS (Additive

Manufacturing-
Decision Support
System) [66,67].

9.1 Helps you
choose the
best mate-
rials and
technolo-
gies for a
particular
production
process,
analyzing
various op-
tions and
their impact
on product
quality

9.2 It can be
used to
predict
production
costs

9.1 Integration
of data from
various
sources for
monitoring
WAAM
processes

9.2 Support
remote con-
trol and
monitoring

9.3 Real-time
visualization
of produc-
tion process
data

9.1 Dependence
on a stable
internet
connection
for remote
work

9.2 Access to
certain
functions
on board
the ship
may be re-
stricted due
to security
protocols

10 Simulia Software
for simulating
physical phenom-
ena, including
vibration and
marine motion
impacts on WAAM
[68,69].

10.1 Analysis
of envi-
ronmental
impact on
3D printing

10.2 Modeling
of vibration
loads and
their im-
pact on the
production
process

10.3
Optimization
of compo-
nents
produced
using
WAAM

10.1 Simulates
environ-
mental
impacts
(temper-
ature,
vibration,
humidity)

10.2 Supports
complex
marine
structural
analysis

10.1 High diffi-
culty in set-
ting up and
using it

10.2 High re-
quirements
for com-
puting
power
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№. Name Purpose Advantages Disadvantages
11 Sigma Labs Print-

Rite3D Real-time
WAAM process
monitoring plat-
form [70].

11.1 Real-time
quality
control of
the printing
process

11.2 Monitoring
of printing
parameters
such as tem-
perature,
deforma-
tion and
stress

11.3 Analysis
of print
parameters
to avoid
defects

11.1 Real-time
monitoring
allows you
to quickly
respond to
deviations

11.2 Detection
of defects
during the
production
process
without
stopping

11.1 Requires
WAAM
equipment
integration

11.2
Challenging
setup in
marine
conditions

12 Autodesk Net-
fabb 3D printing
preparation and op-
timization software
[71].

12.1 Preparation
of mod-
els for
WAAM, in
particular
optimiza-
tion of the
print path

12.2 Simulation
of the 3D
printing
process and
prediction
of defects

12.3 Analysis
and cor-
rection of
the trajec-
tory for
working in
conditions
of vibra-
tions and
pitching

12.1 Simple in-
terface and
support for
various 3D
printers,
including
WAAM
systems

12.2 Support for
complex
models to
optimize
production
processes

12.1 Limited
accuracy
for external
vibra-
tion/sway
simulations
(vibrations,
pitching)

12.2 Restricted
function-
ality in
marine en-
vironments
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№. Name Purpose Advantages Disadvantages
13 3DEXPERIENCE

Integrated digital
platform for design,
simulation, and
production [72,73].

13.1 Integrates
CAD/CAM/
CAE tools

13.2 Simulates
material
behavior
under envi-
ronmental
impacts

13.3 Real-time
collabora-
tion

13.4 Integration
with ad-
ditive
manufac-
turing
tools

13.1 Simulates
the physical
properties
of materials,
their behav-
ior during
printing,
and envi-
ronmental
influences
(vibration,
tempera-
ture, etc.)

13.2 Allows you
to simulate
the WAAM
process for
predicting
defects,
analyzing
tempera-
ture fields
and defor-
mations of
parts

13.3 The plat-
form sup-
ports
remote ac-
cess, which
allows you
to manage
projects
even on sea
vessels or
platforms

13.4 Tools for
quality
control and
reduction
of risks aris-
ing during
production,
especially
in the
marine en-
vironment

13.5 The ability
to work
with the
team re-
motely and
in real time,
which is
important
for large
projects
in marine
or hard-
to-reach
environ-
ments

13.1 High licens-
ing costs

13.2 Steep learn-
ing curve

13.3 Demands
high com-
putational
resources
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№. Name Purpose Advantages Disadvantages
14 Siemens NX Inte-

grated system for
design, simulation,
and manufacturing
[74,75].

14.1
Optimization
of 3D print-
ing trajec-
tories and
control of
the additive
manufac-
turing
process

14.2 Simulation
of physical
activity on
structures
made using
WAAM

14.3 Integration
with robotic
systems
and real-
time mon-
itoring of
the 3D
printing
process

14.1 High accu-
racy and
scalability
for complex
production
processes

14.2 Support for
a large num-
ber of ma-
terial types
and operat-
ing scenar-
ios

14.1 High com-
plexity of
configura-
tion and
the need for
specialized
knowledge

14.2 Expensive
license and
the need for
powerful
computing
resources

3.3. Instrumental Tools for Digital Modeling, Monitoring, Diagnostics, and Process Control in WAAM
Technology

One of the key approaches to minimizing technological problems and addressing the challenges
posed by the maritime environment is the use of advanced modeling and simulation methods. These
methods enable a detailed study of thermal, mechanical, and vibrational processes during the operation
of 3D printers using WAAM technology. The application of advanced versions of the Finite Element
Method (FEM) [76] can significantly improve the accuracy of predicting the thermo-mechanical
behavior of each layer of metal. Specifically, the integration of adaptive algorithms to account for
changes in thermal and mechanical conditions allows for the creation of detailed models of phase
transformations, which is critical for ensuring high-quality final parts and achieving the required
mechanical properties. This method serves as a tool for analyzing thermal and mechanical processes
occurring within the material during welding.

The Finite Element Method enables complex geometries and physical phenomena to be broken
down into numerous smaller, simpler elements, forming a discrete model. Each element has its
own characteristics, and by integrating the results from all elements, a comprehensive picture of the
behavior of the structural components of the part is obtained. In the context of WAAM, FEM is used
to model temperature fields, mechanical loads, and deformations. Specifically, during the arc-based
method, it is important to predict the temperature distribution within the material, as this directly
affects residual stresses and potential deformations in the weld and adjacent areas.

The welding process generates complex thermal cycles that can be modeled using the Finite
Element Method (FEM) (Figure 6. Modeling thermal processes involves calculating the temperature
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gradients that arise due to localized heating and cooling [77]. This helps identify critical areas where
cracks or deformations may occur due to uneven heat distribution. FEM aids in analyzing various
welding parameters, such as current, arc voltage, wire feed speed, and others, which affect the final
temperature distribution and mechanical properties of the part [78].

Figure 6. Structure of sheared-element mesh for low-carbon steel.

To model phase transformations, numerical models are employed that account for temperature
variations and the influence of cooling rates on the material’s microstructure. These models, which
incorporate phase changes, facilitate the prediction of microstructural evolution during cooling and its
subsequent impact on the material’s final mechanical properties [79,80]. Achieving accurate results
necessitates the validation of these numerical models against experimental data. This process involves
conducting physical testing on samples produced via WAAM to assess the accuracy of the finite
element method (FEM) models.

Experimental data, including residual stresses, microstructural characteristics, and mechanical
properties, are utilized to calibrate and refine the model predictions. Simulation technologies are imple-
mented using specialized software (e.g., ANSYS or ABAQUS, see Figure 7), enabling a comprehensive
analysis of thermal and mechanical processes in welding constructions. These simulations, which
incorporate all process parameters and material properties, aid in more precise predictions of the final
product’s characteristics.
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Figure 7. Structure of sheared-element mesh for low-carbon steel.

Modeling, management, and process prediction software in the WAAM technology play a piv-
otal role in optimizing and controlling the quality of metal part production. These tools enable the
simulation of various process aspects, real-time management, and the prediction of potential defects
and optimal operating conditions [81]. For instance, MATLAB is utilized for modeling, numerical
calculations, and simulations. This software environment offers a wide range of functions, includ-
ing mathematical modeling, statistics, and optimization. MATLAB seamlessly integrates with CAD
(Computer-Aided Design) and CAM (Computer-Aided Manufacturing) systems, facilitating the cre-
ation of custom scripts and functions, and utilizing numerical libraries for solving specific tasks.
However, its limitations lie in the fact that it is not specialized in mechanical or thermal processes and
requires specialized knowledge and substantial computational resources for complex simulations.

CAE (Computer-Aided Engineering) systems, such as ANSYS, ABAQUS, and others, are em-
ployed for comprehensive modeling and analysis of mechanical and thermal processes. These systems
enable high-precision modeling of physical phenomena and support the integration of various types
of analysis. However, they come with high licensing costs, are complex for beginners to master, and
require powerful computers to process large data volumes.

Thermo-Calc software specializes in modeling phase transformations and the phase composition
of materials, offering precise analysis of microstructure at different temperatures. While this software
is highly accurate and specialized, it requires expertise to use and can be challenging to integrate
with other systems. JMatPro software enables the modeling of material properties, including phase
transformations and mechanical properties. It features an intuitive interface and supports a wide range
of materials. However, its accuracy may be limited under non-standard conditions.

Simufact Additive software specializes in simulating the additive manufacturing process, par-
ticularly in predicting defects. This software can anticipate defects based on actual manufacturing
conditions, but its drawbacks include high costs and the need for specialized skills for effective use.
SPC Software is employed for Statistical Process Control (SPC). This solution helps identify deviations
from standards and simplifies quality management, though it requires significant resources for large
data analysis and has limited integration with other systems.

Big Data platforms, such as Hadoop and Apache Spark, play a significant role in the WAAM
technology by enabling the processing and analysis of large data volumes. These platforms support
various data types and analytical tasks, providing high processing speeds and access to free, open-
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source solutions. However, their configuration and integration can be complex, requiring substantial
computational resources. Similarly, IoT (Internet of Things) platforms, including AWS IoT and
Microsoft Azure IoT, facilitate real-time data collection from sensors and devices. These platforms
seamlessly integrate with other systems for process automation and support various types of sensors.
However, their costs can escalate depending on the resources utilized, and they demand careful
attention to data security, availability, and accuracy.

An important area of WAAM technology development is the advancement of monitoring, diag-
nostic, and quality control technologies for manufactured parts [82]. The monitoring of the WAAM
process is especially critical to ensure production quality and accuracy [83]. However, this process can
face challenges, including the need for accurate and reliable monitoring systems that must track nu-
merous parameters in real-time, such as temperature, deposition rate, and layer thickness. Traditional
monitoring systems often struggle with accuracy because temperature sensors, placed far from the
deposition zone, can yield imprecise readings due to thermal losses and environmental influences [84].
The use of thermography, laser scanners, and high-resolution cameras helps visualize the deposition
process, providing accurate data on temperature regimes and geometric parameters. However, these
methods can be limited when applied on maritime vessels and platforms under real-world conditions,
where long-duration voyages introduce additional difficulties in ensuring continuous monitoring [85].

The diagnosis of the WAAM process is another crucial component, focusing on detecting and
analyzing anomalies that may arise during production. These anomalies can be caused by factors such
as unexpected changes in thermal conditions or defects in raw materials. The key challenge lies in the
timely identification of such anomalies and the prompt correction of the process [86]. For example,
overheating or insufficient cooling can lead to defects, such as porosity or cracks, which adversely
affect the final part’s quality. Various diagnostic tools, including non-destructive testing methods such
as X-ray or ultrasonic inspection, are employed. Integrating these methods with monitoring systems is
essential to ensure timely feedback and process correction.

WAAM process control encompasses the management of all parameters influencing the final part’s
quality, including the regulation of deposition speed, material feed, current, arc voltage, and cooling.
The primary challenge is maintaining the stability of these parameters throughout the entire production
cycle. Minor deviations can alter material properties, lead to defects, or reduce the part’s mechanical
strength [87]. To improve control, automated systems are employed that can adaptively adjust process
parameters in real-time. For example, current and voltage control systems can automatically correct
based on sensor data to maintain optimal deposition conditions. However, the accuracy and speed of
such systems are often limited by technological capabilities, necessitating further development and
refinement [88].

In the context of utilizing new materials and alloys in the WAAM process, the development of
novel tools for investigating microstructure is of paramount importance [89]. Accurate examination of
phase transformations and microstructural changes necessitates the use of advanced techniques in
electron microscopy and X-ray diffraction analysis. The development of methods that enable real-time
monitoring of phase transformations and microstructural evolution during the deposition process
could significantly enhance the mechanical properties of the finished products.

During the technological operation of a 3D printer implementing the WAAM process, each
intermediate component undergoes numerous thermal cycles, which significantly affect the material’s
microstructure and the part’s overall quality. The heating and cooling processes, characteristic of
each deposited layer, shape a microstructure distinct from that of materials produced via traditional
methods such as machining, casting, or rolling. Continuous thermal fluctuations lead to variations in
crystalline structure, phase distribution, and mechanical properties such as strength, plasticity, and
durability [90].

Simultaneously, the WAAM technology offers unique possibilities for creating multi-component
structures with varying properties within a single product. This is made possible by the ability to use
different materials for different parts of the component, thereby ensuring optimal characteristics for
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each functional zone. Such material flexibility reduces costs by minimizing the need for expensive,
all-purpose materials and enhances the efficiency of the part by precisely matching its properties to
the specific operational requirements [91]. Furthermore, WAAM technology enables the management
of material mixing processes, creating new opportunities for the development of complex coatings
with enhanced properties, such as resistance to corrosion in real marine environments or accelerated
wear, as well as facilitating the formation of material transitions within a single component [92]. A
contemporary approach to monitoring the WAAM process involves the automated determination of
the weld pool geometry and the analysis of the cooling process. This is achieved through the use of
various cameras with specific filters, which are adapted to the particular welding process and material
type [93]. For example, welding low-alloy steel using the M21 shielding gas requires filters that block
excessive light radiation from the welding arc (see Figure 8 ).

Figure 8. An example of selecting optimal parameters for monitoring the welding process and monitoring metal
cooling rate.

Typically, CCD cameras are used for such tasks; however, without the appropriate filters, they
can produce overexposed images due to the intense light emission during the process. The correct
selection of filters is critical for obtaining accurate data and conducting real-time monitoring, which
ensures precise control of the cooling process and the geometry of the weld pool (see Figure 9).

Figure 9. Distribution of temperature in a welded seam.
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Quality control of the manufactured part represents the final stage that encompasses all preceding
processes. It involves not only verifying the compliance of the final product with technical specifications
but also ensuring the stability and repeatability of the production process. Ensuring a high level of
material accuracy and uniformity is crucial, which can be achieved by integrating all control stages
into a unified quality management system.

The use of modern digital technologies for automating image and data analysis processes plays a
vital role in visualizing monitoring results, enabling faster and more accurate defect detection (see
Figure 10). This approach not only facilitates real-time monitoring of the 3D printing process but also
enables the analysis of collected data to identify hidden trends and anomalies. For instance, artificial
intelligence methods can predict potential defects in the early stages and automatically adjust welding
parameters, thereby minimizing operator intervention [94,95].

Figure 10. Identification of defects in the WAAM process.

One of the key challenges is ensuring the sufficient informativeness of control systems to detect
and correct potential deviations before they impact the quality of the finished product [96]. This
requires the integration of data from monitoring, diagnostics, and control into a unified information
system that allows for comprehensive analysis and the formulation of informed decisions. Addressing
the issue of acquiring real-time production data in the WAAM process demands the integration of
modern technologies, enhancement of monitoring and control methods, and the development of new
tools for diagnostics and quality management. Such advancements will improve the efficiency and
quality of the WAAM technology, ensuring high precision and reliability of the finished parts.

The modern instrumental tools used to enhance and ensure the effective WAAM process can be
summarized in the form of a Maslow’s pyramid (see Figure 11). The pyramid consists of several key
levels, each of which has its own advantages and limitations.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 June 2025 doi:10.20944/preprints202506.2160.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.2160.v1
http://creativecommons.org/licenses/by/4.0/


35 of 49

Figure 11. Range of tools to ensure an effective WAAM process.

Temperature and melting sensors provide precise temperature measurements in the melt zone,
as well as control over the material’s melting and solidification processes. They help reduce internal
stresses and deformations by accurately predicting phase transformations [97]. However, these sensors
require constant calibration to maintain data accuracy, and integration with other monitoring systems
can present challenges.

Laser scanners are employed to monitor the geometry and dimensional accuracy of the part
during the deposition process. With their high scanning resolution and ability to measure geometric
deviations in real time, these instruments enable the adjustment of the part’s shape directly during
3D printing, ensuring high quality in the final product. However, working with materials that have
high reflectivity complicates the use of laser scanners, and precise calibration is essential to avoid
measurement errors.

Laser scanners are employed to monitor the geometry and dimensional accuracy of the part
during the deposition process. With their high scanning resolution and ability to measure geometric
deviations in real time, these instruments enable the adjustment of the part’s shape directly during
3D printing, ensuring high quality in the final product. However, working with materials that have
high reflectivity complicates the use of laser scanners, and precise calibration is essential to avoid
measurement errors.

One of the key directions in the development of sensors for WAAM technology is the advancement
of devices capable of detecting temperature fluctuations, stress, phase transformations, and other
critical process parameters in real time. The use of high-precision infrared cameras and pyrometers
will allow for more accurate control of thermal processes in the melt zone, which reduces the likelihood
of defects such as cracks, porosity, and residual stresses [98].

The development of instrumental tools for studying the WAAM process is focused on improving
control accuracy, automation, the integration of cutting-edge technologies, and the creation of adaptive
control systems. Adaptive control systems ensure full automation of the deposition process, including
monitoring, correction, and real-time quality control. These systems enable continuous 3D printing
without operator intervention and allow for adaptive tuning of process parameters by integrating
with various sensors and control systems. Developing adaptive control systems that can respond
to changing conditions in real time is an essential step in improving the stability and reliability of
WAAM technology. However, the high cost of implementing such systems, the need for personnel
training, and the high demands for component stability and reliability may significantly complicate
their adoption.

The development of software tools for simulating, managing, and predicting WAAM processes is
multifaceted and involves integrating advanced technologies such as artificial intelligence (AI) and
machine learning [99]. These technologies have the potential to greatly improve the accuracy and
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efficiency of processes executed in 3D printers. AI and machine learning can automate various aspects
of modeling and prediction in WAAM processes. Machine learning algorithms (see Figure 12) are
capable of analyzing large volumes of data generated during production and automatically detecting
anomalies or deviations from expected parameters, enabling more precise quality control in real time.

Figure 12. Scheme of the machine learning process for updating digital models in the WAAM process.

Machine learning can also be applied to optimize process parameters, such as wire feed speed,
current, and arc voltage, which can reduce defects and improve the overall efficiency of the WAAM
technology [100]. These optimizations allow for more precise control over the manufacturing process,
leading to enhanced quality and consistency in the final product.

On the other hand, cloud technologies hold great potential for storing and processing the data
generated during the production process. Specifically, such platforms provide high scalability, allowing
for the processing of large volumes of information without the need to invest in expensive on-site
storage equipment [101]. These platforms offer tools for data analysis and performing complex
calculations, enabling the implementation of advanced algorithms for predicting material behavior
and quality during manufacturing. This contributes to rapid problem-solving and cost reduction in
production, as illustrated in Figure 13.

Figure 13. Scheme for the analysis of metal defects based on in-depth knowledge of modern chemical technologies.

The combination of artificial intelligence, machine learning, and innovative tools for automated
systems with feedback offers real opportunities for creating and utilizing digital twins [102–105],
which, in turn, opens new horizons for improving the quality and speed of component manufacturing.
Therefore, the development of instrumental tools combined with advanced technologies will not only
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enhance the quality and speed of production but also contribute to cost reduction, process management
improvement, and the development of innovations within WAAM technology.

In the near future, the instrumental tools for the WAAM process could become fully integrated and
adaptive, helping reduce the influence of human factors and increase production efficiency, particularly
in complex manufacturing conditions, such as the operation of a 3D printer using this technology
on a marine vessel during prolonged voyages. The integration of modern monitoring, control, and
real-time management tools will facilitate the creation of fully autonomous production systems, where
the WAAM technology can be just one link in the broader chain of digital manufacturing technologies
[106–109].

3.4. Problematic Issues in the Selection of Metals for Marine Applications of WAAM Technologies

The selection of metallic materials for wire arc additive manufacturing technology is a crucial
factor that determines the efficiency of the process and the quality of the resulting products. WAAM
uses metal wire as the feed material, which is melted using an electric arc and deposited layer by
layer to form a metal component. When choosing the material, it is necessary to consider a number of
technical aspects, such as weldability, thermal properties, the crystallization of the metal during cooling,
as well as the mechanical and physical properties of the material. Furthermore, the requirements for
microstructure and geometric tolerances of parts must be taken into account, especially in industries
such as marine engineering, where precision and reliability are critical [27].

The main types of materials used in the production for marine engineering via WAAM technology
are presented in Figure 14.

Figure 14. Materials for the production of additional WAAM technology in marine engineering.

Titanium and its alloys, particularly Ti-6Al-4V, are among the most promising materials for
use in wire arc additive manufacturing technology due to their unique properties. The Ti-6Al-4V
alloy is known for its exceptional strength, exceeding 900 MPa, and low density of approximately
4.43 g/cm³. This provides high strength structures with relatively light weight, making it ideal for
use in shipbuilding [110]. However, one of the significant challenges in using titanium alloys in
WAAM is their sensitivity to thermal conditions. The Ti-6Al-4V alloy has a complex microstructure
containing two main phases: hexagonal close-packed (α) and body-centered cubic (β). During the
deposition process, the temperature and cooling rate significantly affect the formation and quality of
these phases. Thermal conditions during the process can lead to the formation of various structural
forms. Specifically, slow cooling often results in the formation of Widmanstätten morphologies —
columnar α-phase structures and lamellae, as well as columnar β-grains. These structural elements can
affect the mechanical properties of the final parts, as their presence may reduce ductility and overall
strength.

One of the main challenges when processing titanium alloys is that aluminum and vanadium,
which are components of the alloy, have high solubility in titanium and do not always effectively
refine the grains ahead of the solidification front. This can lead to the formation of columnar β-grains,
which, although they transform into finer α-grains during further cooling, may negatively impact the
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material’s mechanical properties. These columnar β-grains can contribute to premature failure of the
part under transverse loading. To achieve the desired properties of titanium alloys in WAAM, it is
essential to provide precise control over thermal conditions [111]. The optimization of the welding
temperature and cooling rate, as well as process management to minimize unwanted structural defects,
is crucial for ensuring high-quality final products.

Stainless steel, particularly type 316L, is also one of the most popular materials for additive
manufacturing due to its excellent properties, including high corrosion resistance and mechanical
strength exceeding 500 MPa [112]. This steel belongs to the austenitic class of stainless steels and
contains approximately 16-18%chromium, 10–14%nickel, and up to 2–3%molybdenum. This chemical
composition provides high resistance to corrosion, particularly in aggressive environments, such as
chloride solutions [113]. However, during the production of parts from 316L stainless steel using
additive manufacturing, certain issues arise related to the material’s thermal characteristics. One
of the main issues is the formation of residual stresses that occur during cooling. Stainless steel
has a high coefficient of thermal expansion, around 16.0×10−6/°C, meaning that its volume changes
significantly more with temperature changes compared to many other metals [114]. During the additive
manufacturing process, which involves multiple layers being deposited and melted, thermal cycles can
lead to uneven temperature distribution and, as a result, the formation of significant residual stresses.
These residual stresses arise due to the non-uniform cooling process and thermal expansion and
contraction that occur in different parts of the part. High temperatures to which the material is heated,
combined with rapid cooling after melting, can lead to the formation of cracks and deformations. For
example, internal cracks may appear during the additive manufacturing process, contributing to a
deterioration in mechanical properties and reducing the overall durability of the parts.

Moreover, during the cooling process, the structure of the steel can change. Stainless steel type
316L has a specific microstructure consisting of an austenitic phase (γ-Fe) – a face-centered cubic
structure that offers high plasticity and corrosion resistance. However, during additive manufacturing,
the formation of fine dispersive crystals can occur, which will affect the mechanical properties of the
material. These microstructural changes may include the formation of ferrite or martensite phases,
which have different mechanical properties and can contribute to crack formation under load. To
ensure high quality and durability of 316L stainless steel parts produced using additive technologies,
it is crucial to carefully control the thermal conditions of the process. This includes optimizing cooling
and melting parameters, as well as implementing technologies that help reduce the impact of residual
stresses on the final properties of the part.

Aluminum alloys, such as Al-6061, are also popular in additive manufacturing via arc welding
due to their combination of low density and excellent corrosion resistance. Aluminum has a specific
density of around 2.7 g/cm³, making it lightweight and ideal for use in applications where weight is a
critical factor [115]. The Al-6061 alloy contains magnesium and silicon, which enhance its strength
and corrosion resistance, making it suitable for various industrial applications, including aerospace
and shipbuilding. However, aluminum alloys present significant technical challenges during additive
manufacturing. One of the main problems is their low thermal conductivity, which is approximately
167 W/m·K. This results in difficulties in the even distribution of heat across the weld pool, which is
critical during deposition. During the welding process of aluminum alloys, localized overheating may
occur due to inadequate heat dissipation, complicating the control of the temperature regime [116].

Localized overheating can have significant consequences for the quality of the weld joint. One
of the most notable issues is the rapid formation of an oxide film (Al2O3) on the surface of the
molten metal. This oxide film forms due to the reaction of aluminum with oxygen and has high
thermal stability. However, during cooling, the oxide film can interfere with proper welding, as it has
the tendency to form pores within the weld joint. These pores substantially reduce the mechanical
properties of the finished part, including its strength and wear resistance. To improve the quality
of welded joints and reduce issues related to low thermal conductivity and the oxide film, various
technological solutions can be applied. For example, the use of special welding gases or surface
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treatment of the metal to reduce the oxide film can help lower the number of defects in the weld
seam. Additionally, developing new cooling methods or varying the temperature regimes can improve
process control and ensure a more homogeneous microstructure of the alloy.

Nickel alloys, such as Inconel 718, used in WAAM technology, are high-performance materials
designed for high-temperature and extreme load conditions. Nickel-based alloys, like Inconel 718,
are known for their excellent thermal stability, allowing them to withstand temperatures exceeding
700°C without significant degradation of mechanical properties [117]. These alloys are used in critical
applications, including in aerospace engines, turbine blades, and components in energy plants, where
their high thermal resistance and corrosion resistance are indispensable [118]. However, one of
the main challenges when using nickel alloys is their high coefficient of thermal expansion, which
is approximately 13.0×10−6/°C [119]. This high expansion coefficient leads to significant residual
stresses during the cooling process after welding or additive manufacturing. As a result, the alloy
may experience cracking or deformation, which reduces its mechanical properties and could lead to
component failure.

The microstructure of Inconel 718 alloy consists of the γ-phase (austenitic phase with a cubic
structure) and the η-phase (intermetallic phase with a complex structure). The high thermal stability
of the alloy is ensured by the formation of these phases, as well as the strengthening particles that
stabilize the microstructure at high temperatures. Problems that arise during welding or additive
manufacturing are often related to the formation of thermal cracks, which can result from irregular
heat distribution and high residual stresses. These cracks can form due to the creation of interphase
boundaries between the γ- and η-phases or the disruption of the homogeneity of the alloying element
distribution. High temperatures may also cause partial melting or microstructural changes, negatively
affecting the mechanical properties of the finished product. To control and reduce the negative impact
of residual stresses and cracks, specialized welding or additive manufacturing technologies should
be used, involving optimal thermal treatment parameters or special welding methods that can help
achieve better results and reduce the risk of defects.

Carbon steels can also be used in additive manufacturing using the arc welding wire technique.
These steels are characterized by availability, cost-effectiveness, and good mechanical properties. Car-
bon steel contains carbon as its main alloying element, which significantly affects its characteristics. For
example, low-carbon steels (up to 0.25%carbon), such as S235 steel, have high plasticity and weldability,
making them ideal for welding processes. Meanwhile, high-carbon steels (over 0.6%carbon), such as
S460 steel, exhibit high strength but reduced plasticity, making them more difficult to process.

One of the main advantages of carbon steels is their weldability, which makes them suitable for
the WAAM technology, where welding processes are used to form parts. However, when welding
carbon steels, several issues arise. For example, the high cooling rates during WAAM can lead to
the formation of thermal cracks in the material, especially for steels with high carbon content. In
3D printing, the sensitivity to crack formation increases, complicating processing. Another issue
is the formation of a coarse-grained structure due to heating and cooling during deposition. This
can negatively impact mechanical properties, as large grains reduce ductility and overall strength.
Additionally, the corrosion resistance of carbon steels is limited, making them less suitable for use in
aggressive environments, such as marine applications, where corrosion can be a significant problem.
To achieve the desired mechanical properties of carbon steels in WAAM, it is important to control the
thermal conditions, including the deposition temperature and cooling rate. For example, for S235 steel,
welding temperatures typically range from 1200–1500°C, and the cooling rate must be optimized to
avoid the formation of undesirable structural defects [120].

Copper alloys also find their use in additive manufacturing via arc welding due to their unique
characteristics, such as high thermal conductivity and corrosion resistance. One of the most common
copper alloys is bronze, which has good weldability and strength. For example, bronze C95400, which
contains aluminum, is often used in applications where high wear resistance is needed. However,
one of the main difficulties in processing copper alloys is their high thermal conductivity, which can
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complicate maintaining the required welding temperature and controlling the cooling process, leading
to the formation of cracks and defects in the finished products.

Cobalt-based alloys, such as Co-Cr-Mo, are known for their high corrosion resistance, making
them suitable for use in the shipbuilding industry and marine environments. These alloys provide
good strength at high temperatures and are distinguished by excellent mechanical properties. However,
during the use of cobalt alloys in WAAM, challenges arise related to their processing due to high
stiffness and the tendency to form cracks during welding, which requires precise control of thermal
parameters.

Magnesium alloys, such as AZ31 and AZ91, are characterized by low density and high strength-
to-weight ratio, making them attractive for use in lightweight structures. Magnesium alloys have good
weldability, but they also present challenges, as they are prone to cracking during welding. This makes
temperature control and cooling rate critical factors for achieving high-quality finished products.

One of the most demanded materials for WAAM technology in the shipbuilding industry for
manufacturing metal parts and repair work is carbon steel. These steels have good mechanical
properties at relatively low melting temperatures. Carbon steels also have high plasticity and good
weldability, which is important for manufacturing ship components, elements, and structures. The
high processing efficiency of these steels minimizes metal costs, which is especially important for
producing large parts for marine engineering. Carbon steels are also much cheaper than stainless or
high-alloy steels, significantly reducing production costs. However, these steels have low corrosion
resistance, which is a major disadvantage in marine environments. Products made from this steel
require additional coatings (such as galvanizing, painting, or applying anti-corrosion protective layers).
During 3D printing, the metal layers of carbon steels are subject to significant thermomechanical
influences, leading to various changes in the microstructure. Therefore, normalizing is often used to
relieve excess stresses and improve plasticity.

Thus, while different metallic materials offer unique advantages for WAAM technology, their use
is also associated with a number of challenges that require detailed consideration and optimization
of technological processes to achieve high quality and reliability of the final products. To mitigate
these challenges, modern tools for improving the 3D printing process of metal parts using WAAM
technology, as discussed above, must be employed.

4. Discussion
The analysis indicates that that the existing technical and software tools, methods, and technolo-

gies used in the wire arc additive manufacturing process, while capable of achieving a certain level
of product quality, require significant improvements for use on marine vessels and platforms. The
results obtained emphasize the importance of advancing current tools that can provide automatic and
more accurate process adjustments during WAAM. These advancements have the potential to increase
production stability, especially in conditions involving marine vibration, as well as improve defect
prediction and reduce scrap, ultimately enhancing the quality of the produced components.

The analysis results demonstrate that the implementation of advanced digital tools and technolo-
gies can significantly improve the efficiency and quality of the WAAM process. However, the full
realization of these prospects requires further development and research. Moreover, when comparing
the findings of previous studies (as mentioned in the introduction) with those of this work, a distinct
difference in the focus of tool improvement emerges. Previous studies tend to concentrate on specific
aspects of the WAAM process, such as monitoring or predicting individual process parameters. In con-
trast, this research not only addresses current technological challenges but also explores the prospects
for enhancing control and prediction systems, making the approach more comprehensive.

Based on the results of the authors’ analysis and research, it can be concluded that the conditions
of marine vibration and ship motion significantly affect the quality of parts manufactured using
WAAM on a floating ship. It has been established that vibrations negatively impact the stability of the
arc and the accuracy of material deposition, which can lead to defects in the products. This underscores
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the necessity of implementing active vibration compensation systems and improved process control
methods to ensure product quality and to account for and compensate for the specific conditions, such
as vibrations and ship motion, that can significantly impact the quality and reliability of manufactured
parts in the maritime industry.

It is confirmed that the results of this study confirmed that precise control over thermal and
mechanical parameters during the wire arc additive manufacturing process is critically important
to avoid defects that may arise from changes in material structure. This requires the improvement
of both process monitoring methods and models that enable defect prediction and real-time process
adaptation. Other significant factors influencing the strength and longevity of manufactured parts
include microstructural anomalies, which ultimately require the development of more accurate and
reliable modeling systems capable of considering all the complex aspects of the WAAM process.

It was established that the tools used for real-time automated process control in WAAM play
a key role in ensuring process stability and the high quality of final products. The ability to make
adjustments during the manufacturing process minimizes defects caused by instability in parameters,
which are influenced by thermal and mechanical conditions. Systems that analyze data in real time
provide a deeper understanding of the current state of the process, helping to predict potential issues
early on. An integrated approach is needed to develop real-time WAAM control systems and covers a
broader range of tools for improving monitoring and parameter adjustment, enabling a more stable
manufacturing process overall.

The results of this analysis establish that the existing technical and software tools for model-
ing wire arc additive manufacturing processes can provide accurate results that assist in process
adjustment and improve the quality of final products. However, the results also show that these
tools have limitations that could affect their practical effectiveness. In particular, the high demands
on computational resources and other drawbacks complicate the use of these systems in real-world
production environments. These limitations, outlined in Tables 1-3, primarily concern the application
of WAAM technology on marine vessels and platforms. The overall analysis of the tools and digital
technologies provides a deeper understanding of the current challenges and opportunities for further
development and improvement of wire arc additive manufacturing processes.

Thus, the completed research provides valuable insights into the capabilities and limitations of
wire arc additive manufacturing technologies with a focus on marine vessel and platform applications.
It demonstrates the importance of precise process monitoring and parameter control to achieve high
product quality. Moreover, the results highlight the necessity of end-to-end integration of all 3D
printing processes, as well as the autonomy of monitoring and control processes, which allows for
better understanding and managing the complex interactions during production. All these aspects
underscore the significance of further study and development of WAAM technologies to ensure
stability and efficiency in the additive manufacturing process.

What is the analysis performed does not cover all possible instrumental tools and their configu-
rations, nor all materials used in the maritime industry, which somewhat limits its applicability to a
broad range of manufacturing situations during the use of WAAM technology in the maritime sector.
Future research directions in the field of wire arc additive manufacturing should focus on integrating
artificial intelligence methods and technologies for automating the modeling and prediction of 3D
printing quality, as well as improving quality control methods and predicting microstructural changes
in each metal layer.

The main factor in ensuring a reliable and stable 3D printing process for metal parts using WAAM
technology, particularly for use on marine vessels and platforms, is the implementation of a digital
twin platform. This platform can achieve the necessary precision and accessibility of practical data in
process management, ensuring the required quality of the manufactured parts. This is crucial for the
further development of WAAM technology and its application in marine engineering.
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5. Conclusion
This work presents the results of analysis on the current state of technical and software tools that

can ensure the effective use of wire arc additive manufacturing technology in marine engineering.
The research reveals that when 3D printers using WAAM technology are operated on marine vessels,
instrumental tools face numerous challenges due to the significant instability of the 3D printing process.
Frequency variations, swaying, and vibrations can significantly impact the quality of the produced
parts, as they can lead to layer deformations and a reduction in the quality and reliability of the
fabricated components.

Generally, this work suggests significant progress of the functional capabilities of modern instru-
mental tools also indicates that a major issue with WAAM technology is the complexity of quality
control during part fabrication, caused by high sensitivity to thermal and mechanical conditions in
3D printing and microstructural anomalies in metals. This process requires precise monitoring and
modeling to avoid defects and ensure compliance with specified parameters. Furthermore, attention
has been given to the analysis of technical and software tools used to build real-time process control
systems for WAAM.

Overall, this study suggests significant progress in addressing the challenges of improving
instrumental tools for the effective use of WAAM technology in marine engineering through the
resolution of the following applied scientific tasks. First, specific requirements for the use of tools for 3D
printing on marine vessels have been established. Second, the functional capabilities, advantages, and
disadvantages of modern technical and software tools have been presented, demonstrating how they
can enhance WAAM technology for marine environmental conditions. Third, recommendations have
been provided for improving methods and technologies for digital modeling, monitoring, diagnostics,
and control of WAAM technology in marine engineering. Fourth, the advantages and disadvantages
of the functional properties of metals that can be used for 3D printing in the marine industry have
been highlighted. The challenges these metal properties pose for instrumental tools in improving the
3D printing process for metal products using WAAM technology have also been shown.
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