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BN Introduction N

Resistance to abrasive wear is essential for metal parts used in demanding industrial
conditions, ensuring their durability and efficiency. Abrasive wear occurs when metal materials
interact with abrasive particles, causing progressive damage that can affect the structural
integrity and functionality of the parts. The material and proper treatment of parts are important
for increasing abrasive wear resistance. Martensitic steels, such as those in the Hardox series,
and Hadlfield steels are frequently used due to their superior abrasion and impact resistance
properties, making them ideal for applications in severe wear conditions [1]. Surface
improvement processes, such as cladding, are also important as they help extend the service life
of metal components by protecting them against abrasive wear with a wear-resistant barrier
layer [2].

Adapting and optimising manufacturing processes using modern technologies also allows
for the precise and efficient application of the treatments needed to maximise wear resistance.
This not only improves the performance of the machines these components are part of, but also
contributes to the sustainability of industrial processes by reducing material waste [3].

Thus, combining a thorough understanding of abrasive wear with the implementation of
advanced technological solutions and appropriate treatments becomes a key factor in the
advancement of materials engineering. The synergy of these concepts also contributes to the
efficient use of resources and the sustainability of industrial processes.

In the context of continuous expansion and improvement of technological processes at
the company level, the selection of the thickness and format of the welding sheet is not random,
but is the result of two decades of experience accumulated in the metallurgical industry in
Romania. Over the years, the company has achieved an impressive production volume, reaching
15,000 sheets and exceeding 60,000 [m?] of welded clad sheet metal. These figures highlight
the company’s organisational and technical capabilities, as well as the need for continuous
process optimisation in order to maintain a high level of quality and efficiency.

Over the years, analysis of monthly production, which averages over 310 [m?] of clad
sheet, has shown that most clad sheets are 3000 x 1500 [mm x mm], with a base material
thickness of 6 [mm] and a coating thickness of 3 [mm]. This not only reflects market
preferences, but also the efficiency of the production process adapted to this specific format.

The chosen size and thickness allow for reduced production costs, maximised material



utilisation and improved weld quality, which are important aspects for maintaining
competitiveness in today’s dynamic market.

In this context, the topic of this paper — Studies and research on metal sheet cladding by
welding — was chosen as a direct response to the need to identify and optimise the technological
parameters involved in the cladding process, with the ultimate goal of improving the
performance of welded clad metal sheets under abrasive wear conditions.

The paper aims to investigate the influence of process factors on the chemical
composition, microstructure and mechanical properties of the deposited layer, in order to
establish an optimal welding technology regime. Correlating these experimental results with
the final performance of the clad layer aims to obtain solutions that can be directly applied in
the production flow, with real benefits for the durability and efficiency of the manufactured
parts.

Thus, the research is aligned with current industry concerns regarding cost reduction,
product quality improvement and manufacturing process sustainability through the integrated
use of technological resources.

The research presented in this doctoral thesis was developed in the context of a real need
identified in the industrial company where the author works, namely the optimisation of the
metal sheet plating process by welding. This topic was chosen in line with the realities of
production, where sheet metal cladding is currently carried out in order to improve abrasive
wear resistance and extend the service life of metal components subjected to severe stresses.

The diagram in Figure I shows the logical course of the research, from the analysis of the
current state and the definition of the experimental framework to the complete evaluation of the
mechanical, structural and functional properties of the plated layers, ending with the general

conclusions.



* Current state of the art in metal sheet cladding by welding

* Preliminary research on metal sheet cladding by welding

* The porosity of welded metal sheets

* The chemical composition of welded clad metal sheets

* The hardness of welded metal plates

*The abrasion resistance of welded clad metal sheets

* The metallographic structure of welded clad metal sheets

* The determination of mechanical characteristics by uniaxial tensile testing of welded clad
metal sheets

* General conclusions

Fig. I Stages of research on metal sheet cladding by welding

The bibliographic documentation part allowed the identification of the main current
research directions on self-shielded flux-cored arc welding (FCAW-S), as well as the materials
used in such applications, both in international literature and in national research. The
bibliometric analysis highlighted the constant interest in optimising the technological
parameters of the welding process and their impact on the structure and properties of the
deposited layer. This stage built the basis for formulating the general and specific objectives of
the paper, substantiating the need for an experimental approach.

Following the chapter on the current state of the art, the research direction was structured

in a logical and coherent manner, reflecting the scientific approach adopted:

o Chapter 2 is dedicated to preliminary studies, presenting details on the welding cladding
process, the materials used (base material and filler wire), the justification for the choice

of the technological parameters pursued, and the experimental design adopted. The



Taguchi method was used, accompanied by a robust statistical approach, designed to

identify the influence of each parameter on the properties of the deposited layer.

o Chapters 3—7 are dedicated to the experimental stages, each specifically analysing a

critical aspect of the behaviour of welded clad plates:

o

Chapter 3: Porosity evaluation to analyse internal defects generated by
variations in welding parameters;

Chapter 4: Chemical composition analysis to correlate the concentrations of
alloying elements (Cr, Mn, Ni, Ti) with the welding parameters and the type of
base material;

Chapter 5: Hardness measurements, which evaluate the local strength of the
deposited layer in relation to the welding parameters and chemical composition;
Chapter 6: Abrasive wear tests (ASTM G65), which deal with the behaviour of
the coating under abrasive wear, through tests carried out under controlled
conditions designed to simulate industrial operating conditions;

Chapter 7: Microstructure study by metallographic analysis to identify the
phases formed and the thermal influence generated by the welding process;
Chapter 8: Uniaxial tensile test to verify the influence of deposition on the

mechanical behaviour of clad plates.

e Chapter 9 is dedicated to general conclusions, summarising the research results. It also

presents personal contributions and proposes future research directions, with an

emphasis on the industrial implementation of the results obtained and the extension of

the study to other cladding materials or technologies.

Thus, the entire scientific approach aims to correlate the influence of the technological

parameters of welding cladding with the physical, mechanical and structural properties of the

deposited layer in a manner that is directly applicable in an industrial context. Optimising the

cladding process is not only a scientific objective, but also a practical one, aimed at increasing

efficiency and competitiveness in the production of welded clad metal sheets.



1. Current status of metal sheet cladding by welding

The structure of Chapter 1 has allowed us to outline a coherent conceptual and practical
framework for welding cladding, starting from a bibliometric analysis of recent research in the
field. The results of this analysis revealed the dominant areas of scientific interest, as well as a
significant focus on process optimisation, increasing the reliability of the deposited layer and
extending the applicability of advanced materials. The integration of these data provided a solid
basis for choosing the topic and defining the technical objectives.

Next, a classification of cladding processes was carried out, highlighting the relationship
between the energy source used (electric arc, laser, electron beam) and the specificity of the
targeted industrial applications. The thermal implications of each process, the degree of
dilution, the thermally affected area and the impact on the structure of the plated layer were
detailed. This stage demonstrated the importance of adapting the process to the functional
requirements of the components.

The section on base materials and additives highlighted the role of chemical and structural
compatibility in achieving durable adhesion without fusion defects or the formation of brittle
phases. The bidirectional nature of the influence was emphasised: the base material dictates the
plating conditions, and the additive material determines the final performance of the deposited
layer.

By classifying the types of coatings (hard, functional, corrosion-resistant or high-
temperature resistant), the areas of application were defined and a bridge was built between the
operating requirements and the technological selection. This correlation supports the idea that
coating should be approached as a customised engineering solution, not as a universal process.

Overall, the chapter has built the theoretical and technological foundation necessary for
understanding the subsequent stages of the work, providing an overview of the critical variables
involved in the welding cladding process, as well as the directions for technological

optimisation in relation to new industrial requirements.
2. Preliminary research on metal sheet cladding by welding

The second chapter outlined the general direction of the research by clearly presenting the
technological context of metal sheet cladding by welding. Starting from industrial requirements,
the types of materials used, the characteristics of the FCAW-S welding process and the
equipment involved were analysed in order to understand and define the actual conditions of

the application.



The structure of the experiment was then established by selecting the relevant variables and
constant parameters and choosing an appropriate statistical investigation method. Factorial
planning and the application of the Taguchi method allowed the tests to be organised efficiently,
providing the necessary conditions for exploring the relationships between the technological

parameters and the quality of the deposited layers.
3. Porosity of welded clad metal sheets

The research in Chapter 3 comprehensively addressed the issue of porosity in welded
metal coatings, starting with a theoretical analysis of the mechanisms of pore formation and
culminating in a complex experimental evaluation supported by quantitative methods and
statistical modelling.

In the first stage, the concept of porosity was defined and the usual types of defects were
presented, accompanied by a detailed classification according to origin, morphology and
distribution. This part laid the foundations for understanding the physical and chemical
phenomena responsible for the appearance of pores in the deposited layer.

To characterise porosity, various experimental methods, both non-destructive and
destructive, were presented to cover the entire range of pore sizes and types. The method was
selected to correspond to the specific characteristics of the welded samples.

The methodology applied included controlled cutting of samples, 3D scanning to
determine average thickness, weighing and data processing in specialised software, allowing a
correlation between actual mass, effective volume and porosity estimation. This
methodological framework allowed not only the quantification of porosity, but also the indirect
validation of deposit homogeneity.

Statistical analysis (GLM — ANOVA and multiple regression) allowed the quantification
of the significance of each welding parameter on the estimated porosity. It was demonstrated
that the number of layers and the applied voltage have the strongest impact, followed by the
wire speed and the nozzle height. The substrate material had a marginal but statistically
significant effect.

The interpretation of the regression coefficients provided a clear picture of the direction
of each factor’s influence: the application of a single layer (L1), a higher voltage (27 V) and a
low wire speed (3.2 mm/s) proved to be the optimal conditions for obtaining a plated layer with
minimal porosity.

The results of the experiments support the statistical conclusions, highlighting the
superior behaviour of the M2—-L1 configuration, which generated the lowest porosity values

9



under optimal welding conditions. The chemical composition of the S355MC material and the
dilution control favoured a homogeneous deposition with a compact microstructure. In contrast,
the M1-L2 configuration maintained the porosity high, regardless of the parameters due to the
influence of reheating and the limited degassing capacity of the S235JR+N material.

The influence of dilution was also analysed in the context of the process, highlighting the
inverse relationship between the degree of dilution and porosity. Increased dilution contributes
to the efficient removal of gases, favouring the achievement of a compact layer with no visible
voids.

For the cladding of metal sheets by welding, the final thickness of the added layer
influences both the service life and the porosity. A greater thickness (6+3+3 [mm]) can increase
porosity due to the accumulation of pores between layers, but ensures a longer service life due
to additional protection against corrosion and wear.

Therefore, the results obtained and presented in this chapter have experimentally
validated an integrated quantitative approach for assessing porosity in weld-clad metal sheets
and provided a solid predictive framework for optimising process parameters with the aim of

reducing internal defects and increasing the reliability of the protective layer.
4. Chemical composition of weld-clad metal sheets

This chapter addressed the influence of chemical composition on welded clad sheets,
highlighting the role of the base material, the filler material and the wire flux in obtaining high-
performance deposited layers. The interaction between these components, the influence of the
composition on the thermal and metallurgical processes in the weld pool, and how the welding
parameters influence the final microstructure were analysed.

The experimental analysis, performed using an XRF spectrometer, focused on elements
such as Cr, Mn, Ni and Ti. For chromium, the direct influence of voltage, wire height and feed
rate on dilution was highlighted. Average voltages (23-25 [V]), a stick-out of 25 [mm] and a
speed of 3.6—4 [m]/[min] allowed the production of Cr-rich layers with high overall hardness.

In the case of manganese, it was observed that the nozzle height had the greatest impact
on the composition. Intermediate values (25 [mm]) allowed for a reduction in evaporation losses
and maintained a stable Mn level. Wire voltage and speed had a lesser influence but required
adjustment depending on the desired thermal regime.

For Ni and Ti, concentrations were low and variations were attributed to dilution or
oxidation. Although no detailed analysis was performed, it was found that strict arc control can
contribute to the retention of these elements.

10



The results show that careful adjustment of the welding parameters allows control of the
chemical composition and dilution. A moderate regime is recommended to maintain optimal
concentrations of alloying elements and to avoid structural defects. These conclusions may
contribute to improving the process of cladding metal sheets by welding using the FCAW-S
process, in order to obtain coatings suitable for applications requiring superior strength and

durability properties.
5. Hardness of weld-clad metal sheets

The research in this chapter investigated the influence of chemical composition, welding
parameters and thermal conditions on the hardness of weld-clad sheets, with the main objective
of optimising the cladding process parameters to obtain high and uniform overall hardness.
Hardness was measured using the Rockwell method, using the INSIZE ISH-BRV hardness
tester, on 36 samples clad with one or two layers.

The analysis showed that the hardness of the deposited layer is significantly influenced
by the material used, the number of layers applied, the welding voltage and the nozzle height.
Of these factors, the M2 material and the two-layer deposition (L2) led to the highest overall
hardness values, due to the reduction in dilution and the maintenance of a high concentration
of alloying elements such as Cr. In contrast, the wire speed had a reduced effect on the average
hardness.

It was observed that low voltage and a high nozzle height favour a fine, poorly diluted
structure with high hardness. In addition, the application of the second layer had a beneficial
effect on uniformity and hardness increase, compensating for the dilution losses of the first
layer. If the main objective is to obtain high hardness, then it is recommended to use parameters
that reduce dilution and allow the formation of stable hard phases.

At the same time, the analysis highlighted the interaction between Cr content, porosity
and overall hardness, indicating that maximum hardness is not sufficient for the performance
of the layer in service if porosity is increased. Thus, the optimisation of hardness must be
accompanied by control of porosity and chemical composition, and for this, a balance between

homogeneity and structural integrity is essential.
6. Abrasion resistance of weld-clad metal sheets

The research in Chapter 6 aimed to evaluate the abrasive wear resistance of FCAW-S
welded clad metal sheets, completing the analysis of the mechanical and microstructural

properties of the deposited layers. The tests were performed according to the standard ASTM
11



G65 — Procedure A, and the results were interpreted from the perspective of the influence of
process parameters and layer characteristics on material loss.

The analysis showed that the main factors influencing wear are arc voltage [V], nozzle
height [mm] and wire speed [m/min], while the filler material and number of layers (L) had a
statistically lower influence. However, the two-layer samples (L2) and material M2 generally
showed better abrasion resistance due to their more stable microstructure, reduced dilution and
uniform distribution of hard phases.

Correlating the mass loss results with hardness, porosity and chemical composition, it
was observed that high hardness does not automatically guarantee increased abrasive wear
resistance. Factors such as carbide distribution, layer density and the presence of pores
significantly influenced abrasion performance. Samples with a dense microstructure, well-
distributed Cr carbides and low porosity content showed the best results.

The optimal process for minimising abrasive wear was identified as a combination of 27
[V] voltage, 20 [mm] H distance and 4 [m/min] wire speed.

Following multi-criteria optimisation using Minitab, an optimal configuration of process
factors was identified that ensures a balance between the analysed criteria. The score D = 0.88
confirms that a high level of simultaneous satisfaction of the objectives of minimising mass
loss and porosity, as well as maximising overall hardness and chromium concentration, has
been achieved. Estimated values for the response variables at the optimum point are Cr
[%]=18.71, Dg [HRC]=64.16, P [%]=0.81, Am [g]=0.12.

The results highlight the importance of controlling welding parameters and chemical
composition in order to obtain a high-performance plated layer in abrasive environments. It is
also recommended to optimise the process parameters not only according to the response size
(hardness [HRC]), but also in relation to structural homogeneity, hard phase content and defect

level, in order to ensure real and durable resistance to abrasive wear.
7. Metallographic structure of welded clad metal sheets

In Chapter 7, the research focused on a detailed analysis of the metallographic structure
of layers deposited by the FCAW-S process, in order to correlate the microstructure with the
mechanical and tribological properties of the layers applied to carbon steel (S235JR+N) and
high-strength steel (S355MC) sheets. The research focused on evaluating the influence of
chemical composition, welding regime and cooling rate on the formation of metal phases, on

the adhesion of the deposited layer to the substrate and on the behaviour under abrasive wear.

12



The deposition variants M1-L1, M1-L2, M2-L1 and M2-L2 were analysed, and for each
of these test specimens with extreme (positive and negative) performance were identified based
on parameters such as hardness, porosity, Cr content and mass loss through abrasive wear.
Following microstructural analyses, the following relevant aspects were highlighted:

e The transition zone between the base material and the deposited layer plays a critical role
in the overall behaviour of the layer, influencing adhesion, local hardness and resistance to
mechanical stress. The progressive transitions of the metal phases and the formation of Cr
carbides indicate good metallurgical fusion.

e The presence of martensite was consistently identified in the upper areas of the deposited
layer as a result of the rapid cooling specific to the FCAW-S process. This phase contributed
to the increase in layer hardness, but also to local embrittlement, depending on the
distribution of carbides and porosity.

e Cr carbides proved to be essential in improving abrasive wear resistance. It was found that
their uniform distribution, obtained under optimised welding conditions, ensures a
homogeneous microstructure and superior performance of the deposited layer.

e High dilution and maintaining a short distance between the welding nozzle and the substrate
have been confirmed as factors favouring the achievement of a fine, dense and abrasion-
resistant structure. This has been validated in particular for the S20, S46 and S102 test
pieces.

e Although high hardness values were obtained in some cases (S62, S34) due to the increased
Cr content, the uneven distribution of alloying elements and the presence of porosity led to
poor abrasive wear performance, emphasising that high hardness does not guarantee
adequate performance in service.

Metallographic analysis showed that the microstructure of the deposited layer is deeply
influenced by the welding regime and the composition of the base and additive materials, and
that a fine, homogeneous microstructure with uniform carbide distribution and low porosity is

the desired solution for obtaining mechanically and tribologically efficient layers.

8. Determination of mechanical characteristics by uniaxial tensile testing of welded clad

metal sheets

The research presented in the eighth chapter aims to compare the results of the uniaxial
tensile behaviour of the base material, S355MC, and the welded samples. The analysis showed
a significant decrease in the post-weld mechanical properties, regardless of the configuration

chosen. It is clear that the base material, unaffected by welding, retains the highest levels of
13



tensile strength and yield strength, as well as superior ductility, illustrating the negative impact
of the welding process on the structural integrity of the steel.

Comparing the single-layer welded samples with the double-layer welded samples, a
marked decrease in mechanical strength is observed in the latter. This phenomenon can be
attributed to the accumulation of residual stresses and deeper alteration of the microstructure
resulting from repeated heat application. The welding process, by its nature, induces changes
in the structure of the metal, negatively affecting its mechanical properties.

With regard to the orientation of the weld rows relative to the direction of pull, the results
suggest that 0° orientations tend to exhibit significantly higher mechanical performance
compared to those at 45° or 90°. This indicates that aligning the weld parallel to the direction
of the applied tensile force can help minimise the negative impact of welding on the strength of
clad plates. Welding perpendicular to the direction of traction shows the greatest changes and,
consequently, the greatest decrease in mechanical properties, due to the concentration of
stresses at the interface between the layers and the base material, which facilitates the initiation
and propagation of cracks under mechanical loads.

Metal plate cladding by welding can offer specific benefits, such as resistance to abrasive
wear by increasing hardness, but at the same time it requires optimisation to minimise the
negative impact on structural properties. Thus, the appropriate selection of welding parameters
together with the orientation of the weld beads in relation to the direction of force and the
number of layers are important to match the mechanical characteristics with the functional
requirements of the welded components. Future research aims to analyse different welding
techniques and post-processing treatments that can improve the ductility and tensile strength of

abrasion-resistant sheets, ensuring both their functionality and durability in critical applications.
9. General conclusions

Based on the results obtained from the theoretical and experimental research on FCAW-
S welded clad metal sheets, presented in detail in the previous chapters, the following general

conclusions can be drawn:

e Sheet metal cladding by welding is an effective technological solution for improving
durability in industrial applications subject to wear;

e Weld-clad metal sheets are widely used in industries such as concrete, asphalt, ceramics,
agriculture and the energy sector, where increased resistance to abrasive wear is
required;

14



The main stages of the technological process for obtaining clad metal sheets include
cladding (application of the additive layer), cutting to the desired dimensions, roll
forming to adapt the shape, and final assembly of the product;

From a sustainability perspective, recent research supports the use of deposition
methods that reduce material losses and optimise energy consumption;

Recent studies highlight the importance of controlling technological parameters
(voltage, nozzle height, wire speed) on the quality of the deposited layer, influencing
dilution, porosity, hardness and microstructure;

In industrial applications in abrasive environments, FCAW-S welding of metal sheets
is an effective method for obtaining hard coatings;

The appropriate choice of the number of layers and the filler material can improve
performance in service and reduce wear in abrasive environments;

The number of layers influences the mechanical characteristics of the coated sheets; as
the number of layers increases, both the mechanical strength and deformability
decrease, but the abrasive wear resistance of the surface layer improves;

The porosity of the deposited layer was evaluated as a critical parameter in determining
weld quality, having a direct impact on durability and abrasive wear behaviour.
Double-coated samples showed higher porosity, but also a distribution of pores on the
surface of the second layer, while single-coated samples showed deep and uneven pores,
with a potentially negative effect on the integrity of the layer.

A correlation was found between welding parameters and porosity: the nozzle height
and wire speed significantly influence the quantity and size of the pores formed.
Controlling porosity by adjusting the technological parameters is important for
obtaining a dense microstructure without discontinuities, but also for reducing other
deposition defects, such as inclusions, slag formation or incomplete fusion between
layers;

The study highlighted the presence of hard phases (Cr carbides) distributed differently
depending on the thermal regime applied, with well-defined eutectic formations in the
M2-L2 coatings;

The two-layer coatings had a more refined microstructure and better homogeneity due
to reduced dilution in the upper layer;

The control of parameters (U, H, VS) allowed the generation of fine-grained

microstructures, favourable to hardness and abrasion resistance;

15



The chemical composition of the additive significantly influences the microstructure of
the deposited layer;

Chromium contributes to the formation of hard phases, increasing hardness and abrasion
resistance;

Samples plated with M2 had a higher Cr content, explaining their superior performance
in hardness tests;

High dilution in L1 led to a decrease in the concentration of alloying elements, while
L2 allowed the nominal composition of the wire to be maintained on the surface;
Welding process parameters (voltage, nozzle height, wire speed) influence the dilution
level and the resulting microstructure;

Low voltage and high nozzle height favour the formation of a hard structure with low
dilution;

The number of deposited layers influences both the overall hardness and the abrasive
wear behaviour;

Samples coated with two layers showed more uniform hardness by reducing the
influence of the substrate on the functional layer.

A significant influence of the welding parameters on the overall hardness was observed:
the nozzle height (H) and voltage (U) had the greatest impact.

The M2-L2 samples reached maximum hardness values (> 68 [HRC]), while
maintaining good uniformity between the base and the top of the layer — AD <3 [HRC].
The study highlighted the need for a balance between hardness and homogeneity in
order to avoid a decrease in the toughness of the material and the appearance of
brittleness under stress conditions.

The abrasive wear resistance determined by the ASTM G65 test is correlated with
hardness, but is also affected by porosity and the quality of the bond between the layer
and the substrate.

Materials with medium and well-distributed carbides and a dense microstructure had
the lowest volumetric wear rate [mm?/m];

The correlation between hardness, chemical composition, porosity and microstructure
confirmed that abrasion resistance is the synergistic result of all these factors;
Statistical analysis (ANOVA, GLM models) validated the significant influence of
welding parameters on hardness and wear, confirming the robustness of the

experimental models used;
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e Multi-criteria optimisation of the process was achieved by identifying the parametric
combination: material M2, two layers (L1), voltage 27 [ V], nozzle height 20 [mm], wire
speed 4.0 [m/min], favourable for maximising hardness and minimising mass loss
through abrasion.

e The results obtained support the idea that the optimisation of welding parameters has an
impact not only on hardness and abrasive wear, but also on mechanical characteristics.

e Uniaxial tensile testing allowed the mechanical characteristics of the clad plates to be
evaluated, with a focus on the influence of cladding on tensile strength and
deformability;

e Comparison of the mechanical characteristics of FCAW-S welded clad plates with S235
and S355 base materials revealed significant differences between them, demonstrating

that the substrate influences the mechanical behaviour of welded clad plates.
Personal contributions

e Extensive documentation based on over 180 relevant scientific sources, which
substantiates the results and contributes to positioning the work in the national and
international context of studies on abrasion-resistant clad materials;

e Development of a complete factorial experimental plan, which allowed the systematic
investigation of the influence of five parameters (voltage [V], nozzle height [mm], wire
speed [m/min], filler material and number of layers) on the properties of the clad layer;

e Design of a coherent experimental methodology with clear, reproducible and adaptable
steps for other types of materials or test conditions, providing a solid basis for further
research;

e Integrated use of specialised softwares: Minitab (ANOVA, GLM), Excel (data
processing), Gephi (graphical visualisation) and Zeiss Inspect (3D analysis) for
interpretation of experimental results;

e Application of 3D scanning methods to determine the porosity of the plated layer and
correlate it with volumetric wear;

e Proposing and applying a proprietary method for calculating the overall hardness (Dg)
and the difference in hardness between the base and the tip (AD) as indicators of the
homogeneity of the layer and its resistance potential manifested during the abrasive

wear phenomenon;
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e Adaptation of the ASTM G65 test for multi-layered materials by integrating an adjusted
calculation of volume loss and reporting it in relation to the specific density of the
material, which allowed for a comparable, rigorous evaluation aligned with the
standards in the literature.

e Integration and multidisciplinary correlation between microstructural analysis,
hardness, porosity, chemical composition and abrasive wear behaviour, providing a
holistic view of the performance of FCAW-S welded cladding materials;

e Proposal of a multi-criteria optimisation model (hardness — abrasive wear — porosity —
composition), which can be used in industry for rapid adjustment of parameters
according to application requirements;

e Identification and validation of the optimal welding configuration representing a
favourable ratio between hardness, homogeneity, adhesion and minimum abrasive wear:
material M2, two layers (L1), U is 27 [V], H is 20 [mm], and VS is 4.0 [m/min];

e Application of statistical model validation criteria (R? adjusted R? and predictive R?),
with values above 94 [%], demonstrating the robustness of the conclusions and the

reproducibility of the experimental results.

Future research directions

e Extension of abrasive wear tests by introducing tests in a humid environment (ASTM
G105) or under repeated impact conditions to simulate real industrial applications;

e Analysis of behaviour at high temperatures through hot abrasive wear tests to evaluate
the stability of hard phases under thermal conditions;

e Application of post-welding treatments, such as thermal or cryogenic treatments, to
refine the microstructure and increase the hardness/toughness of the deposited layer;

e Use of additives with complex compositions (Fe-Cr-Nb-B-T1i) or hybridised powders to
obtain multiphase layers with superior performance;

e Numerical modelling (FEM/CFD) of the welding and solidification process to simulate
temperature distribution, dilution and defect formation, with a view to reducing physical
experiments;

e Investigation of the behaviour of clad sheets under cold plastic deformation by rolling;

e Studies of behaviour in industrial use (agricultural machinery, crushers, mining

equipment) to validate the durability of materials under real working conditions;

18



e Investigation of hybrid cladding, by combining two different additives or technological
stages, to obtain layers with gradual functional properties and improved performance

under abrasive wear.
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