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Relevance of the dissertation topic 

 
Over the last few centuries, the opportunities and motivation for industrial and 

scientific growth have grown rapidly. There have been technological advances aimed at 

significantly improving the quality of life of people and the productivity and flexibility of 

industrial sectors. In spite of numerous excellence in technology and materials science, the 

unending desire for scientific growth has shaped and consolidated its role in human life. Of 

course, the improvement of manufacturing processes requires modern solutions to develop 

highly productive and inexpensive methods for the production of industrial and commercial 

components. 

In recent years, different types of polymers have been used to produce specific 

components with complex shapes and designs. Polymers with excellent thermo-physical 

and mechanical properties have been developed which in many cases satisfy the needs of 

both customers and companies. In addition, the prices of metals and their alloys have 

recently risen, reinforcing the need to develop new replacement materials. At present, 

however, the application of metals and their alloys cannot be completely avoided, and it is 

therefore necessary to develop methods for the efficient and precise production of metal 

components. 

Since 3D printing and polymer component fabrication systems have proven to be 

highly productive and efficient, similar methods have been developed for layer-by-layer 

deposition of metal components. These methods have gained considerable popularity and 

trends indicate that this will not only not change, but in the future more and more companies 

will resort to the production of metal components using additive techniques and 

technologies. This is driven not only by low material losses, high deposition rates and high 

precision manufacturing of components with complex shapes, designs and internal 

volumes, but also by the widespread use of robotic automation systems. The possibility of 

automation would increase the efficiency of the production process. Nowadays, Industry 

4.0 is highly popular, which is based on full automation of the production process. Additive 

manufacturing technologies are perfect for incorporation into such production systems. 

Furthermore, additive manufacturing methods provide the possibility to involve the 

customer as much as possible in the production process by observing the latter in real time. 

They also create the possibility to design special, unique components and produce them in 

limited quantities.  

However, since additive manufacturing is such a new aspect of industrial life, a need 

has arisen for research into the technological conditions of production of various metals 
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and alloys, their structure and mechanical properties, and the influence of various factors 

on the manufacturing process. Researchers from all over the world are working tirelessly 

to discover new materials and methods and also to pinpoint the relationship between 

process conditions, structure and mechanical properties of the resulting products. The 

motivation for this thesis is driven by current advances in modern manufacturing techniques 

and technologies and aims to provide further insight into the subject. 

Every year, more and more funding is allocated to the development and industrial 

application of additive technologies, and the trend observed in the last few years is for this 

funding to increase [1]. The costs for companies deciding to develop in this direction are 

initially rising. This is due to three main aspects - scientific, technological and economic. 

The scientific ones include testing new additive manufacturing methods, examining the 

data obtained and forming a conclusion as to whether, or rather how, this technology can 

be applied in practice. Naturally, appropriate technical support is needed for this difficult 

task. The company's process and way of working have to be changed, and its structure and 

organisation have to be changed completely. This change also entails the need to recruit 

new, highly qualified staff or train the existing ones, create a new safety policy, the need to 

issue the relevant work certificates, qualifications, permits, etc. One of the most important 

aspects is the market share and competitiveness of the organisation. As mentioned above, 

companies already working with automated machinery need to invest considerably less in 

building additive manufacturing systems for metal components. Naturally, the amount of 

funds required is directly proportional to the build method driven by the company's need. 

 Over the past few years, the need for highly efficient and precise methods for 

manufacturing products and parts has led to the mass proliferation and development of 

additive technologies. These are mainly divided into two areas - those based on classical 

powder metallurgy methods, casting and roll coating, and methods that use thermal energy 

sources to melt the material and deposit it as a layer at a certain rate, the so-called direct 

energy deposition (DED). Due to their wider distribution, flexibility, cost, need for minimal 

maintenance and other advantages, direct build part methods are considered in this thesis. 

 

Aim and objectives of the dissertation 

Aim of the disssertation: Gain new knowledge about the arc additive manufacturing 

process of aluminium components in the cold arc pulse mode. Investigation of the structure 

and mechanical properties of the resulting parts as a function of the technological conditions 

of construction. Gain knowledge of the applicability of methods for forming and testing 
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components by arc additive technologies in laboratory conditions. Gain knowledge of the 

applicability of laboratory models in an industrial setting.   

In order to achieve the set objective, the following tasks have been formulated: 

 
1. Realization of scientific research experiments focused on studying the possibility 

of forming an aluminum workpiece from Al1070 alloy by arc additive technology 

in the "cold arc pulse" mode. Study of structural and mechanical characteristics of 

the obtained workpiece by X-ray crystallographic analysis, scanning electron 

microscopy, energy dispersive X-ray spectroscopy, experiments to determine 

microhardness.  

2. Realization of scientific research experiments in order to investigate the influence 

of the incoming heat energy on the structure and mechanical properties of arc 

additively built parts of aluminum alloy Al4043 in the "cold arc pulse" mode. 

Investigation of the structure of the obtained samples by X-ray structure analysis, 

optical microscopy, scanning electron microscopy and energy dispersive X-ray 

spectroscopy. Investigation of microhardness as a function of technological build 

conditions. 

3. Implementation of scientific research experiments to determine the influence of the 

volume of the parts being built on their structure and mechanical properties under 

similar technological conditions of construction. Construction of aluminium oval-

shaped workpieces from Al40434 and Al5356 alloys by arc additive technology in 

the "cold arc pulse" mode. Investigation of the workpiece structure by optical 

microscopy, X-ray structure analysis, scanning electron microscopy and energy 

dispersive X-ray spectroscopy. Determination of the mechanical properties of 

workpieces by investigating their strength characteristics and microhardness. 

Investigating and forming conclusions on the influence of the alloy used on the 

results obtained.  

 

Structure and scope of the dissertation 

This dissertation is organized in 5 chapters.   

 

Chapter 1 discusses the main ways to build parts additively. The physical processes 

involved in the arc additive building of metal components are described. A literature review 

related to current scientific advances worldwide in building metal components with arc additive 
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techniques and technologies is performed.  

 

Chapter 2 describes the materials used, the methods for obtaining the parts studied, and 

the methods for characterizing their structure and mechanical properties.  

 

In Chapter 3, the possibility of obtaining Al1070 aluminium alloy parts is investigated. 

The structure and mechanical properties of the obtained workpieces were investigated. 

 

In Chapter 4, the effect of heat input on the structure and mechanical properties of arc-

additively built Al4043 aluminium alloy workpieces is investigated.  

 

In Chapter 5, the influence of the volume of arc-additively built Al4043 and Al5356 

aluminium alloy workpieces on their structure and mechanical properties under identical 

process conditions is investigated. A comparative analysis of the results obtained as a function 

of the different alloys is made.   

 

Chapter 1. Types of additive techniques and technologies - applications, 

advantages and disadvantages 

In this chapter, the main methods for building metal components based on the 

principle of direct energy deposition (DED) are presented. They are mainly classified based 

on the heat source, and are divided into laser, electron beam and arc [2, 3, 4]. The 

advantages and disadvantages of these methods are described. Arc additive technologies 

are classified based on the operating modes by which the electric arc is formed and 

combusted. A comparison is made between the "cold metal transfer - CMT" [5] and "cold 

arc" [5] modes. The physical processes of the electric arc formation, the liquid metal 

droplet, the forces acting on it, the influence of shielding gases and others in the process of 

arc welding in a shielding gas environment by the MIG (metal inert gas) method are 

described [6, 7].   

A literature review of the current progress in the construction of aluminum alloy parts 

by arc additive technologies is made.  

 

Chapter 2. Materials and Methods for the Production and Study of 

Additively Built Parts 

This chapter presents the materials used to build parts using arc additive techniques and 
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technologies under different technological conditions. The experimental system and the 

characterization methods of the resulting specimens are described in detail.   

In this dissertation the following aluminium alloys are considered: Al1070, Al4043 and 

Al5356. Their chemical composition is presented in Table 1. The alloys Al4043 and Al5356 are 

widely used in forming welded joints between aluminum alloys due to their excellent 

weldability, corrosion resistance and high strength. Al1070 alloy is characterized by good 

corrosion resistance and high purity. This alloy has low mechanical performance due to its low 

alloying element content, but finds application mainly in electrical engineering for the 

realization of electrical circuits. The low content of alloying elements also deteriorates the 

weldability of this alloy, accordingly the possibility of arc-additive construction of workpieces 

using it is severely hampered and poorly studied.  

Table 1. Chemical composition of aluminium alloys used. 

Alloy  
Chemical composition, % 

Si Fe Cu Mn Mg Cr Zn Be Ti Others Al 

Al1070 <0.2 <0.25 <0.04 <0.03 <0.03 - <0.04 <0.0003 <0.03 <0.03 Bal. 

Al4043 
4.5-

5.5 
<0.6 <0.3 <0.15 <0.2 - <0.1 <0.0003 <0.15 <0.15 Bal. 

Al5356 <0.25 <0.4 <0.1 <0.2 
4.5-

5.5 
<0.2 <0.1 <0.0003 <0.2 <0.15 Bal. 

Figure 1 shows the experimental system used to build the aluminum parts. It consists of a 

KUKA KR 15/1 robotic arm which is used to perform the necessary movements in the X, Y, Z 

coordinate system. For convenience and compactness, a wire roller and a body feeder are 

attached to it, by means of which the tubular wire is moved to the welding torch. The latter is 

also attached to the robotic arm. Through it, the arc welding process is carried out in a shielded 

gas environment. The welding apparatus that houses the welding process control unit as well as 

the power supply required for this purpose is the EWM Alpha Q 552 MM/RC. EWM brand 

welding machines are unique in terms of the welding mode called "cold arc pulse". It is because 

of its uniqueness that this is the mode used in this thesis. 
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 The macrostructure of the 

specimens was examined by optical 

microscopy and Drawell MIT 

300/500 optical microscope. The 

microscope was equipped with four 

objectives with magnifications of 

5X, 10X, 20X and 50X. The 

eyepiece of the microscope has a 

constant magnification of 10X, 

which means that the maximum 

magnification of the microscope is 

500 times. The examined surfaces were imaged with a Moticam S12 digital camera attached to 

the microscope eyepiece. The maximum resolution of the camera is 4000x3000. The software 

used to control the camera is Motic Images Plus 3.0. Through it, image capture and real 

measurements of the observed particle size as well as the size of macro defects in the structure 

can be implemented.  

In this dissertation, diffraction experiments were performed using a Bruker D8 

Advanced diffractometer (Bruker GmbH) with CuKα = 1.54 Å. In all cases the symmetric 

Bragg-Brentano mode was used. Surface scanning was performed with an angular step 

change of 0.1 deg and a dwell time of 10 s for each step. Depending on the purpose of the 

research work, different characteristics of the crystallographic materials used were 

investigated. In all cases, the phase composition of the alloys is determined as well as the 

corresponding families of crystallographic planes to which the taken diffraction maxima 

correspond. To determine the phase composition, the resulting diffractograms are compared 

with standardized ones from the International Centre for Diffraction Data (ICDD) 

crystallographic database. In some cases, the elementary cell parameter a [Å] and its 

variation as a function of the technological build conditions [8] are determined. 

The surface microstructure of the specimens was examined using a LYRA I XMU 

scanning electron microscope (Tescan) equipped with an energy dispersive x-ray 

spectroscopy (EDX) microanalyzer. Secondary and backscattered electrons were used for 

research purposes. The accelerating voltage is 20 kV. 

Vickers scale microhardness was tested using a ZwickRoell DuraScan 10/20 G5 

microhardness tester at room temperature in the range 20-22 °C and with a load of 0.1 kg, 

corresponding to a compressive force of 0.9805 N. The time to apply pressure in all cases 

Figure 1. Experimental setup. 
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is 10 seconds per measurement. According to the above standard, the minimum distance 

between any two impressions for the determination of microhardness is 3 times the diagonal 

of the impression. 

The tensile strength Rm [MPa] of the obtained specimens was investigated using 

a combined static and dynamic machine ZwickRoell Vibrophore 100. The experimental 

specimens were fabricated according to the shape and dimensions included in the 

international standard ISO 6892-1:2019 [9]. All experiments were performed in the 

temperature range of 18 °C to 28 °C. Determination of the parameters of the tested metal 

specimens is carried out automatically by means of the specialized software of the machine. 

By means of the experimental test the strain ε [%], the yield strength of the material R0.2 

[MPa] (known in the scientific literature as "yield strength") are also determined. 

 

Chapter 3. Investigation of the possibility of wire arc additive manufacturing 

of aluminium alloy Al1070 components. Structure and mechanical properties 

The construction of aluminium and aluminium alloy parts using arc additive technologies 

is an extremely difficult task due to the thermophysical properties of this material. Aluminium 

has a high thermal conductivity, low melting temperature and high coefficient of thermal 

expansion. This means that the welding process must be precisely controlled to form high 

quality weld joints with reduced defect concentration and excellent mechanical 

properties.Aluminium alloys of the type Al1050 (Al99.5) and Al1070 (Al99.7) have no 

significant application in mechanics due to their low strength. The high purity of these alloys 

determines their excellent thermal and electrical conductivity. However, the construction of 

workpieces from these alloys is extremely labour intensive due to the small amount of alloying 

elements to aid the welding process. This is why optimizing the technological conditions of 

building parts from these alloys is essential for the practical development of their suitability and 

applicability in industry. For this reason, in this chapter, the possibility of obtaining Al1070 

workpieces by arc additive technologies in the cold arc pulse mode is investigated, as well as 

their resultant structure and mechanical properties.  
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3.1 Building the components 

 A set of preliminary experiments were carried out to build Al1070 aluminium alloy parts, 

where the technological build conditions were varied based on the previous results obtained 

until a wall-like part was 

successfully obtained. The 

series of experiments is 

presented in Figures 2(a) and 

(b) and a successfully built 

workpiece is presented in 

Figure 2(c).   

 During the 

experiments, the following 

technological build conditions were varied: welding speed, wire feed rate, welding current and 

welding voltage. The arc current was in the range of 95-166 A, the arc voltage was between 

15.7-24.5 V. The wire feed rate used 

during the experiments was in the range 

75.0-125.0 mm/s and the burial rate was 

in the range 10.0-16.7 mm/s. In all cases, 

argon flow rate and torch offset in the 

vertical direction were constant with 

values of 18.0 l/min and 1.0 mm/layer, 

respectively.  

Subsequent refinement of the 

technological build conditions resulted in 

the formation of the detail shown in 

Figure 3. The arc voltage was 25.0 V. The arc current used was 166 A, the wire feed rate was 

125 mm/s and the welding speed was 16 mm/s. The dwell time (time between individual layers 

being applied) was 30 s. The shielding gas flow rate was 18 l/min. In the process of building the 

workpiece, an automated shift of the torch in the vertical direction was performed, which in this 

case was with a value of 1 mm/layer. The build-up of the part to its final height of 51 mm was 

carried out by applying 54 layers. This means that the average thickness of each layer was 0.95 

mm. 

After building the workpiece, three specimens corresponding to the different degrees of 

building the workpiece in the vertical direction were examined. The preparation of the 

Figure 2. First attempts to build an Al1070 aluminium alloy workpiece: (a) 

series 1-8, (b) series 9-19, (c) successfully built workpiece. 

Figure 3. Final built Al1070 alloy part used for subsequent 

experiments. 
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metallographic grinds involved machining the examined surface with P240, P400, P600, P800, 

P1000 and P2500 size abrasive paper, and polishing with diamond paste. The resulting surface 

was developed with 10 % hydrofluoric acid (HF) solution. 

 3.2 Examination of specimen structure by optical microscopy  

 Figure 4(a) shows the cross-section of the resulting aluminium part. The average 

thickness of the workpiece is 9.0 ±0.3 mm. The small variation of the average thickness 

corresponds to a high precision of the layers application. Three distinct areas of the workpiece 

are examined in more detail, which 

can be formally termed the bottom, 

middle, and top. These zones are 

shown in Figures 4(d), 4(c) and 4(b) 

respectively. In all cases, a 

concentration of macropores is 

observed in the workpiece structure. 

Examining the specimen in detail, no 

significant difference in the 

concentration of these pores was 

observed with a change in the 

section examined.  

 Figure 5 shows cross-

sectional images of the as-built part 

obtained with an optical microscope. 

Figure 5(a) corresponds to the lower 

part of the workpiece, 5(b) to the 

middle part and 5(c) to the upper 

part. Small defects in the alloy structure in the form of irregularly shaped micro-pores are 

clearly visible.  

3.3 Examination of the structure of the samples by X-ray diffraction analysis 

X-ray diffractograms of the three considered areas of the workpiece are presented in 

Figure 6. In all cases, only one phase is observed, namely that of pure aluminium. Aluminium 

possesses the characteristic wall-centred cubic structure. The presence of amorphous halos is 

absent in the results. The polycrystalline character of the structure is determined by the 

diffraction maxima (111), (200), (220) and (311) recorded, belonging to the corresponding 

Figure 4. View of (a) section of Al1070 alloy wall piece, (b) top 

part, (c) middle part, (d) bottom part of section. 

Figure 5. Optical images corresponding to (a) the bottom, (b) the 

middle and (c) the top of the workpiece. 
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families of crystallographic planes {111}, {100}, {110} and {311}.  

 The polar density for each specimen was 

evaluated to investigate the resulting eventual 

formation of a crystallographic texture on their 

surface. Initially, a distinct formation of a 

preferential crystallographic orientation in the 

workpiece was observed when the first few 

layers were applied. The highest values of the 

pole density are observed in the {311} family of 

crystallographic planes, with P{311} = 77.6 %, 

respectively. As the workpiece grows in the 

middle and upper part, a reorientation towards 

the {100} family of crystallographic planes is 

observed with pole densities of P{100} = 76.9 % and P{100} = 60.7 %, respectively.  

In order to register a potential change in the shape and size of the crystal structure, the 

elementary cell parameter "a" was calculated. The results show that at the bottom of the 

workpiece the parameter has a value of 4.046 ±0.002 Å, in the middle it is 4.045 ±0.001 Å, and 

at the top it is 4.042 ±0.002 Å. These values were compared with the elementary cell parameter 

for pure aluminium presented in the crystallographic database (ICDD), with a value of 4.049 Å. 

This indicates that building a similar part to these dimensions and under these process conditions 

does not result in a significant change in the size and shape of the elementary cell.  

 

 

 

 

 

 

 

 

Фигура 1. Резултати от рентгеновата 

дифракция на образците. 
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3.4 Microhardness testing of specimens 

 The microhardness of the workpiece on the Vickers scale is presented in Figure 7. The 

dependence of the change in hardness as a function of the height of the workpiece is 

investigated. The lowest hardness was measured at the 

lower end of the specimen, where the average value 

reached 34 ±2 HV, followed by the middle part with 

36 ±3 HV, and reaching 39 ±2 HV at the uppermost 

part. The results show a change in the microhardness 

value with increasing height of the workpiece. It is 

important to note that the change in the preferential 

crystallographic orientation also does not significantly 

affect the microhardness values.  

 

3.5 Conclusions 

During the experimental work, the possibility of producing parts from the aluminum alloy 

Al1070 using arc additive manufacturing technologies in the "cold arc pulse" mode was 

demonstrated. The constructed part has a relatively uniform structure. A change in the 

predominant crystallographic orientation was recorded as a function of the part height. No 

significant change in the concentration of macro- and micro-pores was observed, nor in the 

resulting microhardness. 

However, a relatively high concentration of defects is observed in the structure of the part, 

which requires further investigation into the technological conditions of the manufacturing 

process, aiming to optimize the processes, reduce the concentration of defects, and improve the 

properties.  

 

Chapter 4. Investigation of the influence of the welding speed on the structure 

and mechanical properties of wire arc additively built aluminium alloy 

Al4043 components  

One of the most commonly used aluminum alloys in practice are those with a high 

concentration of silicon (series 4xxx). The advantage of these alloys is the silicon content, which 

significantly improves the properties of the alloy. As the silicon concentration increases, the 

mechanical properties of the material also improve. The excellent weldability of AlSi alloys 

makes them ideal for integration into additive manufacturing systems for parts. The structure 

Figure 7. Microhardness of the built Al1070 

alloy workpiece. 
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and properties of additively manufactured parts depend on a wide range of technological 

conditions applied to each successive layer. The ability to precisely control the parameters and 

technological conditions of welding is one of the key advantages of methods such as "CMT" 

and "cold arc pulse." One of the main technological conditions is the welding speed, as it affects 

not only the incoming heat energy density but also the dynamics of the formation, embedding, 

and cooling of the molten pool. For these reasons, this section of the dissertation examines the 

influence of welding speed on the structure of the produced parts and their mechanical 

properties. 

4.1 Building the components 

In this study, two details were fabricated from the aluminum alloy Al4043 with a wall 

geometry and dimensions of 100 x 80 mm, using two welding speeds: 13.3 mm/s and 20.0 mm/s. 

The resulting details are shown in Figure 8. The detail fabricated at a speed of 13.3 mm/s is 

shown in Figure 8a), while the one welded at 20.0 mm/s is shown in Figure 8b). Using the 

formula for calculating the density of input thermal energy during the two processes, it was 

determined that for the lower speed, the value is 120 J/mm, while for the higher speed, it is 80 

J/mm. During the welding process, argon with a purity of 99.999% was used as the shielding 

gas. The effective welding current was 117 A, the voltage was 17.1 V, the wire feed speed was 

100 mm/s, and the waiting time was 30 s. The shielding gas flow rate was 17 l/min. During the 

process, the welding torch was displaced vertically by 0.9 mm after each layer was applied. 

 

Figure 8. Wall-type components made of Al4043 alloy with welding speeds of (a) 13.3 mm/s and (b) 20.0 mm/s. 

The fabricated components were divided into four parts, formally named “B,” “M2,” 

“M1,” and “T,” corresponding to samples taken from the bottom, middle (two parts), and top of 

the component. Additionally, samples corresponding to the cross-section of the components 

were prepared to examine their thicknesses and the potential presence of macro-defects. The 

surface of the obtained metallographic sections was mechanically processed using abrasive 

paper with grit sizes of P240, P400, P600, P800, P1200, and P2500, followed by polishing with 

a diamond suspension with particle size of 0.04 µm. Finally, the samples were etched with a 
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10% solution of hydrofluoric acid. 

4.2 Examination of specimen structure by 

optical microscopy 

The pre-prepared samples corresponding 

to the cross-section of the two components were 

examined using an optical microscope. The 

component built with the higher welding speed 

(Figure 9 b) is characterized by a smaller wall 

thickness compared to the one built with the 

lower speed (Figure 9 a). The thicknesses are 6.5 

mm and 8.0 mm, respectively. In the structure of 

both components, throughout the entire cross-

sectional area, the presence of macro-pores is observed, which form during the welding process 

due to the absorption of gases in the liquid phase (mainly hydrogen). 

4.3 Examination of the structure of the samples by X-ray diffraction analysis 

Figures 10 a) and b) show the obtained diffractograms after the X-ray diffraction analysis 

of the samples from the details built with welding speeds of 13.3 mm/s and 20.0 mm/s, 

respectively. The diffractograms do not show the presence of amorphous halos. The 

polycrystalline nature of the studied samples is characterized by the presence of peaks 

corresponding to specific crystallographic planes. In both cases, the structure of the samples is 

biphasic, consisting of Al and Si. Both phases have a body-centered cubic structure. The 

observed peaks of the aluminum phase correspond to the crystallographic plane families {111}, 

{100}, {110}, and {311}. The observed peaks corresponding to the silicon phase belong to the 

crystallographic plane families {111}, {110}, and {311}. 

 

 

 

 

 

  

Figure 9. Optical images of the details built with a 

welding speed of (a) 13.3 mm/s and (b) 20.0 mm/s. 
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 The predominant 

crystallographic orientation of 

the aluminum matrix was 

calculated according to formula 

(6) presented in Chapter 2. The 

results are organized and 

presented in Table 2. In the case 

of lower welding speed, in the 

bottom part of the detail 

(sample "B"), the predominant crystallographic orientation is observed toward the 

crystallographic plane family {110}. As the height of the detail increases, the texture changes, 

with samples "M2," "M1," and "T" exhibiting the highest pole density, corresponding to the 

crystallographic plane family {100}. The detail built with a welding speed of 20.0 mm/s is 

characterized by a predominant crystallographic orientation in the crystallographic plane family 

{100} until reaching the top part (sample "T"), where the texture changes to the crystallographic 

plane family {311}.  

 

Table 2. Preferred crystallographic orientation of the samples.  

Sample 
P{hkl}, % 

P{111} P{100} P{110} P{311} 

13.3 mm/s 

T 26.8 35.4 15.5 22.3 

M1 13.2 33.9 31.3 21.6 

M2 22.7 37.9 12.0 27.4 

B 14.0 24.4 49.8 11.8 

20.0 mm/s 

T 11.9 22.0 25.9 40.2 

M1 22.3 27.7 24.0 26.0 

M2 11.9 40.1 13.6 34.4 

B 12.6 33.6 21.8 32.0 

 

 

 

 

 

Figure 10. X-ray diffraction results of the details built with welding 

speeds of (a) 13.3 mm/s and (b) 20.0 mm/s. 
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4.4 Examination of the samples by scanning electron microscopy (SEM) 

 For detailed examination of the structure of the samples from both parts, they were 

analyzed using a scanning electron microscope. Figure 11 a) shows an SEM image of sample 

"T", taken from the top part of the detail constructed with a welding speed of 13.3 mm/s, while 

figure 11 c) shows an image taken with 

the same magnification but from sample 

"M2". Figures 11 b) and d) correspond to 

the same samples but with higher 

magnification. A number of micro-sized 

pores with irregular shapes are observed. 

The structure of the detail also shows the 

formation of precipitates from the second 

phase. In sample "M2", they are 

irregularly shaped and scattered 

chaotically. In the upper part of the 

detail, a change in the second-phase 

structure is visible. It takes on a fibrous 

character, with the fibers tending to surround the crystalline grains of the aluminum matrix.  

Figures 12 a) and 12 c) show the structure 

of the samples labeled "T" and "M2", taken 

from the detail constructed with a welding 

speed of 20.0 mm/s.  Figures 12 b) and 12 d) 

display images of the same samples but with 

higher magnification. In both cases, a two-

phase eutectic structure is observed. The 

secondary phase, which is embedded in the 

solid solution of αAl throughout the volume of 

the detail, has an irregular shape and a chaotic 

distribution. The structure of the samples 

shows a high concentration of micro-sized 

pores with irregular shapes. In the upper part of the detail, the formation of larger pores is 

noticeable, compared to the lower part of the sample.   

 

Figure 11. SEM images of the detail constructed with a 

welding speed of 13.3 mm/s, taken from (a), (b) sample "T" 

and (c), (d) sample "M2". 

Figure 12. SEM images of the detail constructed with a 

welding speed of 20.0 mm/s, taken from (a), (b) sample 

"T" and (c), (d) sample "M2". 
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4.5 Examination of samples by energy dispersive X-ray analysis (EDX) 

The chemical composition in the upper part of the detail (sample "T") constructed with a 

welding speed of 13.3 mm/s is shown in Figures 13 (a)-(d). It has been established that the 

secondary phase observed through SEM consists primarily of silicon. Its distribution in the solid 

solution is visible. The arrangement of the eutectic structures in this case is strictly defined as 

filamentous (the eutectic structures form thin interconnected filaments). The silicon 

concentration in this case is 6.13 wt%. 

 

Figure 13. SEM image of the analyzed area (part of sample "T," constructed with a welding speed of 13.3 mm/s) 

(a), element distribution on the surface (b), Si distribution (c), Al distribution (d). 

The chemical composition of sample "M2," corresponding to the detail constructed with 

a welding speed of 13.3 mm/s, is shown in Figures 14 (a)-(d). The distribution of the secondary 

silicon phase in the solid solution is also visible, but here it is chaotic. Clustering of silicon 

particles and the formation of second-phase agglomerates are observed. The silicon 

concentration in this sample is 5.60 wt%. 

 

Figure 14. SEM image of the analyzed area (part of sample "M2," constructed with a welding speed of 13.3 

mm/s) (a), element distribution on the surface (b), Si distribution (c), Al distribution (d). 

The distribution of elements in the upper part of the component (sample "T") produced at 

a welding speed of 20.0 mm/s is shown in Figures 15 a)-d). No specific arrangement of the 

eutectic structures is observed. The silicon concentration in this case is 3.78 wt%, but this value 

is significantly influenced by the high magnification of the examined area, which is largely 
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occupied by structural defects.  

 

Figure 15. SEM image of the examined area (part of sample “T,” produced at a welding speed of 20.0 mm/s) (a), 

surface element distribution (b), Si distribution (c), Al distribution (d). 

The chemical composition of sample “M2,” belonging to the part produced at a welding 

speed of 20.0 mm/s, is shown in Figures 16 (a)-(d). The arrangement of the eutectic structures 

here is also chaotic and irregular. The silicon concentration in this case is 5.42 wt%, which is 

close to the value reported by the welding wire manufacturer. 

 

 

Figure 16. SEM image of the examined area (part of sample "M2", produced with a welding speed of 20.0 mm/s) 

(a), element distribution on the surface (b), distribution of Si (c), distribution of Al (d). 
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4.6 Microhardness testing of specimens 

 Figure 17 shows the results of the experiments conducted to determine the microhardness 

of the details. The distribution of microhardness exhibits a relatively linear character, with an 

increase in hardness as the height of the detail increases, although within narrow limits. The 

lowest hardness was found in the samples labeled "M2," which correspond to areas near the 

base of the details. The average value in this zone 

is 53.0 ±2.8 HV0.1. As the height of the details 

increases, their hardness also increases, with 

values for both details being approximate and 

within the permissible error. The only significant 

difference in their values is observed in the 

uppermost part. In this zone, the hardness of the 

sample produced at a welding speed of 13.3 

mm/s is 58.5 ±2.4 HV0.1, while the hardness of 

the sample produced at a welding speed of 20.0 

mm/s is 56.2 ±2.2 HV0.1. This is in agreement 

with the observed change in the second-phase 

structure, from an irregular distribution to a fibrous distribution. The results show that, despite 

the identified differences in the microstructure, the differences in the microhardness values are 

insignificant.  

4.7 Conclusions 

In this chapter, the influence of the density of incoming heat energy on the structure and 

mechanical properties of arc additive manufactured details made of Al4043 aluminum alloy was 

investigated. For this purpose, two samples were fabricated with different welding speeds of 

13.3 mm/s and 20.0 mm/s. Both samples have a dual-phase composition consisting of aluminum 

and silicon. The predominant crystallographic orientation of the sample made with a welding 

speed of 13.3 mm/s is initially directed towards the {110} crystallographic plane family, 

followed by a change towards the {100} crystallographic plane family. In the case of the 

welding speed of 20 mm/s, a change in crystallographic texture from the {100} crystallographic 

plane family to {311} is observed in the upper part of the sample.  

The lower welding speed leads to an increased lifetime of the liquid phase, meaning a 

reduction in the crystallization rate, which lowers the concentration of defects. In turn, the longer 

life of the liquid bath improves the homogeneity of the distribution of second-phase particles in 

Figure 17. Microhardness of the samples taken from 

the details built with welding speeds of 13.3 mm/s 

and 20.0 mm/s. 



22  

the αAl matrix. This, combined with the higher temperature, results in restructuring of the 

secondary phase. The formed structure achieves higher strength, as confirmed by the 

experiments conducted to determine the microhardness of the samples.  

Despite the successful improvement in microhardness at the lower layer deposition speed, 

the concentration of micro-pores is relatively high, limiting the restructuring of the secondary 

phase and the strengthening mechanisms.  

 

Chapter 5: Investigation of the effect of component size on the structure and 

mechanical properties of wire arc additively built aluminium alloy 

components using Al4043 and Al5356. Experimental comparison.   

Additive manufacturing technologies for building parts through arc welding in a 

protective gas environment have a highly dynamic nature. This is due to several factors. One of 

these factors is the increase in the part's temperature (the temperature between layers), which 

leads to a change in the working regime and the physics of the process. The higher temperature 

increases the lifetime of the liquid phase. As a result, during crystallization, a coarser-grained 

microstructure is formed, which would also influence the mechanical properties.   

Another factor influencing the properties of the parts is their volume. From a practical and 

design perspective, it is often necessary to change the dimensions of a set of structural elements 

that are produced using already established manufacturing conditions [10, 11]. Theoretically, a 

change in the volume of the parts would lead to a change in the parameters of the temperature 

field that develops within the material. However, this change may be negligibly small, so there 

may be no need to modify the manufacturing conditions for the parts.  

For this reason, this chapter of the dissertation examines the influence of the volume of 

parts made from aluminum alloys Al4043 and Al5356 on their structure and mechanical 

properties. This is a relevant topic not only from a physical point of view but also from a 

practical application perspective. 

5.1 Building of different sized Al4043 alloy components by wire arc additive 

manufacturing in the cold arc pulse mode 

5.1.1 Building the components 
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 For the purpose of this study, two details with an oval shape were built, with the only 

difference being their length. The two details have lengths of 200 mm and 400 mm (hereinafter 

referred to as L200 and 

L400). The height of the 

details is 140 mm. The 

working current is 90 A, the 

voltage is 17.5 V, the wire 

feed speed is 100 mm/s, the 

welding speed is 12 mm/s, 

the argon flow rate is 17 

l/min, and the vertical 

displacement of the torch after 

each layer is 1 mm. The waiting time is 60 s for the L200 sample and 30 s for the L400 sample. 

These times were chosen based on preliminary experimental work. It was found that the waiting 

time of 30 s for the smaller detail was too short. After reaching a height of about 60 mm on each 

subsequent layer of the L200 detail, strong surface oxidation and reduced mixing occurred to 

the extent that forming a homogeneous layer became impossible. Figure 33 a) shows the built 

detail, labeled as L200, and figure 

34 a) shows the one labeled as 

L400, as well as the positions from 

which samples for tensile tests 

were taken – figures 33 b), c) and 

34 b), c).  

Three samples were taken 

from each built detail, from the 

lowest, middle, and highest parts, 

formally labeled as "Bottom," "Middle," and "Top." Metallographic samples were prepared by 

surface treatment with abrasive paper, starting with size P240 and progressing to size P2500. 

The samples were polished using diamond paste with a particle size of 0.04 µm. The resulting 

samples were etched with a 10% solution of hydrofluoric acid (HF). 

 

 

 

  

Figure 19. Oval sample with a length of 400 mm (L400) (a), location 

and type of samples tested for tensile strength (b) and (c). 

 

 

 

 

 

 

Figure 18. Oval sample with a length of 200 mm (L200) (a), location and 

type of samples tested for tensile strength (b) and (c). 
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5.1.2 Examination of the structure of the samples by X-ray diffraction analysis 

 The results of the X-ray diffraction analysis of the lower, middle, and upper parts of 

the two samples are shown in Figure 20, where 20a corresponds to the L200 sample, and 20b to 

the L400 sample. The experimentally obtained diffractograms show no presence of amorphous 

halos, confirming the crystalline nature of the built samples. A two-phase structure is observed, 

consisting of aluminum and silicon phases. Diffraction maxima for the aluminum phase are 

observed at (111), (200), (220), 

and (311), corresponding to the 

crystallographic plane families 

{111}, {100}, {110}, and 

{311}. Diffraction maxima for 

the silicon phase are observed 

at (220), (311), (400), and 

(331), corresponding to the 

crystallographic plane families 

{110}, {311}, {100}, and {331}. 

 To assess the impact of the geometric size on the crystallographic imperfections of the 

samples (such as dislocations, vacancies, nanopores, etc.), the full width at half maximum 

(FWHM) of the registered diffraction peaks was determined. According to X-ray diffraction 

theory, the amount of crystallographic imperfections is proportional to the width of the obtained 

peaks, i.e., a higher FWHM value corresponds to a greater quantity of crystallographic 

imperfections [12]. The data obtained from X-ray structural analysis were fitted using the 

SciDAVis software, version 2.7. The results for the FWHM of the samples, corresponding to 

the {111}, {100}, {110}, and {311} crystallographic plane families, are graphically compared 

in Figures 21a) and b). It is evident that there is no significant difference between the FWHM 

of the diffraction maxima for 

the different stages of build-

up, nor between the values of 

the different samples. This 

indicates that a similar 

concentration of 

crystallographic lattice 

imperfections is observed for 

both the L200 and L400 

Figure 20. X-ray diffractograms of samples prepared from the detail (a) 

L200 and (b) L400. 

 

 

 

 

 

 

Figure 21. FWHM results for the details (a) L200 and (b) L400. 
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samples. 

 To gain more information about the changes in the crystallographic structure of the 

samples during the processing, the interplanar distances d [Ǻ] and the lattice parameter a [Ǻ] 

were calculated for both the aluminum and silicon phases. The obtained values were compared 

with standardized values found in the crystallographic database of the International Centre for 

Diffraction Data (ICDD) for 

polycrystalline aluminum and 

silicon samples. The lattice 

parameter of the Si phase remained 

approximately constant in the 

range of 5.430-5.435 Ǻ throughout 

all experiments, regardless of the 

build-up stage of the details and the 

size of the samples. This is nearly identical to the standard value of 5.430 Ǻ listed in the 

database. In contrast to the silicon phase, the aluminum phase in both cases showed a slight 

increase in the lattice parameter compared to the standard value of 4.049 Ǻ. The calculated 

values are summarized graphically in Figures 22a) and b). This increase is more pronounced in 

the L400 sample and may be attributed to an increase in the Si concentration in αAl and to 

residual macro-stresses formed during the build-up process.  

 

 

 

 

 

 

 

 

 

Figure 22. Lattice constant of specimen (a) L200 and (b) L400. 
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5.1.3 Examination of specimen structure by optical microscopy  

 Since the samples were manufactured under similar technological conditions, there is 

no visible difference in their shape. However, a small difference in thickness is observed. At the 

beginning of the build-up process of the L200 detail, its 

thickness is 8 mm and reaches 9 mm by the end of the process. 

In the case of the L400 detail, the values are 9 mm and reach 

10 mm, respectively. This can be explained by the increase in 

the intermediate temperature as the height of the details 

increases. 

 Figures 23 b)-g) show optical images taken from the 

upper, middle, and lower parts of the L200 detail. An increase 

in the number of macro-pores is observed as the height of the 

detail increases. The 

pores in the images are 

marked with white 

markers (arrows). 

Figures 24 b)-g) show 

optical images of the 

upper, middle, and lower sections of the cross-sectional 

detail of the L400 detail. The images show that, in this 

case, no change in the concentration of macro-pores is 

observed at different stages of the build-up of the detail. 

Furthermore, the pore concentration in this detail is 

significantly lower than in the L200 detail.  

 

  

 

 

 

 

 

 

 

 

Figure 23. Cross-section of detail 

L200 (a), optical image of the upper 

part (b), middle part (c), and lower 

part (d) of the detail. 

Figure 24. Cross-section of detail L400 

(a), optical image of the upper part (b), 

middle part (c), and lower part (d) of the 

detail. 
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Figure 25 shows optical images taken from the side of the L200 detail at different stages 

of the build-up. The lower part of the sample is shown in figure 25 d), and a magnified image 

of the same area of the sample is shown in 

figure 25 e). The same approach was used for 

the middle part, shown in figures 25 v), g), and 

the upper part, shown in figures 25 a) and b). 

The average area of αAl grains in the lower part 

of the sample is about 121 µm², in the middle it 

reaches a value of 305 µm², and in the upper 

part – 550 µm². This indicates temperature non-

uniformity at different heights of the detail. 

 Figure 26 presents optical images 

from the side of the L400 detail, taken from its 

upper, middle, and lower parts, respectively 

shown in figures 26 a), v), and d). Magnified 

images corresponding to the same areas are 

shown in figures 26 b), g), and e). Unlike the 

L200 detail, in this case, no noticeable change in 

the concentration of eutectic formations is 

observed, and therefore no change in the size of 

the aluminum grains. The grains in the lower, 

middle, and upper parts of this detail have 

average area values of 171 µm², 185 µm², and 233 

µm², respectively. 

5.1.4 Examination of the samples by 

scanning electron microscopy (SEM)  

The microstructure of all samples was 

thoroughly examined using scanning electron 

microscopy. The results of the experiments are presented in Figures 27–32. The lower section 

of the L200 sample was investigated, and the obtained images are shown in Figure 27. In Figure 

27(a), a large macropore is observed (most likely caused by gas absorption). Figures 27(a) and 

(b) also show a number of smaller pores with irregular shapes. Upon closer inspection of the 

surface of the sample, shown in Figures 27(b) and (c), a two-phase structure consisting of a solid 

Figure 25. Optical images from the side of the L200 

detail, taken from (a), (b) the upper part, (c), (d) the 

middle part, and (e), (f) the lower part. 

Figure 26. Optical images from the side of the L400 

detail, taken from (a), (b) the upper part, (c), (d) the 

middle part, and (e), (f) the lower part. 
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solution of Si in aluminum and eutectic (αAl+Si) is observed. These structures consist of a 

combination of fibrous eutectic 

formations and irregularly shaped 

ones.The microstructure of all samples 

was thoroughly examined using 

scanning electron microscopy. The 

results of the experiments are 

presented in Figures 27–32. The lower 

section of the L200 sample was 

investigated, and the obtained images 

are shown in Figure 27. In Figure 27(a), a large macropore is observed (most likely caused by 

gas absorption). Figures 27(a) and (b) also 

show a number of smaller pores with 

irregular shapes. Upon closer inspection of 

the surface of the sample, shown in Figures 

27(b) and (c), a two-phase structure 

consisting of a solid solution of Si in 

aluminum and eutectic (αAl+Si) is observed. 

These structures consist of a combination of 

fibrous eutectic formations and irregularly 

shaped ones.The microstructure of all 

samples was thoroughly examined using scanning electron microscopy. The results of the 

experiments are presented in Figures 

27–32. The lower section of the L200 

sample was investigated, and the 

obtained images are shown in Figure 

27. In Figure 27(a), a large 

macropore is observed (most likely 

caused by gas absorption). Figures 

27(a) and (b) also show a number of 

smaller pores with irregular shapes. 

Upon closer inspection of the 

surface of the sample, shown in Figures 27(b) and (c), a two-phase structure consisting of a solid 

solution of Si in aluminum and eutectic (αAl+Si) is observed. These structures consist of a 

Figure 27. Macro SEM image taken from the lower part of the 

L200 sample (a), image with higher magnification (b), silicon 

phase (c). 

Figure 28. Macro SEM image taken from the middle part of the 

L200 sample (a), image with higher magnification (b), silicon 

phase (c). 

Figure 29. Macro SEM image taken from the upper part of the L200 

sample (a), image with higher magnification (b), silicon phase (c). 
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combination of fibrous eutectic formations and irregularly shaped ones. 

Figure 28(a) shows an image of the investigated sample taken from the middle part of 

the L200 sample. Again, a macropore is observed, as well as smaller pores. Regarding the 

microstructure shown in Figures 

28(b) and (c), a two-phase structure is 

again observed. In Figure 28(b), a 

small insoluble particle with a 

different brightness compared to the 

eutectic structure is seen. Previous 

studies confirm the presence of such 

particles in this type of alloys and 

emphasize that this is a common 

feature of their structure [13]. 

Figure 29(a) shows an image of the investigated area of the sample taken from the 

upper part of the L200 sample, while 

Figures 29(b) and (c) show images with 

higher magnification of the detail's 

structure. In this case, macropores are 

not visible, and primarily eutectic 

formations are visible in Figures 29(b) 

and (c). These consist of a mixture of 

elongated grains and irregularly shaped 

ones.Figure 29(a) shows an image of the 

investigated area of the sample taken from the upper part of the L200 sample, while Figures 

29(b) and (c) show images with higher magnification of the detail's structure. In this case, 

macropores are not visible, and 

primarily eutectic formations are 

visible in Figures 29(b) and (c). These 

consist of a mixture of elongated 

grains and irregularly shaped ones. 

Figures 30(a), 31(a), and 

32(a) show SEM images 

corresponding to the lower, middle, 

and upper sections of the L400 sample. 

Figure 30. Macro SEM image taken from the lower part of the 

L400 sample (a), image with higher magnification (b), silicon 

phase (c). 

Figure 31. Macro SEM image taken from the middle part of the 

L400 sample (a), image with higher magnification (b), silicon 

phase (c). 

 

 

 

 

 

 

Figure 32. Macro SEM image taken from the upper part of the 

L400 sample (a), image with higher magnification (b), silicon 

phase (c). 
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In all cases, a higher concentration of defects is observed compared to the L200 sample. Figures 

30(b), 31(b), and 32(b) show enlarged images of the investigated zones. They confirm the 

presence of a much higher concentration of crystallographic defects in the structure of this 

sample compared to the smaller one. The main observed defects are micropores, formed due to 

the cyclic processes of contraction and expansion accompanying the technological process and 

due to the grouping of vacancies during crystallization. Figures 30(c), 31(c), and 32(c) show 

images corresponding to the eutectic structures in the aluminum solution. No other elements are 

observed in the volume of the eutectic formations.  

 

5.1.5 Examination of samples by energy dispersive X-ray analysis (EDX)  

 Figure 33 shows the EDX analysis results performed on the bottom (a), middle (b), 

and top (c) parts of the L200 sample. The results confirm the presence of secondary phases in 

the aluminum matrix αAl, such as 

(αAl+Si). An enlarged image of the 

middle section, shown in figure 33g), 

is presented due to the presence of a 

particle in the secondary phase 

structure that does not correspond to 

the silicon phase. The chemical 

analysis of this particle, presented in 

figure 33d), reveals that it is 

composed of iron. The manufacturer 

of the welding wire indicates that the 

wire contains 0.49 wt% Fe. Iron in 

the welding wire, up to a certain 

concentration, serves as a phase 

moderator that enhances the 

stability of the secondary silicon 

phase formation and improves 

the weldability of the Al4043 

alloy. 

 Figure 34 shows the results of the EDX analysis performed on the bottom (a), middle 

(b), and top (c) sections of the L400 sample. A two-phase structure is again observed, consisting 

Figure 33. EDX results from (a) the bottom, (b) the middle, and (c) 

the top part of the L200 sample, (d) SEM image of the marked area 

with the presence of an Fe particle, and (e) chemical composition 

in the particle area. 

Figure 34. EDX results from (a) the bottom, (b) the middle, and (c) the top 

parts of the L400 sample. 
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of aluminum solution αAl and eutectic structure (αAl+Si). The secondary eutectic structure 

shows no inhomogeneities in its composition. In this case, a large number of micro-pores is 

observed, confirming the trend observed in the SEM images that the L400 sample has a higher 

concentration of micro-defects compared to L200. For the L200 sample, the silicon 

concentration in the bottom part is 6.69 wt%. It decreases linearly with increasing height, 

reaching 5.42 wt% in the middle and 5.04 wt% in the top part. In comparison, there is no 

significant change in the silicon concentration in the structure of the L400 sample, ranging from 

4.97 to 5.35 wt%. 

5.1.6 Microhardness testing of specimens 

 The Vickers microhardness is shown in Figure 35. The results presented were obtained 

for details with both lengths at different stages of their construction. The lowest value recorded 

is 46.9 ± 1.1 HV0.1, corresponding to the upper part of 

the L200 detail. The highest average microhardness 

value is 55.8 ± 2.5 HV0.1 and is observed in the lower 

part of the L200 detail. For the smaller detail, there is a 

noticeable decrease in microhardness following the 

direction of construction. A similar decrease in Vickers 

microhardness is observed for the L400 detail along its 

construction direction. The microhardness in the lower 

part of this detail is 53.2 ± 2.1 HV0.1, while the upper 

part is 48.9 ± 1.9 HV0.1. However, the observed trend of 

decrease is much less pronounced in the case of the L400 detail compared to the smaller one. 

5.1.7 Tensile strength testing of the specimens 

Tensile tests were conducted on both samples in the vertical and horizontal directions 

of the detail construction. The results are summarized in Table 3. When examining the vertical 

samples of the L400 detail, an average tensile strength (Rm) of 155 MPa was observed, and for 

the horizontal samples of the same detail, Rm was 161 MPa. Regarding the L200 detail, an 

average tensile strength of 158 MPa was achieved in the vertical direction and 163 MPa in the 

horizontal direction. In terms of yield strength (R0.2), the L400 detail achieved average σYS 

values of 61 MPa and 60 MPa, respectively, in the vertical and horizontal directions. The L200 

detail has an average yield strength in the vertical direction of 57 MPa and 64 MPa in the 

horizontal direction. The average elongation (ε) values in the vertical direction for the L400 and 

L200 details are 14.19% and 12.31%, respectively. In the horizontal direction, the average ε 

Figure 35. Microhardness of the examined 

samples. 
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values for both details were found to be 17.8% and 17.3%, corresponding to the L400 and L200 

details. In all cases, the details failed after applying an average force of 13 kN. 

 

Table 3. Tensile strength experiments results.  

Specimen Build direction R0.2, MPa Rm, MPa ε, % 

L200 
vertical 

57 158 12.3 

L400 61 155 14.2 

L200 
horizontal 

64 163 17.3 

L400 60 161 17.8 

 

5.1.8 Conclusions 

The results of this study led to the formulation of the following conclusions: 

1. During the arc additive manufacturing process of Al4043 components, several 

processes occur, including heat transfer during heating-cooling cycles, which is achieved 

through heat conduction and convection; changes in the volume of individual micro-volumes of 

the crystal structure; phase transitions (crystallization and melting); changes in the 

characteristics of imperfections in the crystal lattice; melting of Si particles in the αAl lattice 

and the separation of Si particles from the supersaturated solid solution of αAl; formation of 

preferred crystallographic orientations and residual stresses, etc.; 

2. The structure of the samples consists of αAl solid solution and an eutectic mixture 

(αAl+Si); 

3. The processes of crystallization and recovery are accompanied by the formation of 

nano-sized crystal imperfections. No significant differences in these imperfections are observed 

based on the physical size of the built components; 

4. Due to the higher crystallization rate of the L200 component, an increased 

concentration of spherical macropores is observed, which are believed to be associated with 

hydrogen absorption; 

5. As a result of the introduction and redistribution of vacancies and changes in volume 

during the heating and cooling cycles, pores with irregular shapes and microscopic sizes (micro-

pores) are formed in the structure of both samples. The higher concentration of these pores in 

L400 is mainly due to the higher temperatures reached in the material compared to L200; 

6. For the smaller L200 detail, a tendency for greater heat accumulation during the 

building process is observed, leading to an increase in the size of the aluminum grains. The 

larger L400 detail has improved thermal efficiency, leading to a more uniform forming process 
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and a less pronounced change in the size of the micro-volumes; 

7. The increase in the size of the matrix αAl grains of the solid solution leads to a 

decrease in the microhardness values of both samples as their height increases; 

8. Despite the known differences in the microstructure, both the L200 and L400 

components show similar mechanical properties (microhardness and tensile strength); 

9. The components studied in this work meet the requirements for good adhesion 

between the layers and the absence of cracks. However, improvements could be made to the 

structure and mechanical properties, which are primarily a function of the microscopic pores 

formed in the structure of the samples. Measures should be taken to reduce the concentration of 

such structural defects.  

In summary, the results of this work show a clear difference in the microstructures of 

hypoeutectic AlSi alloys, specifically Al4043 (AlSi5), depending on the sample volume. 

However, undeniable evidence was obtained that increasing the size of the details does not lead 

to a significant change in the mechanical properties of the built components. It is found that, in 

practice, it is more advantageous to produce larger components through arc additive 

manufacturing in the “cold arc pulse” mode rather than smaller ones. This was confirmed by 

experimental work, which showed that as the volume of the components decreases, the waiting 

time between the layers must be increased.  

5.2 Building of different sized Al5356 alloy components by wire arc additive 

manufacturing in the cold arc pulse mode 

5.2.1 Building the components 

Figure 36 shows the additively manufactured details made of Al5356 alloy. Part (a) 

depicts a 200 mm long detail, referred to as "Detail A," while part (b) shows a 400 mm long 

detail, referred to as "Detail B." Both details were manufactured under identical technological 

conditions, some of which are summarized in Table 10. The welding current used in both cases 

was 88 A, the voltage was 18.3 V, the wire feeding speed was 100 mm/s, and the vertical 

displacement of the nozzle was 1 mm per layer. An interesting fact is that, in the case of this 

alloy, a uniform waiting time of 30 seconds was successfully applied, which contrasts with the 

experiments conducted with oval-shaped components made of Al4043 alloy. The welding 

process was carried out in a protective gas environment consisting of an argon flow with a purity 

of 99.999%, maintaining a constant flow rate of 18 l/min.  
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Figure 36. View of the manufactured components: (a) Detail "A", (b) Detail "B".  

Detail "A" was divided into individual samples (metallographic sections) labeled as 

"A1", "A2", and "A3", with the numbering starting from the lowest part of the component to the 

highest. The same methodology was applied for the preparation of the "B" detail, with 

corresponding samples "B1", "B2", and "B3". The samples were mechanically processed with 

abrasive papers of grades P240, P400, P600, P800, P1000, and P2000. Afterward, they were 

etched using a 10% solution of hydrofluoric acid.  

5.2.2 Examination of the structure of the samples by X-ray diffraction analysis  

 The diffraction 

patterns of samples from both 

details are shown in Figures 57a 

and 57b, with the first 

corresponding to detail "A" and 

the second to detail "B". In both 

cases, a polycrystalline structure 

is observed, without any 

amorphous halos. All 

registered diffraction maxima correspond to a face-centered cubic structure, characteristic of 

aluminum samples. Both for detail "A" and detail "B", diffraction maxima for (111), (200), 

(220), and (311) are observed, which correspond to the {111}, {100}, {110}, and {311} 

crystallographic plane families, respectively. No significant change in the intensities of 

individual peaks in the samples is observed depending on the stage of construction or the size 

of the components.  

5.2.3 Examination of the samples by scanning electron microscopy (SEM) 

Figure 37. Results from the X-ray diffraction analysis of (a) detail "A" and 

(b) detail "B". 
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 Figure 38a) shows an SEM image of the surface of sample A1, taken in backscattered 

electron mode at 500x magnification. The image reveals two micro-cracks approximately 70 

μm in length. Figure 38b) shows 

an image obtained at 5000x 

magnification. The structure of 

the sample contains a set of 

micro-pores, as well as some 

undissolved particles. 

 Figure 39a) shows an SEM 

image of the surface of sample A2, taken in backscattered electron mode at 500x 

magnification. No cracks are observed in the image. Figure 39b) shows the structure of the 

sample obtained at higher 

magnification. It contains 

a certain amount of micro-

pores, as well as some 

undissolved particles. A 

large undissolved particle 

is also observed, which is 

presumed to be made of silicon, characteristic of the ER5356 alloy structure [14]. 

 Figure 40a) presents an SEM image of the surface of sample A3, taken using 

backscattered electrons at 500x magnification. The image shows some small cracks, 

approximately 30 μm in length. Examining Figure 40b), it is found that the structure of the 

sample contains a certain 

amount of micro-pores. 

Undissolved particles, similar to 

those observed in previous 

images, were also detected. 

 

 

 

 

 

 

Figure 38. SEM image of the surface of sample "A1" (a) with lower 

magnification, (b) with higher magnification. 

Figure 39. SEM image of the surface of sample "A2" (a) with lower 

magnification, (b) with higher magnification. 

Figure 40. SEM image of the surface of sample "A3" (a) with lower 

magnification, (b) with higher magnification. 
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 Figure 41a) shows an 

SEM image of the surface of sample 

B1, taken using backscattered 

electrons at 500x magnification, and 

Figure 41b) at 5000x magnification. 

In the structure of the sample 

(Figure 61b), a large number of 

defects are observed in the form of micrometer-sized pores, as well as undissolved particles. 

 Figure 42a) shows an SEM image of the surface of sample B2, taken using 

backscattered electrons at 500x magnification. Figure 42b) shows an image of the same sample 

at 5000x magnification. Defects in the material's structure are observed in the form of micro-

pores and micro-cracks, with 

an average length of 

approximately 10 μm, as seen 

in Figure 42b). Additionally, 

some undissolved particles are 

noticeable. 

 Figure 43 shows 

SEM images of the surface of sample B3, taken using backscattered electrons at 500x 

magnification (Figure 43a)) and 

5000x magnification (Figure 43b)). 

Micro-sized pores with irregular 

shapes are observed, distributed 

across the surface of the sample. 

Undissolved particles are also 

noticeable once again. 

 

 

 

 

 

  

Figure 41. SEM image of the surface of sample "B1" (a) with lower 

magnification, (b) with higher magnification. 

Figure 42. SEM image of the surface of sample "B2" (a) with lower 

magnification, (b) with higher magnification. 

Figure 43. SEM image of the surface of sample "B3" (a) with lower 

magnification, (b) with higher magnification. 
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5.2.4 Examination of samples by energy dispersive X-ray analysis (EDX) 

 Figures 44-49 present the results of the energy-dispersive X-ray experiments. In all 

cases, irregularly shaped micropores are observed, caused by the accumulation of vacancies 

from the thermal 

expansion and contraction 

of the matrix αAl grains. 

The undissolved particles, 

with higher brightness, 

identified through SEM, 

were analyzed, and it 

was found that they are composed of magnesium. In the case of sample A1, the Mg 

concentration in the structure of the sample is 5.14 wt%, in the case of sample A2, the Mg 

concentration is 4.82 wt%, and in the case of sample A3, it is 5.17 wt%. The Mg concentration 

in the structure of the 

samples taken from the 

larger part is as follows: 

in B1 – 5.36 wt%, B2 – 

6.15 wt%, B3 – 5.89 

wt%. It is evident that 

in both parts, the magnesium concentration is similar and unchanged as a function of the degree 

of construction of the parts.  

 

 

Figure 46. EDX results showing (a) the chemical composition, (b) the distribution of aluminum, (c) the 

distribution of magnesium in the structure of sample "A3".  

Figure 44. EDX results showing (a) the chemical composition, (b) the 

distribution of aluminum, (c) the distribution of magnesium in the structure of 

sample "A1". 

Figure 45. EDX results showing (a) the chemical composition, (b) the distribution of 

aluminum, (c) the distribution of magnesium in the structure of sample "A2". 
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Figure 47. EDX results showing (a) the chemical composition, (b) the distribution of aluminum, (c) the 

distribution of magnesium in the structure of sample "B1".  

 

Figure 48. EDX results showing (a) the chemical composition, (b) the distribution of aluminum, (c) the 

distribution of magnesium in the structure of sample "B2". 

 

Figure 49. EDX results showing (a) the chemical composition, (b) the distribution of aluminum, (c) the 

distribution of magnesium in the structure of sample "B3".  
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5.2.5 Microhardness testing of specimens 

 The microhardness results for both parts are shown in Figure 50. The microhardness 

of part A in the lower, middle, and upper sections is 71.3 ±2.3 HV0.1, 74.9 ±2.2 HV0.1, and 72.7 

±4.4 HV0.1, respectively. In comparison, the 

microhardness in the lower part of part B is 73.3 ±3.5 

HV0.1, in the middle part is 76.6 ±1.4 HV0.1, and in the 

upper part is 70.9 ±4.1 HV0.1. According to the obtained 

data, both parts show the same trend, with the 

microhardness being highest in the section of the parts 

corresponding to the middle of the building process. 

The average microhardness of both parts can be 

summarized, with the results showing an average value 

across their entire cross-section of 74 ± 3 HV0.1.  

5.2.6 Tensile strength testing of the specimens 

 The results of the tensile strength (Rm) experiments are shown in Figure 51 as a 

function of percentage strain. In Figure 51 a), the results corresponding to part "A," tested in the 

vertical direction, are presented, while in 

Figure 51 b), the results for the same part 

tested in the horizontal direction are 

shown. Similarly, in Figures 51 c) and 51 

d), the results for part "B," tested in the 

vertical and horizontal directions, are 

presented. The yield strength (R0.2) of all 

samples is in the range of 106-111 MPa. 

The tensile strength of the tested samples 

is in the range of 267-275 MPa. The 

elongation ε is in the range of 25-27% in 

all cases. The fracture force Fb, or the 

maximum applied load, is in the range of 

20.66 – 21.31 kN.  

5.2.7 Conclusions 

During the present work, the following conclusions were formulated: 

1. High accuracy in the construction of parts from aluminum alloy Al5356 was 

Figure 50. Microhardness of the tested 

samples. 

Figure 51. Results of the tensile strength tests on samples taken 

from: (a), (b) part "A", (c), (d) part "B". 
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achieved under the current technological conditions, with large defects in the geometry of the 

parts being avoided.; 

2. During the crystallization process, a number of micropores and microcracks form in 

the structure of the solid solution of αAl; 

3. The applied technological conditions were insufficient to achieve full mixing 

between the magnesium and aluminum particles, which led to the widespread presence of 

undissolved Mg particles in the structure of the parts; 

4. A number of hard Si particles were also found, which improve the formation of the 

molten pool during welding of the aluminum alloy and also stabilize the crystallization process; 

5. Despite the differences in volume and thus thermal conditions, satisfactory 

mechanical properties were obtained, which are nearly identical for parts with different 

volumes. The average Vickers hardness for both parts is approximately 74 ± 3 HV0.1. The yield 

strength and tensile strength of the parts are also very similar, with the average values being 109 

MPa and 271 MPa, respectively. 

6. Despite the excellent mechanical properties of the parts achieved in this work, a 

number of defects still remain, and further investigation into potential solutions to this problem 

is required in future research. 

5.3 Comparative analysis of the results obtained for wire arc additively built Al4043 

and Al5356 alloy components  

In this chapter of the dissertation, the influence of volume on arc additively manufactured 

parts made from Al4043 and Al5356 alloys, produced using the "cold arc pulse" method, was 

studied in relation to the manufacturing process, structure, and mechanical properties. In both 

cases, the target specimens were successfully prepared. For the aluminum alloy Al4043, this 

was achieved by increasing the waiting time between layers for the smaller part, which was not 

necessary for the Al5356 alloy. This indicates better weldability and superior thermal 

conductivity of the Al5356 alloy compared to Al4043. Despite these differences in the 

preparation of the specimens, the results confirmed the feasibility of constructing larger-volume 

structures without significant changes to the technological conditions in both cases. Moreover, 

the findings show that manufacturing larger-volume parts is thermally more advantageous than 

producing small-scale components. The larger volume leads to a reduction in macro-porosity 

concentration and slower changes in the grain size of the α-Al matrix as the part size increases. 

These structural changes do not result in a decrease in the mechanical properties of the 

manufactured parts. The results are highly promising, as the primary applicability of arc additive 
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technology is in the fabrication of parts with the largest possible dimensions.  

In addition to differences in technological conditions, differences in structural changes 

between parts made from the two alloys were also clarified. It turns out that the aluminum-

silicon alloy (Al4043) is significantly more thermally unstable than the aluminum-magnesium 

alloy (Al5356). For the former, a significant change in the size of the micro-volumes was 

observed in the smaller part as its height increased. A similar trend was also observed in the 

larger part but to a lesser extent. The results of the studies on the Al5356 alloy, however, do not 

indicate significant changes in the micro-volumes at various stages of part construction. As a 

result, parts with a uniform structure and mechanical properties are obtained.  

Contributions 
 

1. New insights have been gained into the nature of the physical processes 

involved in arc additive manufacturing of components made from aluminum alloys Al1070, 

Al4043, and Al5356 using the "cold arc pulse" mode, as well as the mechanisms of 

microstructure formation. 

2. Technological conditions for the successful production of arc additively 

manufactured parts made from aluminum alloy Al1070 in the "cold arc pulse" mode have 

been detailed and defined. New data on the structure and microhardness of the arc additively 

manufactured parts from Al1070 alloy have been obtained. It has been proven that the 

specified technological conditions lead to the formation of a homogeneous structure and 

consistent microhardness throughout the entire volume of the parts. 

3. The influence of welding speed on the formed structure and microhardness 

of arc additively manufactured parts made from aluminum alloy Al4043 in the "cold arc 

pulse" mode has been clarified. It has been proven that a lower welding speed leads to a 

change in the type of secondary eutectic phase, resulting in increased microhardness of the 

parts.  

4. New insights have been gained into the influence of the volume of arc 

additively manufactured parts made from aluminum alloys Al4043 and Al5356 under the 

"cold arc pulse" mode on their structure, microhardness, and tensile strength. It has been 

proven that for the Al4043 alloy, increasing the height of the parts leads to changes in the 

size of the micro-volumes. This, in turn, reduces the microhardness, with the trend being 

more pronounced in smaller parts. It has been shown that this change in the polycrystalline 
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grains of the aluminum matrix does not significantly affect the tensile strength. 

Furthermore, it has been demonstrated that changes in the volume of parts made from the 

Al5356 alloy do not significantly affect their structure, microhardness, or tensile strength.  

5. For the first time, the influence of volume on the structure, microhardness, 

and tensile strength of arc additively manufactured parts has been analyzed. It has been 

unequivocally demonstrated that increasing the volume does not degrade the mentioned 

mechanical properties.  
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