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Abstract 

 

Wire + arc additive manufacturing (WAAM) was used to build the AA6061-AlN components formed by feeding wires and 

adding AlN powder. Preparation of the specimen in longitudinal and transvers direction with 0%, 2.5%, 5%, and 7.5% ratios. 

This paper evaluates the reinforcing weight %, tensile, EBSD, and fracture surface analysis results. This study investigates the 

influence of orientation, the microstructure, mechanical characteristics, and hardness of the bar in both the longitudinal and 

transverse orientations. Fe-rich interlayer phases were more closely linked to fracture initiation in the heat-treated condition 

for both orientations and composite materials. It was discovered that additive made bar had a greater transverse yield strength, 

ultimate strength, and hardness. 
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Introduction 

 

Wire-arc additive manufacturing (WAAM) is a technology for creating metal components that deposits elements directly and locally on 

metal components, layer by layer [1]. In recent years, Wire + Arc Additive Manufacturing (W+AAM) has shown its potential to build 

fully-dense large-scale metal objects at an affordable price by employing high-quality wire as a feedstock [2]. Compared to conventional 

manufacturing technologies, WAAM can effectively create components with complicated geometry. [3]. Because of its cheap cost and 

high disposal rate, wire arc additive manufacturing (WAAM) is viable. [4]. It is possible to build huge components at high rates (many 

kilogrammes per hour) using wire arc ALM, a new technique. [5]. We have developed a new metal component additive manufacturing 

technology called Wire Arc Additive Manufacturing. [6]. However, both wire-based and powder-based methods require nearly the same 

amount of energy. Consequently, Deposition energy requirement in wire-based processes is 85 percent, whereas powder-based processes 

need 70 percent of the energy needed for deposition in powder-based processes [7]. The thermal conductivity of AlN is particularly 

high, despite the fact that it has many of the same characteristics as other metals. In addition, the near lattice match between AlN & Al 

ensures its high adhesion, making it worthwhile to study its load-bearing potential. When making composites, powder metallurgy or 

melt metallurgy are used [8, 9]. Properly distributed nanostructured AlN particles improve mechanical characteristics [10]. The 

mechanical qualities of the joint constructed using the ER4043 improved. Compared to the junction created with ER5356, the Al A6061 

with ER4043 welded common has an advantage because of the excellent grain conformation and somewhat scattered porosity in the 

weld region [11]. The fusion zone (FZ) of an ER4043 welded sample has a lower grain size than that of an ER5356 welded sample, 

according to microstructure study [12]. Component qualities were studied to determine how much deposition rate could be raised without 

producing any failures or defects [13]. Anisotropy was shown to be evident in both the perpendicular and parallel deposition directions 
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in terms of the material's strength, elongation, & ultimate tensile strength [14]. In the vertical direction, the qualities were a little lower. 

The tensile characteristics of the deposit were found to be anisotropic [15]. There is interest and demand for WAAM technology to 

produce high strength aluminium alloy from several industries. Different factors of aluminium alloys are being researched in WAAM 

technology, such as heat sources, wires, process parameters, & post-treatments, which aim to impact the formation, microstructure, and 

mechanical properties of the components. 

 

Experimental procedure 

 

The structure's filler material was ER4043 aluminium alloy wire with a diameter of 1.2 millimeters, which was employed as a substrate 

for the aluminium alloy 6061. Table 1 displays the substrate and wire compositions. Aluminium nitride Composites (AlNCs) were made 

using WAAM using Metal Inert Gas (MIG) welding-based forms of welding, both without and with AlN powder between layers. AlN 

particles were blended with 100% ethanol before being coated with an identical weight percentage between layers. The wire feeding 

speed was set at 4.8 m/min, and both the travel speed (500 mm/min) to the flow rate of 99.99%  argon shielding gas (15 L/min) was 

kept constant. AlNCs had 7 layers and measured 200 mm 150 mm 15mm. The WAAM experimental setup are shown in Figure 1. Test 

specimen samples are shown in the Figure 2. The WAAM fabricated composite samples are allowed in heat treatment process kept with 

7000C with a time interval of 2 hours in each specimen. Then, the heat treated specimen surface was machined using the vertical turret 

milling machine. However, those machined surfaces are cut in to required specific sizes, then characterized by SEM (model: JEOL 6360 

LV) and EBSD were analyzed. 

 

Table 1. Machine parameter (MP) 

Welder type MIG (Metal Inert Gas) 

Electrode Metal–rare earth, ER4043, 1.2 mm diameter 

Substrate plate AA6061 

Substrate plate dimensions 200 x 150 x 15mm 

Welding current 150A 

Distance between electrodes and base plate 25 mm 

Aluminum-silicon alloy filler wire grade (feedstock) ASTM Grade 1 

Wire diameter 1.2 mm 

Wire feed rate 1.5 m/min 

Deposition rate 150 mm/min 

Number of layers 7 

Average layer height 8mm 

Cooling time for the layer to layer 45 minutes 

Shielding gas Shielding gas 

 

 
Figure 1 Experimental set up 
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Figure 2 Sample specimens 

 

Characterization of AA6061-AlNcomposites 

 

Microstructure and energy dispersive analysis 

 

Figure 3(a,c,e,g) shows the electron micrograph and spectral energy dispersion measurements of the AA6061-AlN composites cut in 

the direction of flow of the wire arc, i.e. X direction. Figure 3(a,c,e,g) shows SEM (scanning electron micrographs) of 0.0 %, 02.5 %, 

0.5 %, & 07.5 % composites in the X-direction, respectively. The micrographs reveal a uniform distribution of AlN particles with no 

apparent clustering. There is no question about the link between the reinforcements and the matrix in this design. 

Figure 3 (b, d, f, h) shows the specimen sliced perpendicular to the low of the wire arc, i.e. in the Y direction. Figures 3(b, d, f, h) show 

scanning electron micrographs of 0.0 %, 02.5 %, 0.5 %, & 07.5 % composites in the Y direction. The micrographs show that the AlN 

particles be cluster-free too equally distributed throughout the matrix. As a result, the matrix-reinforcement interactions are clear, and 

the reinforcements are pure. 

 

X-0%                                                    Y-0% 

 
Figure 3 (a)                                            Figure 3 (b) 

X-2.5%                                                    Y-2.5% 
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Figure 3 (c)                                                   Figure 3 (d) 

X-5%                                                            Y-5% 

 
Figure 3 (e)                                           Figure 3 (f) 

X-7.5%                                                      Y-7.5% 

 
Figure 3 (g)                                                   Figure 3 (h) 

 

EBSD analysis of AA6061-AlNcomposites 

Electron Back Scattering Diffraction (EBSD) is an SEM function that is commonly used to investigate grain orientation and crystal 

structure of various materials. [16] Provides a concise overview of EBSD. Figures 4(a, e, i) epitomize that the EBSD of 2.5%, 5% and 

7.5% composites in X-direction, respectively. Figures 4(c, g, k) is the specimen cuts perpendicular to the low of wire arc i.e Y direction. 

Figures 4(b, d, f) epitomize that the EBSD micrographs of 2.5%, 5% and 7.5% composites in X-direction, respectively. Figures 4(h, j, 

l) are the specimen cuts perpendicular to the low of wire arc i.e Y direction. Figures 4(a,c, e,g,i,k) & 4(b,d,f,h,j,l) show EBSD images 

of ER 4043 and AlN composites created using the Wire Arc Additive Manufacturing Process. EBSD photos vividly show the material's 

existing coarse structure. 

 

Fig. 1 shows EBSD pictures of the as-received ER4043 aluminium alloy and AlN particles. The nature of grain structure before and 

after aluminium and AlN fraction particles is depicted in this image. Pure aluminium has a coarse grain structure with numerous twins. 

Grains had an average diameter of 13.66 microns, with an area fraction of around 0.011. The composite has an average grain size of 2.8 

AlN 
AlN 

AlN AlN 

AlN AlN 
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microns & features a tiny granular structure. The composite's grain size was significantly decreased. Two aspects of plastic deformation, 

one related to stirring rate, and one related to AlN particles' ability to cause pinning action, all affect grain size during FSP. 

 

Figure 1 shows EBSD maps of ER4043 aluminium alloy and AlN particles. The maps show the grain structure too the influence of AlN 

particle weight %. The black spots in Fig. show where AlN particles are located. Grain structure was altered as a consequence of the 

synthesis of AlN. With a rise in the percentage of AlN particles in a sample, grains get smaller. Figure 1 shows this clearly. The average 

grain size of the composite was 165 m & 78 m, respectively, for 0 percent AlN particles, 2.5 percent AlN particles, 5 percent AlN 

particles, and 7.5 percent AlN particles. The following describes the phenomena of grain refining. When AlN particles are added to a 

composite melt, their formation changes the solidification process. They serve as nucleation points for grains in the aluminium melt 

because they are suspended. The unrestricted growth of -aluminium grains is hindered by the presence of AlN particles. In the composite, 

their expansion is limited, and the grain size is minimised. 

 

 
Figure 4 (a)                                                         Figure 4 (b) 

 
Figure 4 (c)                                                           Figure 4 (d) 

 
Figure 4 (e)                                                                Figure 4 (f) 
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Figure 4 (g)                                                               Figure 4 (h)  

 
Figure 4 (i)                                                                      Figure 4 (j) 

 
Figure 4 (k)                                                                      Figure 4 (l) 

 

Grain size 

 

The grain size of the AA6061-AlN composites at various reinforcement ratios was evaluated in Table 2. The AA6061-AlN composite 

has a lower grain size than the AA6061 alloy at other reinforcement ratios in both cutting directions (X & Y) Figure 5. Shows that the 

reinforcement increases there is the decrease in grain size regardless of the wt % of the reinforcement, increasing the reinforcement ratio 

induces a significant drop in the average grain size of composites. In both cases, transverse direction grains were polished more than 

longitudinal direction grains [17]. 

 

Table 2 Average grain size 

Grain Size(µm) 0 2.5 5 7.5 

X (cut the specimen perpendicular to the flow of wire 

travel) 

41.26 34.43 24.07 17.61 

Y (cut the specimen in the direction of flow of wire 

travel) 

45.46 36.68 28.92 19.09 
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Figure. 5 Grain Size 

 

Influence of Tensile strength 

 

The tensile strength of various AA6061-AlN composites was tabulated in Table 3 and tensile tested specimens are shown in Figure 6. 

As can be seen in Figure 7, increasing the reinforcement causes a rise in the tensile strength of all reinforced materials. However, the 

tensile strength of AA6061-AlN composite contracts expressively compared with the AA6061 pure alloy. The production of fine grains, 

which improves the material's hardness. Furthermore, when the composite is pushed over the counter surface, the presence of AlN 

particles causes the flow of matrix material to be restricted. That crack deflection is related to grain direction. It has been discovered 

that fracture propagation is connected to grain disorientation. [18] As we all know, fracture propagation seeks the path needing the least 

amount of energy; hence, AlN with finer and disordered grains is beneficial to tensile characteristics. 

 

Anisotropic strength geste is seen at room temperature in the primarily textured structure caused by guided grain production. The 

mechanical characteristics in the plastic distortion region are determined by the Build Direction (BD), which cannot be described just 

by grain structure. As shown in Figure. 8, different mechanical characteristics are obtained in various directions concerning the BD in 

the as-welded state. With a sample size of 3 5 samples, it is obvious that in the test direction 45° to BD (Y-X), there is a rise in both the 

tensile and yield strength as well as an overall decrease in the extension of the material. The material has a decreased strength and greater 

plastic deformability in the deposit direction (Y) and the BD direction (X). The shift in test direction of 45 ° (Y-X) leads in an increase 

in tensile strength of around 96 – 123 MPa. The yield strength increases by around 109 MPa, whereas the fracture strain decreases by 

approximately 1 – 4. Due to the wide range of observed values, in order to make sense of this data, one must look at it as an overall 

trend. High-temperature anisotropy items are not available; anisotropy causes in the current material's room temperature range are based 

on crystallographic anisotropy. Elastic and plastic deformation literature is replete with studies using cubic crystals. Both the elasticity 

modulus (19, 20) and the temperature-dependent confirmation of the strength characteristics (21, 22) are instances of directional 

dependency. 
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Figure 6 Tensile tested specimens 

 

Table 3 TS (Tensile strength) 

Ultimate Tensile Strength (N/mm2 or Mpa) 0 2.5 5 7.5 

X (cut the specimen perpendicular to the flow of wire 

travel) 

95 103 108 122 

Y (cut the specimen in the direction of flow of wire 

travel) 

97 104 109 124 

 

 
Figure.7 TS 

 

Influence of Yield strength 

 

The yield strength of the AA6061-AlN composites at various reinforcement ratio was evaluated in Table 4 & Figure 8. Shows that the 

yield strength of AA6061-AlN composite is higher than that of the AA6061 alloy at other reinforcement ratios in both cutting directions 

(X & Y). Regardless of the wt % of the reinforcement, the inverse of the longitudinal Compared to the longitudinal axis, the granules 

were finer; increasing the reinforcement ratio generates a significant rise in the yield strength of composites. As a result of this variation 

in microstructure, the yield and tensile strength of transverse samples were greater than longitudinal samples [23]. As a result, these 

particles readily separate from the matrix, reducing the material's stiffness. As a result, the yield strength of composites increases. Figure 

8 shows that the interfacial strength of AlN with the AA6061 matrix is greater, limiting the yield strength. 
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Table 4 yield strength 

Yield strength 0 2.5 5 7.5 

X (cut the specimen perpendicular to the flow of wire 

travel) 

45 53 68 76 

Y (cut the specimen in the direction of flow of wire 

travel) 

47 56 72 81 

 

 
Figure.8 yield strength 

 

Percentage of elongation 

 

The percentage elongation of the AA6061-AlN composites at various reinforcement ratio was evaluated in Table 5. Figure 9 shows that 

the percentage elongation of AA6061-AlN composite is lower than that of the AA6061 alloy at other reinforcement ratios in both cutting 

directions (X & Y). The percentage elongation of composite materials decreases significantly as the reinforcement ratio is increased, 

regardless of the weight percent of the reinforcing. Samples met the criteria in the horizontal stress direction; however the vertical stress 

direction elongation was lower than predicted. A reason that merits further examination is the presence of porosity and an irregular 

microstructure in the fusion zone of single layers. 

Table 5 Percentage of elongation 

Percentage of elongation 0 2.5 5 7.5 

X (cut the specimen perpendicular to the flow of wire 

travel) 

7.21 6.78 5.87 4.28 

Y (cut the specimen in the direction of flow of wire 

travel) 

6.92 6.35 5.24 4.07 
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Figure: 9 Percentage of elongation 

 

Fracture surface analysis 

 

The fracture surface analysis of the AA6061-AlN composites at various reinforcement ratios for tensile specimens in the X direction as 

shown in Figure 10 (a, c, e, g). Figure 10 (b, d, f, g) shows the fractured SEM image for the cutting direction Y. Representative electron 

micrographs of the fracture surfaces clearly show the fractured surface area due to the variation in average grain size for both directions 

well as for composite materials. Fracture surfaces were identical in horizontal and vertical directions, with no discernible deviations. 

Furthermore, failure was uniformly dispersed throughout the buildup direction, with no discernible pattern, emphasising homogenous 

material qualities. The fracture surface was characterised predominantly by pits, indicating a ductile fracture. Micro pores were also 

embedded in the fracture surface morphology [24]. 

 

0% X                                                                     0%Y 

 

 
Figure 10 (a)                                         Figure 10 (b) 

 

2.5% X                                      2.5% Y 
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Figure 10 (c)                                            Figure 10 (d) 

 

5% X      5% Y 

 
Figure 10 (e)                                           Figure 10 (f) 

 

7.5% X      7.5% Y 

 

 
Figure 10 (g)                                              Figure 10 (h) 

 

Conclusions 

 

The current study on AA6061-AlNcomposites, their characterization, and mechanical characteristics has yielded key findings: • 

Scanning Electronic Microscopy, EBSD, and Fracture surface investigations validated the presence and distribution of AlN 

reinforcements. 

 When the temperature between passes is maintained constant, the material properties are evenly spread across the buildup geometry. 

 Coordination system modifications are required for crystal growth directions so that elongation and strength reserves may be used. 

 Cracks developed along extensive netlike second phases following initiation during tensile testing. Furthermore, netlike second 

phases lacked directionality. As a consequence, the as-deposited wall construction had no mechanical property anisotropy. 
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 It was more difficult to deform Fe-rich phases than alpha-Al, which was more malleable. There were more cracks in interlayer 

locations with Fe-rich phases after the material had been heat-treated. Furthermore, the tensile loading force was perpendicular to 

interlayer areas along the construction direction. 

 Mechanical characteristics were decreased in the direction of deposition. As a consequence, the heat-treated wall structure exhibited 

mechanical property anisotropy. 

 Grain size should be decreased whereas the reinforcement ratio increases as the tensile and yield strength increase. 

 EBSD results confirm the presence of reinforcement and homogeneity. 

 The percentage of elongation decreased as increased in reinforcement and fracture surface analysis shows up the course groove and 

fine groove of fractured specimens 
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