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Abstract

:

Wire Arc Additive Manufacturing (WAAM) of thin walls is an adequate technology for producing functional components made with aluminium alloys. The AlMg5 family is one of the most applicable alloys for WAAM. However, WAAM differs from traditional fabrication routes by imposing multiple thermal cycles on the material, leading the alloy to undergo cyclic thermal treatments. Depending on the heat source used, thermal fluctuation can also impact the microstructure of the builds and, consequently, the mechanical properties. No known publications discuss the effects of these two WAAM characteristics on the built microstructure. To study the influence of multiple thermal cycles and heat source-related thermal fluctuations, a thin wall was built using CMT-WAAM on a laboratory scale. Cross-sections of the wall were metallographically analysed, at the centre of a layer that was re-treated, and a region at the transition between two layers. The focus was the solidification modes and solubilisation and precipitations of secondary phases. Samples from the wall were post-heat treated in-furnace with different soaking temperatures and cooling, to support the results. Using numerical simulations, the progressive thermal cycles acting on the HAZ of one layer were simplified by a temperature sequence with a range of peak temperatures. The results showed that different zones are formed along the layers, either as a result of the imposed thermal cycling or the solidification mode resulting from CMT-WAAM deposition. In the zones, a band composed of coarse dendrites and an interdendritic phase and another band formed by alternating sizes of cells coexisted with the fusion and heat-affected zones. The numerical simulation revealed that the thermal cycling did not significantly promote the precipitation of second-phase particles.
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1. Introduction


One of the aluminium alloys of highest interest for WAAM (Wire Arc Additive Manufacturing) is the alloy containing approximately 5 wt% Mg and minor contents of sensitive elements, such as Fe, Cu, and Mn. According to Ryen et al. [1], non-heat-treatable aluminium alloys, such as AA5xxx systems, constitute a class of alloys that owe their strength mainly to solid solution elements and small grain sizes. In some cases, the AlMg alloy strength is also relayed in dispersion strengthening. One way or the other, this alloy is characterised by holding relatively high tensile strength, ductility, and corrosion resistance, especially in seawater. Due to these characteristics, this alloy is widely used in shipbuilding, but also in automotive and railway industries.



Zielińska-Lipiec et al. [2], Ren et al. [3], and Su et al. [4] complement the above description by citing that those alloys are formed by an α-phase matrix (solid solution of Mg in Al) and a second β-phase (Al3Mg2). Ryen et al. [1] still mention that introducing foreign atoms into a crystal lattice invariably increases the strength of the material. Therefore, solution hardening results from an interaction between the mobile dislocations and the solute atoms. However, the most relevant mechanisms for substitutional alloying of aluminium are the elastic interactions due to the following: (a) the solute size misfit, where the solute atom differs from the matrix atoms in size which creates a strain field around the atom and (b) the modulus misfit, where the difference in binding force between the solute atoms and the matrix atoms results in a hard or soft “spot” in the matrix. The presence of solute atoms increases the initial yield stress and reduces the dynamic recovery rate of dislocations.



From the standard phase equilibrium diagram in Figure 1, an alloy with 5 wt% Mg is expected to have a second phase (Al3Mg2) at room temperature, since the Mg solubility is low at low temperatures. A faster cooling rate of the material would change the phase equilibrium, and a higher amount of solid solution of Mg may occur (as an α-phase matrix, in the case of non-Al3Mg2 precipitation).



Thus, one can expect that the WAAM deposition with the AWS ER5356 wire could produce walls with an α-phase matrix and a β-phase (Al3Mg2) at room temperature, in which the ratio of α-phase matrix and β-phase depends on the precipitation kinetic, unpredictable via equilibrium diagrams. It is worth mentioning that, according to Prakash [5], the formation of the second β-phase (Al3Mg2) produces only a slight hardening in Al–Mg alloys, so the heat treatment of these alloys produces no beneficial technological properties with structural hardening based on precipitation or ageing. The β-phase (Al3Mg2) formation may be the reason why Davis [6] states that Al–Mg (5xxx) series, ranging from 0.5 to 6 wt% of Mg, corresponds to the main aluminium alloys that are strengthened by alloying elements in solid solution (often coupled with cold work).



Through a characterisation involving scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses, Su et al. [4] found in WAAM with Al–Mg alloys that fine dark particles formed along the grain boundaries and in their interior correspond to the β-phase. As seen in Figure 2, according to the authors, the particles with black colour (A and C) are β-phase (Al3Mg2), and the grey colour background is formed by α-phase (B). However, it is important to state that the solidification microstructure may play an important role in the alloy performance if the materials do not undergo post-processing, such as rolling or heat treatment. In this regard, WAAM is a special manufacturing process. The resultant properties of the build are based on the solidification of layers over layers. Due to cost hindrances, mechanical or thermal post-treatment is avoided as much as possible.



One of the most popular WAAM technologies for building up thin walls uses CMT® (Cold Metal Transfer) as a heat source. CMT® is a patented (Artelsmair [7]) version of the GMAW (Gas Metal Arc Welding) process that controls short-circuiting metal transfer through current and wire feeding (the droplet detaches from the pool to end the short-circuit by a wire retraction-controlled movement). For more information on CMT®, see, for instance, Selvi et al. [8]. In this regard, CMT-WAAM has two fundamental features that affect the solid-state phase transformation of an AlMg5 alloy. The first fundamental feature is heat accumulation, which delays the cooling rate of the wall, in particular within the low-temperature range. This is due to the predominance of conduction as the heat transfer mechanism, as illustrated in Figure 3. The heat from the pool dissipates mainly downwards, not favouring concurrent natural radiation and convection to the environment. However, considering the conductive area to be small (thin walls), the heat diffusivity is low. In WAAM, this phenomenon of heat distribution is commonly referred to as heat accumulation. Moreover, heat accumulation at lower temperatures might promote precipitation and precipitation coarsening.



The second fundamental feature is the cycling self-heat treatment the wall undergoes during sequential layer depositions. This cycling self-heat treatment is due to multiple cycles; the concept is illustrated in Figure 4. Let us consider the two measurement positions in this figure at the layer number n − 2 (Ln−2), in the wall deposition direction (Z direction). During layer number n − 1 (Ln−1) deposition, the position closer to the fusion line of the depositing layer will reach a temperature close to the melting point of the alloy. Let us suppose reaching 560 °C (this temperature could be, for instance, 625 °C, if the position were even closer to the fusion line). Meanwhile, the position farther from the fusion line will result in a smaller peak temperature. Let us say, 400 °C. Whatever the microstructures were at those positions, these peak temperatures are potentially able to solubilise the β-phase (Al3Mg2) in the Al matrix (α-phase). Depending on the cooling rate, there might be a re-precipitation, or not, of the β-phases. It must be stated that Figure 4 is composed of schematics. The actual fusion line positions and peak temperatures are a function of the wall width and material, heat input, and other bead formation-related parameters.



Following this reasoning, these same positions mentioned above will undergo other thermal cycles during the deposition of the subsequent layers, such as layer number n (Ln). However, as the distances of the positions to the heat source become longer, the peak temperatures will be smaller. In this case, the position closer to the fusion line of the layer n will reach, for instance, a temperature close to the solubilisation temperature of the alloy. Let us suppose that it reaches 240 °C, while the position farther from the fusion line will get a smaller peak temperature, such as 150 °C. Therefore, the same material will suffer a new heat treatment. But now, the existing β-phases will potentially not solubilise during heating; instead, they can overage or have phase precipitation during cooling to room temperature. All of this depends on the cooling rates and the permanence time at the given temperatures.



Accordingly, another layer deposited on the top of layer number n (Ln), i.e., a hypothetic layer number n + 1 (not shown in Figure 4), will also experience other thermal cycles, with even smaller peak temperatures (as the distances of the positions to the heat source become too long), with additional heat to maintain the heat accumulation and refrain the layer from fast cooling. On the other hand, another two measuring points hypothetically located on layer number n − 1 (Ln−1) would follow the same thermal pattern, and so on. As a consequence of this thermal pattern, the whole wall will hold microstructures caused by peak temperatures below the solubilisation temperature, yet under the history of other peak temperatures (multiple heat treatments of solubilisation and precipitation). Exceptions will include the microstructures of the top layer (as a deposited solidification microstructure) and the previous layer (which undergoes only one thermal cycle). However, along with the layer height, each position at a given layer will sustain a different thermal history (different multiple peak temperatures and permanence in a specific temperature range) and, consequently, different microstructures. Bands of similar thermal histories may take place or not (they can be randomly distributed). Unfortunately, knowing the thermal history at each location of the wall is a challenge, because it will depend on several factors, such as layer heights, dilution, size of the heat-affected zone and, naturally, the constancy of the layer’s size and heat diffusion (remembering, most of these factors are a function on the welding parameters, and, accordingly, the heat input).



Finally, but not less important than the others, the third fundamental related to using CMT-WAAM when depositing AlMg5 is the influence of the thermal fluctuations on the solidification mode. The obtained solidification mode (e.g., planar, cellular, or dendritic) can be explained based on the relationships between the parameters of temperature gradient G at the solid–liquid interface and growth rate R. It is known (Kou [9], p. 165) that G/R influences the solidification mode and the product G×R affects the refinement scale of the structures. One can say that segregated phases will occur between them as well. Therefore, fluctuations induced during depositions may lead to variations in such parameters, resulting in different microstructural morphologies.



As seen in Figure 5, another typical characteristic of CMT® is two semi-cycles reversing with high power at arcing time (higher heat delivery to the pool due to arc anodic region) and very-low power during short-circuiting time (only heat production by Joule effect). The in-phase profile of I (current) and U (voltage) governed by the synergic line of the equipment justify this P (arc power) profile. This power trace behaviour tends to provide a thermal pulsation to the pool, similar to that from Pulsed-GMAW. During the thermal pulsation, one can expect variations in G/R and G×R parameters. As mentioned, these parameters determine the solidification mode, the structure refinement, and the segregated phase between them in the weld and WAAM. This implies that intercalated bands of finer and coarser dendrites (or another mode), along with segregations, may appear in the wall produced with CMT-WAAM.



Therefore, this study aimed at assessing the influence of multiple thermal cycles in AlMg5 alloy Wire Arc Additive Manufacturing (WAAM) and the heat source profile from CMT on the microstructure evolution of a thin wall. The target is a focus on the microstructure, specifically solidification modes, as well as on solubilisation and precipitations of secondary phases during the build of thin walls using an AWS ER5356 wire.




2. Methodology and Experimental Procedure


The methodology employed to reach this work’s objective was based on comparisons between the microstructures of a thin wall wire arc additive manufactured with an AlMg5 alloy and of the same material from the wall that underwent different customised post-heat treatments in a furnace (furnace-based physical simulations). Wall cross-section samples were taken at different positions in the building direction (Z direction), to account for the effect of multiple thermal cycles typical of thin-wall WAAM. The temperature and time of the furnace-based physical simulation were selected based on the Al–Mg equilibrium diagram and some delineated hypotheses, which will be discussed with the results. Numerical simulations were also employed as a methodological step to support the result discussions and the theory raised.



2.1. The WAAM Thin Wall Building and Metallurgical Characterisation


The Cold Metal Transfer (CMT®) variant of the GMAW process (synergic line code 1678) was used to deposit the thin wall with an AWS AlMg5 wire (see Table 1), ϕ = 1.2 mm, under a contact-tube-to-work distance (CTWD) of 12 mm. An ultra-pure argon grade 5.0 (99.999% purity) was used as a shielding gas. A dedicated nozzle was used to provide additional protection to the shielding from the conventional torch nozzle (Lemes et al. [10]), at the front and rear of the arc. Figure 6 illustrates this experimental torch arrangement with the supplementary shielding gas (SSG) system. The Ar5.0 was also used at the dedicated nozzle at 15 L/min (covering both sides). It is worth noting that, generally, Ar5.0 is not recommended as a shielding gas for aluminium welding, due to its low oxidation potential, which limits electron emission from the plate. Additionally, the high purity of Ar is excessively costly for arc welding purposes. Despite these arguments, the usage of Ar5.0 for shielding gas and SSG was justified to prevent the formation of oxides from external sources, which could disturb the equilibrium to form a β-phase in the deposit (although arc stability was also satisfied with Ar5.0, this feature was not the most important in the experimental procedure).



The built thin wall comprised thirty 200 mm-long layers. A wire arc additively manufactured thin wall is considered here when one track per layer and no torch oscillation in the transverse direction is used in the deposition (potentially reaching from 2 up to 10 mm wide). An aluminium bar (240 mm × 50 mm × 6.4 mm) was used as a substrate, positioned in a fixture with its narrow side facing upward, as depicted in Figure 6. This substrate positioning simulates a pre-wall setup, to maintain a relatively consistent heat flux from the initial layers onward. Bi-directional deposition was employed, in which each layer started from the wall edges (right and left) when a target interlayer temperature (IT) of 50 °C was reached (under natural cooling). IT was monitored over the deposited layer top surface at 30 mm ahead of the arc centreline (wire position) by an infrared pyrometer (Mikron MI-PE140, measurement range between 30 and 1000 °C, resolution of 0.1 °C and acquisition rate of 10 Hz). The same procedure performed in this current work is detailed in Teixeira et al. [11].



The metallurgical evaluation of samples from the wall, as illustrated in Figure 7a, was carried out via metallographic examination (optical microscopy) and microhardness profiling. After cutting, grinding, and polishing the transverse cross-sections, a 1.5 mm × 6 mm Vickers microhardness map was initially swept in the mid-height of the cross-sections of each sample (as shown in Figure 7b). The dimension of 6 mm was selected to make it possible to analyse two completed layers and one interlayer region (given a maximum layer height obtained of 2.6 mm). It is important to note that in parts manufactured with WAAM, as long as an interlayer temperature is adopted and maintained throughout the deposition for the same parameter conditions, the same microstructural and hardness behaviour is expected throughout the entire central height region of the wall. The indenter employed a load of 200 gf for 15 s, with a distance between indentations of 0.5 mm and 0.25 mm in the horizontal and vertical directions, respectively. After the microhardness test, the samples were etched in a solution of 20% HF + 80% H2O, for an immersion time of 35 s. Subsequently, a macrograph of the entire wall and micrographs at various magnifications from distinct regions of the wall were captured utilising an optical microscope.




2.2. In-Furnace Simulation and Metallurgical Characterisation


The post-heat treatments in samples taken from the built wall were meant to physically simulate how subsequent thermal cycles could modify the as-deposited microstructure. The in-furnace simulation conditions are described in Table 2. A laboratory Muffle furnace was used. With a longer soaking time (arbitrarily defined as 10 min) and the difference between its thermal profile and the actual WAAM thermal history, this approach was devised to be a steadier and more controllable way than WAAM for studying the phenomena.



A non-encapsulated 0.6 mm-diameter (each wire) type K thermocouple was fixed onto the surface of each sample. For that, a tiny hole was drilled into the aluminium sample surface, so the end of the thermocouple could penetrate and be clamped by deformation using a punch tool. For slow cooling post-heat treatment, the sample was removed immediately from the furnace after the soak time and left for cooling outside (still air). For fast cooling post-heat treatment, in turn, a container with water at room temperature (around 24 °C) was used (it was placed close to the furnace door, to make a faster sample transfer from the furnace to the recipient). Figure 8 demonstrates how water cooling was more effective than in still air following the in-furnace procedure (a difference of more than 25 min to room temperature and 6 min to reach 100 °C).




2.3. Computational Thermodynamics


Computational simulations were carried out using Thermo-Calc (Sundman et al. [12]) for equilibrium calculations and Scheil solidification simulations (Scheil [13]), with the TCAL8.2 database for thermodynamics. The diffusion module DICTRA (Andersson et al. [14]) within Thermo-Calc was utilised to capture the influence of multiple thermal cycles and different cooling rates on one layer position. For that, DICTRA requires, besides the thermodynamic database, a mobility database for the diffusion data. The MOBFE8 steel database was used in the lack of a dedicated aluminium mobility database. However, the diffusion calculations were limited to Al-4.8Mg, the major components of the alloy under study in this current work, and the liquid phases, α-phase and β-phase. It is reasonable to assume that the MOBFE8 database provides adequate diffusion data for liquid and the α-phase in the Al–Mg system, while diffusion in the stochiometric β-phase will be nil. The DICTRA setup assumed one-dimensional planar growth and a cell size of 10 µm, i.e., a grain size of 20 µm, reasonably reflecting metallography results. Equilibrium was obtained with Thermo-Calc, representing 0 °C/s, whereas cooling rates from 0.01 to 1000 °C/s were simulated using DICTRA, starting at 800 °C and finishing at 100 °C. At the start, there was only a liquid phase. The solid α- and β-phases were expected to precipitate and grow during solidification, through continued cooling in the solid state. The thermodynamics, segregation, and diffusion determine the precipitation and growth of the solid phases and the disappearance of the liquid phase during the cooling sequence.





3. Results and Discussion


Figure 9 features a thin wall with typically low dilution and a short heat-affected zone (HAZ). Two positions were targeted on the wall macrograph for analysis. The first one (Figure 9a) corresponds to the last layer deposited, i.e., the wall region that did not suffer heat treatment from subsequent layers (see also layer Ln in Figure 4). The second position under focus refers to a sample located at the wall half-height layer region (Figure 9b), in which the microstructure has been influenced by multiple thermal cycles due to the successive layers deposited (reheated affected zone). See also layers Ln−2 in Figure 4).



Still regarding Figure 9, different shades can be observed along the wall. Considering the transition lines between layers, it is noted that there is a region formed by alternating light and dark bands above each of these lines, in a banding pattern. These bandings are suspected to be due to a thermal oscillation-related phenomenon during solidification, which were not destroyed by the thermal cycles from the subsequent layer. Below the transition lines, supposedly the heat-affected zone (HAZ), one can also observe a region with a lighter area, resulting from the partial dissolution of precipitates caused by the heat generated from the deposition of the subsequent layer. This statement is based on the difference in the macrostructure of this region compared to the top layer, which was not affected by reheating.



In addition, one can suppose from Figure 9 that the refusion of the previous layer by the subsequent layer is less than 100%. In fact, it is much less. From the difference of heights, one would guess about 20–30%, so that even the reheat treatment by a subsequent layer does not affect the banding from a previous layer. Estimating layer refusion correctly is not trivial when the fusion line is not clearly visible. The best technique is to track down a chemical element variation between the pre-wall and the subsequent layers, but this approach needs to be planned before starting. Therefore, this 20–30% estimation is reasonable for Al alloy GMA-WAAM of thin walls. A low layer refusion, and consequently short HAZ, justifies why the fusion lines were not heat retreated at high temperatures and vanished.



To understand better the existence of these bandings and the multiple HAZs, optical microscope (OM) analyses were carried out over these two zones and the microstructure of the samples after in-furnace simulated heat treatments (Section 2.2). These analyses are described in the following section.



3.1. Upmost Layer Characteristics


The microstructure of the top layer obviously did not undergo subsequent reheating. Therefore, considering this microstructure from optical microscopy (OM), banding is observed in the lower part of the macrograph (just above the last layer fusion line) rather than a homogenous macrostructure. According to Carrard [15], this banded structure consists of a regular succession of dark and light stripes, lying approximately parallel to the solid–liquid front. The fact that no heat treatment was imposed by a subsequent layer (that one is the last layer) eliminates the possibility of such banding resulting from a thermal cycling mechanism. Kurz and Trivedi [16] classified bands based on the formation mechanism: (1) different scales of the same microstructure; (2) periodically varying composition; (3) different microstructures of the same phase; (4) different phases; and (5) different phases and microstructures. As depicted in Figure 10, an alternation between cell sizes, characterising mechanism (1), can be observed.



According to Kurz and Trivedi [16], these instabilities, observed in welding and laser treatment, become very evident when the interface velocity is smaller than the velocity of the unstable flow; nonsteady fluid flow interacts with the thermal and solute boundary layers. Therefore, a steady state cannot be reached at the growth front, and quasi-periodic changes in the scale of the microstructure, for example, of the cells, result. Hwa et al. [17], while conducting depositions of 316 L stainless steel using additive manufacturing with LASER, attribute the formation of these bands to the instabilities generated by the recoil pressure imposed by the laser beam and the impingement of the liquid surface caused by the argon gas jet. Above the mentioned banded zone up to the top, the squared area in Figure 10 points out the predominance of a structure with equiaxed dendritic morphology and interdendritic eutectics (Al3Mg2). This microstructure suggests a high degree of constitutional supercooling, which arises from a decreased G/R ratio in this region.




3.2. Central Layer Characteristics


Figure 11 illustrates a wall central layer (at its half-height) region broken out in different predominate morphologies that compose individual zones. The first zone is named the partially melted zone (PMZ), with peak temperatures within the solidus and liquidus of the alloy, where an α-phase (solid) and liquid co-exist at the end of the heating. Therefore, the metallurgical transformations in the PMZ involve the liquid phase. The second zone is the heat-affected zone (HAZ), in which the peak temperature range is lower than that in the PMZ; consequently, the transformations in a HAZ occur in the solid state. The following downward zone is the fusion zone (FZ). The fusion zone essentially represents the fundamental solidification structure of the metal post-solidification (liquid to solid transformation), subject to further transformation, solid–solid, depending on the material. When FZ is still present in layers that underwent multiple thermal cycles (re-treated), the temperature reached was insufficient for visible metallurgical transformations. The fourth zone, also identified in the central wall layers, was named the banded zone (BZ), already described in Section 3.1.



To characterise the wall at a half-height region, two positions were taken in this area (at a layer centre and the transition between two layers). Figure 12 illustrates the first case. The original microstructure (when this layer was the topmost layer during the deposition sequence) in this region was, as seen in Section 3.1, typically of equiaxed dendritic morphology. Multiple thermal cycles from subsequently deposited layers reheated this material portion at high temperatures, characterising a HAZ. As a consequence, the constituents turned finer.



Using numerical simulations, the progressive thermal cycles acting on the HAZ of one layer were simplified by a temperature sequence with peak temperatures of 500, 400, 300, and 150 °C. A heating rate of 200 °C/s and a cooling rate of 20 °C/s were applied to the peak temperatures. The resulting phase fractions as a function of time are given in Figure 13. One can observe no changes in the α- and β-phase fractions along the duration of the four simulated cycles. However, even during the 500 °C cycle period, some liquid phase appeared, likely due to the melting of the interdendritic eutectics, whose melting point is 450 °C (Figure 1). These simulation results generally agree with the experimental results (OM). The cyclic simulation results in Figure 13 clearly indicate that while the β-phase is melted during the 500 °C sequence, it instantly reforms at about equal fraction. The subsequent cycles at 400, 300, and 150 °C have no influence on the β-phase fraction. The explanation for this is that the stochiometric β-phase has a melting temperature of about 450 °C, so any temperature below this will have zero influence on the phase fraction, thus remaining constant.



Consider now the transition between two layers, reproduced in Figure 14. Upon closer inspection at higher magnification, one can observe larger and more frequent black particles gathered in a narrow distance range just below the fusion line. Before starting to analyse the results, it is important to state that there is a relationship between particle size, distribution and distance between them and the cells/dendrites that are formed. The latter, in turn, is related to the mechanism and the region where solidification occurs. For example, the dendrites in the PMZ were previously coarse dendrites at the previous layer before being partially melted by the subsequent layer. They were already large, evidenced by the spacing between them. Hence, the interdendritic particles or eutectics between the dendrites are also larger in volume. One reason for dendrite enlargement upon reheating could be phase growth through coalescence, following the Ostwald ripening phenomenon. Additionally, precipitation of other phases or eutectics, which are less saturated than Al3Mg2 or are even over-aging, may occur in these regions simultaneously.



The band of coarser particles below the fusion line, on the other hand, means a material region reheated at very-high peak temperatures for the alloy, ranging from approximately 585 °C and 630 °C, due to the subsequent layer deposition. In this temperature range, liquid and α-phase co-exist at the end of the heating. This α + L temperature range (Figure 1) characterises the partially melted zone (PMZ).



When the PMZ is progressively cooled by heat transfer to the remaining wall (downstream in the Z direction), L solidifies as α-Al, simultaneously with the eutectics in the interdendritic spaces (depending on the temperature reached inside the PMZ and heating/cooling rates, only eutectic will melt and solidify). It is important to say that the same material position, before this heating event by the subsequent layer, was already formed of eutectics (Al3Mg2 + α) over an Al matrix (α-phase), that is, in a FZ. The PMZ revealed the presence of coarser cells, as also identified in the work of Holesinger et al. [18]. Due to the thermal history cycles, conditions are created to have eutectic coarsening. This is the reason for having this characteristic band of larger eutectics in the PMZ in all layers.



Figure 14 still shows that below the PMZ the heat input by the subsequent layer still affects the material, whose morphology was initially of a fusion zone aspect with no reheating by subsequent thermal cycles, creating a solid-state heat-affected zone (HAZ). The lack of dendritic or cellular structure boundaries in the HAZ results from partial solubilisation promoted by the thermal cycle of the deposited bead above this region. In the high-temperature heat-affected zone (HAZ) below the partially melted zone (PMZ), in addition to coarse dendrites, there is partial dissolution of the particles. This dissolution is most noticeable at low magnification, where regions of lighter shade are observed at the top of the layers that underwent thermal cycles from a subsequent layer. In the fusion zone (FZ), below the heat-affected zone (HAZ), the cells and dendrites, on the other hand, are finer. Consequently, the interdendritic phases are less voluminous. Cells and dendrites are refined due to significant supercooling during the deposition of the subsequent layer onto the previously cold solidified layer.



The fusion zones (FZ) in the wall centre (subsequent layers along the wall-building direction) are, as commented in Section 3.1, composed of a dendritic matrix (α-phase) with interdendritic particles (likely Al3Mg2 eutectics). They are not reheated by the subsequently deposited layers, at least not at a temperature where visible metallurgical transformation could occur (in theory, above the solubilisation line of Figure 1). However, in practice, partial solubilisation might occur in the FZ of the wall half-height layers.



The banded zone (BZ) formed beneath the FZ in the intermediate layers, as depicted in Figure 15, reveals the alternating cellular structures with different sizes. As pointed out in Section 3.1, this variation can be attributed to fluctuations in growth rates at the solidification front caused by thermal oscillation. This thermal oscillation may arise due to the short-circuiting transfer in CMT-WAAM, wherein arc energy transitions from high to low levels (see Figure 5).




3.3. In-Furnace Simulated Sample Characteristics


As detailed in Section 2.2, heat treatments on the material deposited by WAAM were applied in the samples located at the centre of the wall building direction. The heat treatment was analogous to a solubilisation treatment (at two soak temperatures, 300 °C and 500 °C), followed by cooling in still air (slower cooling rate), simulation SIM-1, or in water (faster cooling rate), simulations SIM-2 and SIM-3 (Table 2). One must consider that the solubilisation treatment will not change the solidification mode, that is, the dendrites or cells will still be maintained. However, a secondary rearrangement of the dendrites or cell boundaries, and consequently the interdendritic spaces, are expected (depending on the soaking temperature and time), as well as solubilisation, formation, and coarsening of the eutectics (depending on the soaking temperature and time and the cooling rate). As seen in the phase diagram (Figure 1), the precipitation of the β-phase occurs below 250 °C.



Figure 16 shows the microstructure for the sample SIM-1, in which the in-furnace simulation was employed with the soak temperature just above the β-phase solubilisation line and the cooling in still air. Figure 17, in turn, illustrates the SIM-2 case, which used the same soak temperature and a cooling performed in water. Dark particles can be observed in both samples (similar to that in the WAAM deposited condition, Figure 12). However, no significant differences are noted between these two samples, suggesting either that solubilisation did not take place at 300 °C × 10 min, or the eutectics formed again at the same place (no rearrangement of the dendrites). One way or the other, the cooling rate (still air or water) did not govern the eutectic formation kinetics. No significant difference was ascertained between these simulated samples and the original wall on the OM level. This latter finding suggests that the thermal cycles promoted by a subsequent layer on the previous layer will not change the microstructure morphology when reheating the material at less than 300 °C.



Considering that a higher temperature would be necessary to modify the microstructure, the third heat treatment (SIM-3) was carried out at 500 °C for 10 min, followed by cooling in water. In equilibrium, this soak temperature keeps the material still in the solid state, not in that of the partially melted zone (PMZ), as seen in Figure 1. However, there may be incipient melting, given that the eutectic temperature, according to the AlMg phase diagram, is 450 °C. This, in principle, would justify the presence of particles that still remain in the microstructure after cooling.



Figure 18 shows the cross-section of the sample submitted to this new post-heat treatment. As can be seen, the black particles in the frame of the highest magnification are now homogeneously distributed, rather than gathered in bands. The matrix (α-phase) lost the dendritic structure, and turned into almost equiaxial grains (in fact, one can say that the equiaxial grains existed before, but the dendritic structure did not allow them to be easily identified). This morphology suggests that the heat-affected zone (HAZ) promoted by a subsequent layer on the previous layer centre will have its own features, of a material reheated at less than the solidus temperature up to approximately 300 °C. One interesting point of this analysis is that the banded zone (BZ) does not appear inside the HAZ of each layer because the particles are forced to scatter. However, the BZ also does not occur below the HAZ, but above the fusion line.



To evaluate the pertinence of this in-furnace simulation, a microhardness test was applied to all samples. It can be seen in Figure 19 that the hardness is equal or very close among the different conditions. The maps show that most hardness values are between 73 and 81 HV (light-blue and green regions, respectively). Since the variation in the amount and size of the eutectics (α + Al3Mg2) did not affect the microhardness (considering the standard deviations), it can be said that the predominant hardening mechanism continued to be through solid solution. Using the same filler metal (AWS ER5356), Zhu et al. [19] presented results within the same range (72 to 77 HV), even using three different trajectory strategies. However, Köhler et al. [20] found lower values (66 to 72 HV) when studying the influence of the idle time between layers and deposition parameters



Using other deposition materials, despite also being a precipitation-hardenable alloy, Hou et al. [21] also found homogeneous hardness values throughout the microstructure in the WAAM deposition of an Al–Mg–Sc–Zr alloy. In contrast, Kannan et al. [22], when fabricating an Al–Cu alloy wall using WAAM, observed hardness variations between 68 and 86 HV. According to these authors, this difference is attributed to microstructural characteristics involving columnar and dendritic structures along the build direction. Due to the presence of precipitated θ-phases, the hardness is higher in the equiaxed dendritic regions, and less hardness is observed in the columnar dendrites. In other words, the equiaxed region has more grain boundaries and a higher density of precipitated phases compared to the columnar dendritic areas. Yuan et al. [23] observed significant hardness variations in an AA7075 alloy, ranging from 110 to 145 HV. According to these authors, this variation was caused by differences in the quantity and morphology of precipitated phases, influenced by the thermal cycles of WAAM.





4. General Discussion


First of all, one must keep in mind that all layers in this work were deposited with the same parameters and at the same condition. Then, the same layer and pool sizes (widths and heights) were expected in the building direction. That being said, a microstructure variation that occurred only between the top layer (the last deposited layer), maybe also at one or two layers below the top one, and the preceding layers (the numerous previous layers) is easily understood, considering the potential effect of the subsequent thermal cycles on the earlier layers. However, the results showed that in each of the layers which were heat-treated by the multiple thermal cycles, when using a pulsing-like energy heat source (see Figure 5), more than the traditional heat-affected zone effect on the previous pass, as in arc welding, occurred. That is, a thin wall built up with AlMg5 via WAAM presented unique microstructural-related regions, as illustrated in Figure 11. Each of the zones presents a particular morphology characteristic.



In the partially melted zone (PMZ), where solid and liquid phases exist side-by-side, a band of coarse dendrites and interdendritic phases is formed in each subsequent layer during cooling to room temperature. The heat-affected zone (HAZ) exists, as expected, below the PMZ. In the imposed HAZ over each layer, the eutectics are finer, as a result of the partial dissolution of the interdendritic phase (existing previously, when the layer was the top layer) at which the material portion was exposed to high temperatures. Even in the fusion zone (FZ), which is the remaining FZ that still exists in a thermally retreated layer, a gradual microstructure change is observed from the banded zone towards the top of the layer. Near the banded zone, a cellular structure was identified, while the top region of the layer presented a dendritic morphology. This change is related to the increase in constitutional supercooling described by G/R, with such a relationship decreasing towards the top of the layer.



The last zone is named the banded zone (BZ), as illustrated at the bottom of the layer in Figure 11. The BZ banding is due to a mechanism different from the band in the PMZ. The likely cause for the banding at the BZ is thermal oscillation imposed by the specific arc used (CMT®), with a characteristic arc power pulsing profile. The effect of pulsed current on the pool solidification in aluminium arc welding is known. It is worth stating that this banding also happens under the FZ of the top layer, yet it is weaker (Figure 10). That is, the banding existing in the top layer was kept in the subsequent layers. However, the thermal cycles may have intensified each narrow band, even if the temperature peak was lower. Not least likely, the cause for the increased banding contrast in the thermally cycled layers could be the dissolution of the finer particles due to thermal cycling.



Based on thermal treatment simulations performed on the WAAM-obtained wall, only the treatment conducted at 500 °C for 10 min resulted in significant changes in the microstructure. This treatment eliminated the solidification structure, resulting practically in an AlMg solid solution. Treatments at 300 °C for 10 min were insufficient to promote significant microstructural alterations. Considering that the mechanism involved in substitutional diffusion is directly related to time and temperature, these parameters were insufficient to induce microstructural changes. This fact reveals that higher temperatures are necessary to induce microstructural alterations at the optical microscopy level during thermal cycling, even for shorter durations.



The above-mentioned phenomena emphasise the role played by the technique (CMT®) used to transfer heat and feedstock to build a layer over layer. The hypothesis is that the unique power cycle delivered via CMT® (Figure 5) governs the heat oscillation responsible for the banding at the BZ. It is correct to say that another aluminium alloy, instead of that used in this work, AlMg5 for short, would produce different zones identified and shown in Figure 11. Bulky parts, rather than thin walls, also tend to create zones that are distinct from those characterised in this work. However, the importance of the alloy as an engineering material is recognised. Thin walls are probably frequently used in GMA-WAAM when topology optimisation is employed in the part designs. CMT® is likely the most popular technique for GMA-WAAM. Then, the outcomes of this work related to these specific conditions are valuable.



Anyway, for these boundary conditions (material, technique, and thin wall), one can expect that the mechanical properties in each region (different zones) would differ. The impact of these differences in such a short distance (approximately 2 mm from the layer heights) needs to be studied in detail, but it is not in the scope of this current work. This subject will be conducted as a future work. The same is true about the influence of the typical CMT® power cycles, as a thermal pulsation agent, on the microstructure evolution.




5. Conclusions


The aim of the work described in this paper was to assess the influence of multiple thermal cycles and heat source features on the microstructure evolution in the Wire Arc Additive Manufacturing (WAAM) building direction of an AlMg5 alloy thin wall. This study focused on the solidification modes and the eutectic-type constituent’s solubilisation and precipitations while building the walls using an AWS ER5356 wire with CMT® equipment. The analyses of the microstructure evolution were based on metallographic sampling of the thin wall built using the mentioned wire and the characteristic cyclic power oscillation of the heat source. These analyses were supported by subjecting the wall samples to in-furnace simulation heat treatments and numerical simulation of the solidification transformation. From that, the following was concluded:




	
The CMT® equipment and its dedicated synergic line for this alloy deliver arc power in a cyclic pulsing way. Evidence indicates that the power waveform and the differences between the low- and high-power cycles are sufficient to induce heat oscillation and alterations in the solidification front, thereby promoting the formation of a banded structure on a macroscopic scale at the lower part of the pool. Microscopically, the banded structure is formed by different sizes of cells. In addition, the structure in the fusion zone also exhibits the presence of cellular and dendritic substructures extending from the fusion line towards the top of the layer. This change is related to the increase in constitutional supercooling described with G/R, with such a relationship decreasing towards the top of the layer;



	
The multiple thermal cycles imposed by subsequently deposited layers also change the morphologies of the original microstructure (as that existing in the top layer), in such a way that, depending on the peak temperature reached, different morphological zones appear in each layer;



	
The subsequent thermal cycles on the previous layer create several morphological zones in each layer (replicated throughout the building direction, except in the top layer), with different characteristics;



	
In the zone closest to the fusion line of the subsequent layer (upper region of the layer), where the peak temperature is at the highest temperature, within the solidus–liquidus temperature for this alloy, a partially melted zone (PMZ) is formed as a band composed of coarse dendrites and an interdendritic phase;



	
In the below zone, the heat-affected zone (HAZ), partial dissolution of the interdendritic phase occurs;



	
Following that comes the fusion zone (FZ), where the original as-deposited microstructure, with no reheat treatment, is preserved, and the cells/dendrites and the interdendritic phases are fine;



	
In the region at the base of each layer, a banded zone forms by alternating sizes of cells. Due to the thermal cycling, the cells still undergo partial dissolution of the interdendritic phases, further highlighting the presence of the bands in relation to the original ones formed in the top layer;



	
These four distinct zones in each layer, whose extension and area depend naturally on the combination of heat source energy and heat dissipation (related mainly to wall width and interlayer temperatures), are prone to complex mechanical properties of the wall (the impact of which is the subject of future work), different from the same wall built by other techniques (casting, machining, etc.);



	
Numerical simulation studies revealed that the thermal cycling imposed on the solidified material did not significantly promote the precipitation of second-phase particles.








It is worth mentioning that not all zones and/or different microstructure morphologies other than the unique evolution of this work would occur in WAAM of AlMg5 thin wall if different parameters (consequently, imposing other heat inputs, dilutions, and heat distribution) and/or different heat source suppliers (with stronger or weaker effects of thermal pulsation) are used. Therefore, other layer microstructure architectures can be found in similar work.
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Figure 1. Standard Al–Mg phase equilibrium diagrams. 
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Figure 2. Scanning electron micrograph of CMT-WAAM obtained with the AWS ER5356 filler wire. A and C are particles of β-phase (Al3Mg2); B is the grey colour background that corresponds to the α-phase (Reprinted with permission from ref. [4]. 2024 Elsevier (License Number 5797940990297). 
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Figure 3. Schematic of the heat transfer mechanisms in WAAM of thin walls (Qcond is predominantly in thin walls). 
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Figure 4. Schematics of multiple thermal cycles in multi-layer WAAM of a thin wall and of the peak temperatures and the corresponding temperature in a phase diagram of an Al–Mg 5% alloy (where L stands for layer and n for the sequential position of the layer). 






Figure 4. Schematics of multiple thermal cycles in multi-layer WAAM of a thin wall and of the peak temperatures and the corresponding temperature in a phase diagram of an Al–Mg 5% alloy (where L stands for layer and n for the sequential position of the layer).



[image: Metals 14 00717 g004]







[image: Metals 14 00717 g005] 





Figure 5. A sample of 5 power cycles typical of Al alloy depositions with CMT-WAAM (1.2-mm AWS ER5356 wire, Ar5.0, wire feed speed = 4.7 m/min and deposition speed = 35 cm/min). 
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Figure 6. Supplementary shielding gas system, composed of two additional shielding gas nozzles coupled to a GMAW conventional torch nozzle (CTN): note the honeycomb diffuser at the extra nozzles exits to make the shielding flow more lamellar. 
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Figure 7. (a) Positions of 50 mm long × 10 mm wide × ≈ 6.4 mm thick samples extracted from the wall, one for the as-deposited condition transverse cross-section analysis and the three others for in-furnace physical simulations. (b) Illustration of the microhardness maps on a cross-section. 
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Figure 8. Monitored temperatures during cooling of the in-furnace samples, quenched from 300 °C × 10 min in water and still air. 
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Figure 9. Macrographs of the wall cross-section target for analyses: (a) wall top layer (fusion zone without being reheated by subsequent layers) and (b) wall half-height layers (multiple reheated zone). 
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Figure 10. OM macrograph of the wall top layer, in which the banded zone is identified inside the blue square via magnification (alternated size of cellular structure) and the red square reveals equiaxed dendrites and cells. 
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Figure 11. The wall half-height layer cross-section, denoted by different zonas according to the peak temperature reached by the thermal cycle imposed by the subsequent layer. 
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Figure 12. OM micrographs with progressive magnification from a layer sample at the wall half-height layer in an as-deposited condition (without post-heat treatment), highlighting the HAZ (heat-affected zone). 
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Figure 13. (a) Programmed simulation of the cycled thermal cycles, with a heating rate of 200 °C/s and cooling rate of 20 °C/s. (b) Phase fraction as a function of time for the cyclic DICTRA simulation. 
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Figure 14. OM micrographs with progressive magnification from a sample of the transition at the wall half-height (reheat treated affected zone) in an as-deposited condition (without post-heat treatment), highlighting the presence of a band of coarse eutectics below the fusion line (in the PMZ). 
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Figure 15. OM microstructure of the BZ (banded zone—Figure 11), sampling a layer at the wall half-height in an as-deposited condition (without post-heat treatment), revealing the solidification banding (fine and coarse dendrites or cells and eutectics) due to thermal pulsation. 
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Figure 16. Micrographs with progressive magnification from the transition between layers at a wall half-height after post-heat treatment at 300 °C for 10 min and cooled in still air. 
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Figure 17. Micrographs with progressive magnification from the transition between layers at the wall half-height after post-heat treatment at 300 °C for 10 min and cooled in water. 
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Figure 18. Micrographs with progressive magnification from the transition between layers at the wall half-height after post-heat treatment at 500 °C for 10 min and cooled in water. 
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Figure 19. Hardness maps taken from the samples of the wall at a half-height layer that either underwent or did not receive a post-heat treatment (HT) at different peak temperatures and cooling media (WC stands for water cooling and SA stands for still air cooling). 
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Table 1. Chemical composition (wt%) of the AWS ER5356 wire provided by the wire supplier (optical emission spectroscopy (OES) analysis).
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	Si
	Fe
	Cu
	Mn
	Mg
	Cr
	Zn
	Ti
	Be
	V
	Al





	0.0513
	0.1093
	0.0017
	0.1413
	4.8012
	0.1296
	0.0034
	0.0979
	0.0001
	0.0104
	Bal.










 





Table 2. Experimental matrix for the in-furnace simulations using samples taken from the wall.
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	Simulation
	Soak Temperature

(°C)
	Soak Time

(min)
	Cooling Media (at Room Temperature)





	SIM-1
	300
	10
	Still air



	SIM-2
	300
	10
	Water



	SIM-3
	500
	10
	Water
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