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ABSTRACT 

 

Al-Mg-Si (6061) Al alloy represents a widely used light material which is highly 

dependent on the distribution of its alloying element. Yet, when it involved a welded 

structure, the performance was absolutely dissimilar due to the influence of alloying 

element from filler metal addition, especially when it is subjected to high temperature 

environment. Thus, the study focuses on the surface and subsurface oxide growth 

patterns, its morphologies, and phases that formed after oxidation exposure. The plates 

were joined by GMAW using Al-5%Mg (ER5356) filler metal, and then subjected to an 

oxidation process in air environment at 400 °C, 500 °C and 600 °C for 40 h; their mass 

gains were then measured. The oxidised parent and fused metal parts were subsequently 

analysed using the scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDS), and X-ray diffraction technique (XRD). It was observed that with 

the increasing temperature, the fused metal parts exhibited different oxide morphologies 

on both surface and subsurface compared to the parent metal parts. Additionally, the less 

oxidation attack was found after exposure at 400 °C and poor oxidation behaviour showed 

at 500 and 600 °C. The -Al2O3 phase was detected in both parent and fused metal 

samples after exposure at 400, 500, and 600 °C. Meanwhile, contradicted observation 

showed that the MgO phase was detected in fused metal part responsible for the poor 

oxidation behaviour. Thus, this would lead to a formation of non-protective oxide on the 

fused metal surfaces. This study suggested that the 6061 welded structure can withstand 

at 400 °C for long periods in air without serious deterioration but could not withstand 

exposure to 500 and 600 °C conditions in air. 

 

Keywords: Al welded joint; high temperature; surface; subsurface; oxide growth. 

  

INTRODUCTION 

 

Alloys of Al, Mg, and Si (6061 Al alloys) are important for a variety of applications such 

as truck and marine components, cars, tank fittings, and high-pressure general structural 

components. These alloys have excellent corrosion resistance, formability, and 

weldability [1-5]. Additionally, these alloys are desirable for making components of 

internal combustion engines such as the cylinder block and head and piston, which are 

usually subjected to relatively high temperatures during service [6]. These alloys develop 

excellent corrosion resistance at room temperature because of the formation of a surface 

passivation layer of Al2O3. Besides that, these alloys are usually subjected to artificial 

aging to obtain an increased strength and it shows that these materials are highly 
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dependent on the distribution of its alloying element [7]. In technical applications, Al is 

alloyed typically with Mg, Zn, Cu, or Fe [8-10]. These alloys greatly increased strength 

but have significantly decreased corrosion resistance. The susceptibility of oxidation is 

often linked to Mg content, which can increase the strength of the alloy but is detrimental 

when the alloy is in an oxygen-containing environment at elevated temperatures. In some 

cases as stated by Eskin et al. [7], Al-Mg-Si that contains an excess and the precipitation 

of Si and the change in the Mg-Si ratio during precipitation kinetics is significantly 

important. As reported by Kim et al. [11], the Al alloy that consists of Al matrix and a 

small amount of Mg-Si precipitation and (Co, Ni) strengthening particles show an 

increase in elongation. It was also reported that the limit of the low-cycle fatigue showed 

superior value of plastic strain amplitude. Despite that, Stadler et al. [12] discussed the 

influence of Ni, Cu, and Mg on the high temperature strength and found that these 

alloying elements enhance the alloy strength by various strengthening mechanisms. One 

of their results showed that Cu and Mg improve the thermal stability because of the 

precipitation of the secondary phases which are Al2Cu and Mg2Si [13]. Meanwhile, an 

independent addition of Ni, Cu, and Mg improve the strength, especially at elevated 

temperature. An addition of Mg provides and improves the hardening characteristics of 

Al, and imparts good corrosion resistance [14]. 

In essence, the effects of temperature on bare material or unwelded structure of 

Al-Mg-Si are well recognised. Yet, when it involves a welded or joined structure, the 

behaviour and performance due to the influence of alloying element such as Mg from 

filler addition on the growth and morphology of oxide formation were absolutely 

dissimilar. Moreover, lack of research was carried out involving welded 6061 Al alloy 

structure [15, 16]. Furthermore, the oxidation process may be more complex for welded 

parts composed of alloys with different oxide growth rates because of geometric and 

microstructural differences between the parent and fused parts. Al alloys have been 

reported to exhibit poor resistance to high temperature oxidation, especially in the region 

of the welded joint [17]. A study by Maggiolino and Schmid [18] showed that at 

temperature greater than 500 °C, oxide formation on the surface of most 6000-series Al 

alloys leads to significant mass gain causing metal loss and degradation of its mechanical 

properties [19, 20]. Additionally, the nature, composition, structure, and thickness of the 

oxide depend on the environmental conditions and alloy composition [18, 21]. Frolish et 

al. [21] reported that the oxide layer formed on Al alloys is more tenacious, leads to 

intermixing of the surface metal and oxide layer and creates an intricate subsurface layer. 

Magnesium is a common element in Al alloys that has high affinity for oxygen and is 

principally prone to surface degradation during manufacturing stages that require high 

temperature services; for example, welding or heat treatment [22-24]. Van Agterveld et 

al. [2] reported that an Al-Mg alloy exposed up to 400 °C in an air circulation furnace 

formed a surface oxide layer largely consisting of MgO. As reported in Cheng et al. [25], 

the evolution of surface oxide for the alloy with Mg content below 2.0 wt% during brazing 

process was found to be dissimilar. The enrichment of Mg element was not detected while 

the oxide surface was found to be covered with Al2O3. It was indicated that the oxide film 

grew obviously and the thickness would be more than before reaching 80nm. Meanwhile, 

it was reported that when Mg content was above 2.0 wt%, its element was significantly 

enriched on the outermost surface of the alloy and mixed with MgAl2O4 and the thickness 

increased to 130 nm [25, 26]. Therefore, it is significant to note that each alloying element 

plays its own role in order to decide its oxidation performance whether on the surface or 

subsurface of the alloy. It is important to distinguish the role of the element since the 

content can clearly show significant differences in oxidation behaviour. In addition, the 
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most important issue is how the concentrations of this second major element change on 

the metal surface and subsurface zone during oxidation although it is always more clearly 

affected at the external surface. Thus, this study focuses on the oxide layer formed on 

parent and fused metal parts made from AA6061 using Al-5% Mg (ER5356) filler metal 

when subjected to high-temperature oxidation. The growth patterns, morphologies, and 

phases of the oxides formed at 400, 500 and 600 °C were investigated. 

 

METHODS AND MATERIALS 

 

Samples used were welded 6061 Al alloy parts for high-temperature oxidation 

experiments. These parts were prepared using gas metal arc welding (GMAW) at 25 V 

and 185A using commercially available ER5356 filler metal. Table 1 presents the 

chemical compositions of the filler and base metals carried out using spectrometer arc 

method. Table 2 shows the welding parameters used to join the AA6061 alloy plates. The 

welding work was carried out manually at UNIKL MFI welding workshop by a certified 

welder.  

 

Table 1. Chemical composition in wt% of base metal, AA6061 Al alloy and filler metal 

ER5356. 

 

 Si Fe Cu Mn Mg Cr Zn Ti Al 

AA6061 0.8 0.7 0.4 0.15 1.2 0.35 0.25 0.15 96.10 

ER 5356 0.27 0.40 0.10 0.10 5.00 - - - 94.13 

 

 

Table 2. Welding parameters used to weld AA6061 Al alloy. 

 

Welding Parameter Description 

Diameter filler wire ER5356 1.00 mm 

Polarity Direct current reverse polarity 

Amperage 185 A 

Voltage 25 V 

Travelling speed 400 mm/min 

Heat input 0.75±0.08 KJ/mm 

Shielding Gas Argon 

 

The 6061 Al alloy plates with original dimensions of 300 mm (length) × 200 mm 

(width) × 12 mm (thickness) were hand cut and designed with double-V groove butt 

joints. After welding the plates, the bead contour, bead appearance, and weld quality were 

inspected visually to identify any discontinuities of the fused metal region. Samples with 

dimensions of 60 mm× 10 mm× 5 mm were then cut from the welded plate with each 

sample contained parent and fused metal regions. The samples were mechanically ground 

using silicon carbide paper and polished subsequently with 3 m and 1 m diamond paste. 

These samples were then subjected to high-temperature oxidation tests. The oxidation 

tests were carried out in laboratory-type air-circulated horizontal tube furnace at 400 °C, 

500 °C, and 600 °C in an air atmosphere for 40 h followed by slow cooling at 1.5 °C 

min−1. The oxidised samples were characterised using a scanning electron microscope 

(SEM, LEO 1450) equipped with an energy-dispersive X-ray spectroscopy (EDS) unit to 
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obtain the oxide layer morphology, cross-sectional images, and constituent elements 

present. Phase identification was carried out using an X-ray diffractometer (XRD, Bruker 

AXS:D8 Advance model).  

 

RESULTS AND DISCUSSION 

 

Oxide Characteristics  

Figure 1 shows the oxide scale formed on the welded part of the AA6061 Al alloy after 

oxidation at 400 °C, 500 °C, and 600 °C for 40 h. It was found that the colour of the 

welded sample, especially in fused metal part turned from the metallic-like appearance to 

gray colour with dark patches at 400 °C (Figure 1(a)), dark grey at 500 °C (Figure 1(b)), 

and finally greyish black at 600 °C (Figure 1(c)) as the impact of increasing oxidation 

temperature. From the results, it clearly implies that the oxidation temperature has a 

strong consequence on the exterior appearance and oxidation behaviour. It was also 

suggested by [2, 27, 28] that the rough outermost surface layer of Al after oxidation 

exposure indicated a formation of a thin oxide layer and it was believed that this layer 

was mostly a porous structure. Further prolong exposure to high temperature led to the 

deposition of oxides mainly on the surface area of Al alloy. It was found that the oxides 

grew unevenly over the metal surface area and this finding was consistent with the 

increase of temperature. 

 

  
 

Figure 1. Optical images of oxidised welded samples for 40 h at (a) 400 °C, (b) 500 °C, 

and (c) 600 °C. 

 

Figures 2 and 3 show the surface morphologies of the oxidised parent and fused 

metal regions, respectively. The parent metal (Figures 2 (a-c)) has uniform and more 

compact oxides compared to fused metal surfaces (Figures 3 (a-c)). The oxide formed on 

the parent metal surface was likely more protective than the oxide formed on the fused 

metal surface. As reported in [26, 29], the oxide formed on fused metal part resulted from 

the combination of high temperature oxidation and internal degradation from previous 

welding procedure. The porous surface texture was found to act as a quick channel for 

oxidation to take place. Thus, the fused metal might have an internal degradation at a very 

rapid rate. The morphology of the parent metal surface showed that the oxide formed was 

compact with less oxidation attack even when oxidised at 600 °C. Meanwhile, it was 

found that the surface with less oxidation attack existed on the fused metal part oxidised 

at 400 °C (Figure 3(a)), and then after oxidation was set at 500 °C, the fused metal surface 

yielded a nodular feature with typical cauliflower-like morphology as indicated in 

Figure 3(b). As the temperature continuously set to 600 °C, the fused metal surface was 

found to be distributed by a mixture of nodular and flake-like white grains (Figure 3 (c)), 

which eventually indicate that the colour changed from the greyish black nodular oxides 

(a) (b) (c)
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to white flake-like oxides. This result indicates that the parent and fused metal regions 

have different oxidation mechanisms and produce different oxide morphologies for both 

surface and subsurface sample. The compact morphology of the alloy surface reduced 

oxygen penetration through the oxide layer to the alloy / oxide interface, which slowed 

down the oxide growth. However, the oxide tended to agglomerate and thus exfoliate 

when being exposed for longer times and at higher temperatures. It is in agreement with 

[30-32] that raising the temperature further resulted in rapid oxidation degradation and 

instead of surface texture, the rates of mass increase changed proportionally with 

temperature. Meanwhile, the growth of oxide is a spontaneous process and it is accepted 

that as the temperature increases, the movement of atoms becomes violent as the 

oxidation temperature is higher. Thus, this will deteriorate the perfect surface texture 

leaving the surface more porous compared to earlier smooth structure [20, 33]. 

 

 
 

Figure 2. SEM images of surface oxide morphology of parent metal AA 6061 Al alloy 

oxidised for 40 h at (a) 400 °C, (b) 500 °C , and (c) 600 °C. 

 

 
 

Figure 3. SEM images of surface oxide morphology of fused metal AA 6061 Al alloy 

oxidised for 40 h at (a) 400 °C, (b) 500 °C , and (c) 600 °C. 

 

Cross-sectional Analysis  

SEM analysis was performed for a correlation between heating temperature with the 

oxidation behaviour of welded 6061 Al alloy at parent and fused metal regions. Figure 4 

illustrates the SEM cross-section images of the oxide layers formed on the surface of 

parent metal after oxidation at 400, 500, and 600 °C for 40 h. It shows that as the 

temperature increased, the internal subsurface oxide particles were found to be 

accumulated. It is clearly shown that no visible growth of external layers was found on 

top of the parent metal surface. In this region, the accumulation of oxide particles is also 

known as oxide enrichment that contains Mg and Si resulted from diffusion of oxygen. 

Thus, it leads to an inward oxide growth. It is suggested that during the internal oxide 

(a) (c)(b)
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growth, oxygen must diffuse through developed external oxide layers and dissolve in the 

metallic matrix. The rate of this oxide growth may be controlled by oxygen diffusion, 

alloy element diffusion or both [19, 25, 34].    

 

 
 

Figure 4. A cross-sectional SEM images of parent metal part of welded 6061 Al alloy 

oxidised at (a) 400 °C, (b) 500 °C, and (c) 600 °C for 40 h. 

 

 

 
 

Figure 5. A cross-sectional SEM images of fused metal part of welded 6061 Al alloy 

oxidised at (a) 400 °C, (b) 500 °C, and (c) 600 °C for 40 h.  

 

Meanwhile, Figure 5 indicates the results of fused metal part. Based on both 

figures, it is visibly shown that the degree of the surface and subsurface degradations of 

the samples tend to increase when the oxidation temperature increases. As the temperature 

increased, the growth of external layers became visible. In this case, the growth of 

external layers was controlled by the metal diffusion which led to an outward oxide 

growth [22, 32]. Meanwhile, a thin protective oxide layer was formed on parent metal 

part after oxidation exposure at 400, 500 and 600 °C (Figure 4). As the temperature 

increased, internal diffusion of oxygen ions become more dominant and the subsequent 

of oxidation reaction took place leading to the formation of internal oxidation. It is 

emphasised that an internal oxidation resulted when alloy element was selectively 

oxidised and in other words, the diffused metal cannot reach the surface quickly to 

develop external scale [30]. When oxygen penetrates the metal subsurface, dissolves in 

an alloy, and reacts to solute metal, dispersed precipitates of metal oxides were formed as 

shown in Figures 4 (a-c) and 5 (a-c) [35]. In addition, in some cases or conditions, the 

internal oxidation and external layer or scale development can occur simultaneously. 

Meanwhile, contradicted observation was shown for the fused metal part. It shows that 

by extending the oxidation temperature from 400 (Figure 5 (a)) to 500 °C (Figure 5 (b)), 

severe internal oxide attack was discovered within the substrate which specified the 
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internal degradation caused by oxidation [27, 31]. Moreover, the outer oxide scale seemed 

to be thickened. As the temperature was set to 600 °C, the condition became worse 

causing agglomerated oxide scale to occur on the surface and sub surface of the fused 

metal substrate (Figure 5(c)) [37]. This is because the porous oxide layer developed on 

the surface of the fused metal cannot inhibit oxygen from further penetrating into the 

oxide surface and reacting with element [35, 36]. In this case, it is referred to Mg due to 

the non-protective and porous structure [10, 12, 14]. Thus, causing internal oxidation to 

occur in the substrate, especially at the part where stress raiser is high and contains pores, 

cracks, and voids resulting from previous sample preparation and welding process. It also 

acts as a short circuit pathway where the movement of oxygen ions becomes faster and 

thus causes the more prominent internal oxidation [37-39]. It is interesting to note that 

when the oxidation temperature increased, the oxidation process continued and more 

complex oxidation behaviour occurred which made the porous oxide layer thickened and 

internal degradation was prominently found. This also causes the formation of internal 

phase dissolution and precipitation. By raising the oxidation temperature to 500 and 600 
oC (Figure 5), a thicker and more porous oxide scale containing microstructural defects 

such as pores and cracks as it worked as a short circuit path and thus, assisted the process 

of outward diffusion of metal ion such as Mg. Therefore, more voids were produced at 

the alloy-oxide interface resulting from Mg transportation.  

 

Table 3. The possible chemical reaction and standard Gibbs free energies during 

oxidation at 400 °C and 600 °C. 

 

Reaction 

 
- H 

(J/g.mole) 

-S (J/g.mole. 
oK) 

Go 400 

(kJ) 

Go 600 

(kJ) 

2 Mg + O2 (g) →2MgO 1,219,140 233.04 -1,062.30 -1,015.68 

4/3 Al + O2(g) → 2/3 

Al2O3 

1,121,922 215.47 -976.91 -931.66 

 

 
 

Figure 6. XRD diffractograms of parent metal part in welded 6061 Al alloy oxidised for 

40 h at (a) 400 °C, (b) 500 °C , and (c) 600 °C. 
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Table 3 shows the possible chemical reaction and standard Gibbs free energy 

during oxidation at 400 °C and 600 °C. The Go
400 and Go

600 for the formation of MgO 

at 400 °C and 600 °C using 1 mol of O2 were equal to -1,062.30 and -1,015.68 kJ, 

respectively, which was lower than Al2O3 ( -931.66 kJ). Therefore, it is suggested that the 

oxidation reaction is possible to take place at a temperature of 400 °C and 600 °C.   

Figures 6 and 7 show XRD results revealing that -Al2O3 was present in both 

figures instead of Al, especially in parent metal part. As indicated in Figure 7, -Al2O3  

and MgO were found in the fused metal part, especially for those oxidised at 500 °C and 

600 °C. At 600 °C, Mg-rich oxides are more prevalent because of the higher diffusion 

rate of both Mg2+ and Al3+ into Al2O3 and MgO, respectively. As reported earlier, a 

uniform and compact oxide was formed when the parent metal part oxidised at 600 °C, 

whereas a porous oxide was formed on the fused metal as shown in Figures 4 and 5. These 

differing oxide morphologies were caused by different oxidation mechanisms because the 

parent and fused metals have different chemical compositions. The morphology of the 

thin oxide scale on the fused metal (Figure 3) was absolutely temperature-dependent. In 

further reaction, the coalesced oxide nodules led to a continuous fine-grained non-

protective scale with a loose surface texture, especially in the fused metal region. Because 

the welded joint has a complex microstructure with variation of phases, the oxidation 

mechanisms in the fused metal region were intricate, involving several surface reactions 

and forming many phases [33, 40]. Thus, the oxide scale on the fused metal became 

porous and non-protective, offering no resistance to continuing oxidation. Because of the 

porous structure, oxygen can easily penetrate the oxide scale, and thus increase the 

oxidation behaviour. 

 

 
 

Figure 7. XRD diffractograms of a fused metal part in welded 6061 Al alloy oxidised 

for 40 h at (a) 400 °C, (b) 500 °C, and (c) 600 °C.  

 

Particularly, the welded joint contained a unique area between the fused and non-

fused base metal known as fusion boundary. The fusion boundary is an important area to 
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consider due to the degradation which usually begins there. Generally, all phase 

compositions within the fusion boundary are mixtures of the filler and base metal alloys 

[41, 42]. Pure metals and alloys are not stable, especially when exposed to high-

temperature oxidation. For a welded joint, the combination of temperature, oxidation 

environment, and contaminants from previous welding procedure can cause rapid internal 

degradation [43, 44]. Porosity defects in the fused metal also increase oxygen penetration, 

which in turn act as a channel that accelerates oxidation [45, 46]. Defects caused by 

welding and sample preparation are important in the oxidation process because porosity 

and voids can raise the rate of oxygen penetration all the way through the welded alloy 

surface. Thus, it is suggested that the differences of oxide morphology in both parent and 

fused metal lead to a different oxide growth in the welded joint showing the effect of 

temperature-dependent when it is subjected to high-temperature environment.  

 

CONCLUSIONS 

 

The welded Al alloy studied in the present work showed less oxidation attack at 400 °C 

and poor oxidation behaviour at 500 and 600 °C. Further prolong exposure to high 

temperature leads to the deposition of oxides mainly in the surface area of parent metal 

part. Meanwhile, as the temperature increased, internal subsurface oxide particles were 

found to be accumulated. The -Al2O3 phase was detected in both parent and fused metal 

samples after being exposed to oxidation at 400, 500 and 600 °C. Contradicted 

observation showed that the MgO phase was detected in fused metal part responsible for 

the poor oxidation behaviour. Moreover, the morphological differences indicated that the 

behaviour of protective oxide formed on the parent metal, while the non–protective was 

confirmed to dominate on the fused metal surfaces. Thus, it is recommended that the 6061 

welded structure can withstand at 400 °C for long period in the air without serious 

deterioration but could not withstand exposure at 500 and 600 °C conditions in air. 
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