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Abstract 

Combination of oxidation and high temperature condition can 

cause severe degradation especially when it involves a welded 

joint. This paper describes the proposed way how high 

temperature oxidation condition may interact on welded 

sample. The high temperature oxidation process reveals a 

difference in oxide morphologies and texture that have been 

identified on base and fusion metal results from the nature of 

alloying element in Al alloy 6061, melting and solidification 

of welded Al alloy 6061 using ER5356 filler metal during 

welding process. Morphologies and growth of oxide products 

varied with the alloy composition and reaction condition. 

Moreover, the oxidation mechanism in welded joint represents 

a complex reaction where the morphology as well as the phase 

formation of the oxide grown showed different behavior on 

different welded region. In this case, the protective based 

oxide scales were formed on base metal side, while non-

protective oxide has been produced on fusion metal side of the 

welded Al alloy 6061 using ER 5356 filler metal. As proposed 

in this study, the fusion zone region clearly indicates that the 

high temperature condition mainly determined the oxidation 

product to be less protective and prone to have spalling 

phenomena.  

Keywords: high temperature oxidation; Al alloy; welded 

joint; oxidation mechanism; oxide growth  

 

INTRODUCTION  

The uses of welded aluminum alloys at high temperatures 

application up to their melting points are exposed to oxidizing 

atmosphere as in the case of air. In this condition, complete 

severe surface attack can be present depending on the 

complexity of the surrounding atmosphere. In most cases, the 

more complex the atmosphere or surrounding environment the 

more severe the corrosion attack is likely to be. In this case, the 

welded alloys that are available for service at high temperature 

range are restricted. Additionally, the resistance to oxidation 

attack is commonly can be prevented by an oxidation resistant 

surface layer, such as alumina, chromia or silica. By applying 

this protective layer to the metal or sample, the forms of 

selective oxidation during the early stages of exposure would 

occur [1].  

Fundamentally, high temperature oxidation can be categorized 

into two limited processes, which are (i) oxidation processes 

where oxygen atoms do not dissolve in the base metal; and (ii) 

oxidation processes where the base metal exhibits solubility for 

oxygen [2]. During oxidation process, all metals and alloys 

have a tendency to produce oxides even though in many 

instances particularly at low temperatures the rate of reaction 

was found to be very slow. It is important to 0note that, rapid 

increase in reaction rates was found to be inter-related with any 

increase in temperature value, and in most cases the reactions 

are completed within a few minutes in high temperatures 

condition environement. 

Alloys degradation which exposed to high temperature 

oxidation has been explained in terms of numerous 

interactions. Othman et al. [3] observed the spallation of the 

oxide to perform a critical part in the oxidation process of Fe-

Cr alloys. Anzel [2] reviewed on how different environmental 

surroundings as well as the metal alloy’s chemical composition 

produced various mode of oxidation process. Meanwhile, Ng 

et al. [4] proposed that in the formation of an Al-Al2O3 ceramic 

matrix composite by oxidizing an Al-Si-Mg alloy, MgO 

compound was depicted to be formed and appeared first on the 

sample’s surface. Then, the process was followed by the 

development of MgAl2O4 spinel. In the study, he stated that 

MgO was found to inhibit and restrict the oxidation of molten 

Al which was located underneath the surface. It is also acted to 

preserve the inclusions of Al metal, while the porous structure 

of spinel allowed oxygen to diffuse into the subsurface of Al 

alloy. Thus, Al was oxidized to form Al2O3 ceramic matrix. It 

is noted by Niu and Gesmundo [5], that the binary solid-

solution of A-B alloys forming mutually insoluble oxides when 

exposed to oxygen pressures. It was shown that the 

thermodynamic stability of both oxides were AO and BO. 

These can develop three types of external or outer scales which 

include: (i) the growth of the least-stable oxide AO; (ii) the 

growth of external scales containing a mixture of AO with the 

most-stable oxide BO; and (iii) the exclusive growth of the 

most-stable oxide (BO) [5]. 

It is clearly proposed in previous literature, that the protective 

scale is usually continuous, surface adherent and characterized 

by slow growth rate mechanism [6]. In consideration of 

understanding the character of the protective and porous oxide, 

it is essential to understand the process of oxide growth and the 
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possible oxidation mechanism involved during the process. 

Despite the fact that these models were discussed earlier and 

contribute to the understanding of binary alloys oxidation 

mechanism, there is still lack of study which focusing on high 

temperature condition particularly on the welded alloys. 

Moreover, detail analysis on surface morphologies of oxide 

product on welded samples are required in order to discover 

the high temperature oxidation phenomena. This paper 

provides a comprehensive proposed mechanism description of 

high temperature oxidation on welded Al alloys using ER 5356 

(Al-5Mg) filler metal. 

 

 

MATERIALS AND METHOD  

AA6061 aluminum welded joint using ER 5356 (Al-5Mg) 

filler metal with dimension of 58mm x 12mm x 5mm were 

oxidized in the furnace at 600oC for 40 hours. The 

compositions of base and filler metal were shown in Table 1. 

The welding parameters used to join 6061 Al alloy is shown 

in Table 2. Then, the oxidized welded samples were cut and 

cross-sectioned and were investigated by using scanning 

electron microscope (SEM) equipped with energy dispersive 

X-ray spectroscopy (EDX). EDX is carried out to study the 

elemental and compositional analyses of the formed oxides. 

Next, the oxidized samples were leached by kellers reagent 

solution to reveal the interfacial region between alloy and 

oxide scale. 

 

Table 1: Elemental compositions in wt% of base metal AA6061 Al alloy and ER 5356 (Al-5Mg) filler metal 

 Si Fe Cu Mn Mg Cr Zn Ti Sn Al 

AA6061 0.8 0.7 0.4 0.15 1.2 0.35 0.25 0.15 - Balance 

ER 5356 0.27 0.40 0.10 0.10 5.00 - - - - 94.13 

 

Table 2: Welding parameters used to weld AA6061 Al alloy 

Diameter filler wire ER5356 1.00 mm 

Polarity DCRP 

Amperage 185-200 A 

Voltage 22-25 V 

Travelling speed 400.47 mm/min 

Heat input 0.68-0.83 KJ/mm 

Shielding Gas Argon 

 

 

Figure 1: Oxidized welded AA6061 using Al-5Mg filler metal, (a) cross section of the sample, (b) oxide scale morphology, (c) 

and (d) are expanded region in (a) 
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RESULTS AND DISCUSSION 

The high temperature oxidation tests were carried out on 

initially bare welded joint AA6061 using ER 5356 filler metal 

sample to provide a thin oxide scale. Fig. 1(a), (b), (c) and (d) 

shows cross-sections of fusion zone of AA6061 using filler 

metal ER 5356 (Al-5Mg) at 600oC. An external scale consists 

of alternating layers of thin Al2O3 alumina and MgAl2O4 

spinel. The alumina and spinel was identified by XRD after 

grinding to remove outer oxide scale.  

The first layer consists of mainly alumina and spinel. The 

internal oxide layer showed mostly only alumina phase 

presents. The top edges of the oxide scales showed poor 

adhesion with rough surface that prone to undergo spallation 

process. It shows that the possibility of oxide scales to 

exfoliate is high due to thermal expansion. Precipitation of 

spinel was found to be scattered especially at the top edges of 

the oxide scale. It shows that the scale growth rate is 

controlled by transport through a scale composed of Al2O3 

alumina and MgAl2O4 spinel. The spinel formed as a 

continuous oxidation work extending through the scale 

whereby the presence of this spinel shows a porous and less 

protective oxide scales [5,6].  

It is beneficial to discuss and illustrate the high temperature 

oxidation mechanisms in the case of Al welded joint thus, the 

SEM/EDX and XRD results of earlier works has been 

evaluated. Details of cross-section of fusion zone of Al 

welded joint at X (Fig. 2) is discussed in terms of oxidation 

mechanism. Based on the proposed approach, the high 

temperature oxidation model of fusion zone of welded 6061 

Al alloy using ER 5356 (Al-5Mg) filler metal is illustrated 

schematically in Fig. 3. As indicated in Fig. 3, the stage of 

oxidation process is clearly explained. 

 

Figure 2: Details of cross section of fusion zone showing an 

X region were evaluated and explained in Fig. 3. 

 

When a welded joint component exposed to high temperature 

oxidation environment, it is probably the most complicated 

case especially when it involved a fusion zone region. It is 

important to study the characteristics of oxides formed which 

mainly obtained by the surroundings temperature, 

composition of alloy, the condition of oxidizing environment, 

and the oxidation duration took place. Such oxide scale which 

is a product of oxidation are proposed to have a complex 

substantial effects on the oxidation properties of metals and 

alloys. Basically, in this case, the oxide scales formed on 

welded 6061 Al alloy are too thin to be evident but the 

morphologies that developed in air gas are different than 

unoxidized sample. In order to understand the process, it is 

assumed that the oxidation process started on the clean surface 

of fusion metal region. The first or initial step is the 

alloy/oxygen reaction mechanisms which involve the 

adsorption of air gas on the Al alloy welded joint surface. Al 

alloy welded joint has its own originally developed protective 

layer which is Al2O3 alumina. This protective layer act to 

prevent the alloy surface from suffering oxidation reaction 

and corrosion degradation. As well known, alumina is a 

protective layer and was found impermeable.  

As the oxidation reaction proceeds, oxygen may penetrate into 

the welded surface and may dissolve in the weld or fusion 

metal. This process involved with dissolution of oxygen into 

the fusion metal surface where an oxygen atoms diffuse 

inward and outward throughout the welded Al surface. At this 

stage, when the oxygen concentrated in fusion metal surface, 

the oxidation reaction occurs and oxide product starts to grow 

on the fusion metal surface. Accordingly, as the concentration 

of oxygen increases over time where the breakaway transition 

process occurred, the developed protective alumina layer 

tends to separate the weld surface from air gas interface. Thus, 

the weld surface was entirely or fully covered with porous 

oxide scale as the time increased.  

In this case, when it is involved an addition of filler metal, it is 

believed that Mg cation diffused and cross the alloy/oxide 

interface in simultaneous reaction where MgO was formed. It 

is suggested by Ng et al. [4] that the reaction which involved 

Mg is possible because of the higher partial pressure as well 

as the higher affinity to oxygen compared to other element in 

Al-Si-Mg alloy. This process performed an internal oxidation 

process, where the layer composed of oxide particles that 

precipitated in the subsurface of fusion metal region. The 

morphology of the precipitates was observed from the original 

surface deep into the alloy in fusion metal. As the time 

prolonged, oxygen deeply diffuses further into the alloy 

subsurface and therefore increases the thickness of the internal 

zone. Doilnitsyna [7] stated that only two diffusion processes 

dominate among others which are, (i) diffusional in pores (or 

between oxide grain within intergranular layers), and (ii) 

internal diffusion within oxide grains. Particularly, in this 

case, pores and voids that developed and originate in the 

subsurface of the fusion metal plays an important role in 

expedite the rate of oxidation process. 

2Mg (s) + O2 (g)  2MgO(s)                          (Eq. 1) 

3Al (s) + O2 (g)  Al2O3                                 (Eq. 2) 

Si (s) + O2 (g)  SiO2                                         (Eq. 3) 

X 
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Furthermore, the only oxidation reaction can proceed is 

through the reactants solid state diffusion through the porous 

layer [7-9]. Eqs.(1) to (6) are an example of the possible 

reaction that may happen during oxidation reaction [10]. In 

details, the oxidation reaction involves either alloy must be 

transported through the oxide to the oxide/gas interface and 

react there, or oxygen must be transported to the oxide/alloy 

interface and react there [10,11]. As the mobility of Mg cation 

diffused and cross the alloy/oxide interface, simultaneously, 

alumina formed rapidly where Al cation cross the oxide/gas 

interface. As well known, in ER 5356 contained less Si 

compared to Mg. A minimum Si amount through filler metal 

addition during welding process, was found to interact and 

produce a ceramic behavior which contribute to the brittleness 

of the oxide scale and thus, could not act to slow down the 

oxidation process. As proposed, the possible oxidation process 

is given by the reaction in Eqs. 1 to 6. Fig. 3 shows an 

illustration of oxidation mechanism that could possibly took 

place at fusion metal region during oxidation reaction when it 

involves welded Al alloy using ER 5356 filler metal. 

This suggested oxidation process is extremely exothermic and 

resulted in an increase in weight gain [11,12]. As oxidation 

time prolonged, the Mg concentration were decreased, and the 

oxidation reaction in Eqs. 4, 5 or 6 may happen depended on 

the composition of Mg in the alloy. Moreover, at this stage, 

double oxide which is Mg-Al-O spinel is assumed to form 

[12]. In this oxidation process, the spinel phase consisting of a 

divalent (molecule has a valence of two and thus can form two 

covalent bonds with other ions or molecules) metal. MgO-

Al2O3 spinel is hard and porous layer formed as reported by 

Venugopalan et al. [10]. It is a solid state reaction between 

MgO and Al2O3 that can produce MgAl2O4. This process 

involves diffusion of Al3+ toward MgO and Mg2+ toward 

Al2O3. It is reported by Shimizu et al.[11] that for Al-Mg 

alloy, during the growth of the amorphous Al2O3 layer, Mg2+ 

ions migrate through the oxide scale faster than Al3+ ions. 

This would leads to the construction of a thin oxide scale 

consisting of randomly oriented cubic MgO crystals. 

Meanwhile, as these two further processes become evident, 

then the spinel MgAl2O4 will originate and nucleate. Next, at 

that instant, the spinel then grew at the alloy/oxide interface 

[11]. Then, the following possible reaction may occur during 

oxidation process on fusion metal of welded Al alloy.  
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Oxidation starts 

on bare welded 
joint

As the oxidation time 

prolonged, Mg cation

dif fused and cross the 

alloy/oxide interface 

through,

2Mg + O2  2MgO 

Simultaneously, Alumina 

formed rapidly and Al 

cation cross the oxide/gas 

interface..

Al3+ + O2- = Al2O3

Due to its less 

reactivity and its 

ceramic behavior Si 

contribute in scale 

spallation process

Solid state reaction 

between MgO and 

Al2O3 that can 

produce MgAl2O4

MgO+ Al2O3  MgAl2O4                                                                                                         

or

Mg + 2Al + 2O2  MgAl2O4                                                                                                   

or
4MgO + 2Al  MgAl2O4 + 3 Mg                                                              

 

Figure 3: Schematic diagram of proposed oxidation mechanism of welded 6061 Al alloy using ER 5356 (Al-5Mg) filler metal at 

fusion metal as indicated in Fig. 2(b) at X area. 
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MgO + Al2O3  MgAl2O4                                                         (Eq. 4) 

Mg + 2Al + 2O2  MgAl2O4                                                  (Eq. 5) 

or 

4MgO + 2Al  MgAl2O4 + 3 Mg                           (Eq. 6) 

 

As indicated in the Eqs. 4 to 6, the spinel reaction did not 

occur entirely on the surface of the fusion metal. It is clearly 

shown that certain locations were found to be fully covered 

with spinel phase whereas the other location was slightly thin 

coated with MgO. Moreover, it was found that the oxidation 

of Al continued as oxygen diffused through MgAl2O4 spinel 

forming Al2O3. Meanwhile, those Al underneath MgO was 

inhibited from further reaction as MgO act as a barrier in 

oxidation process [11,16].  

In conclusion, the spinel crystals formation proceeds either by 

reaction of Al2O3 alumina layer and Mg in the alloy or by 

solid state reaction between the outer MgO and inner Al2O3 

alumina layer (Eq. 3) as it is in agreement with those reported 

by Shimizu et al. [11]. Moreover, the latter possibility cannot 

be ignored. Venugopalan et al. [10] proposed that by 

oxidizing an Al-Si-Mg alloy, the former product was the MgO 

needle-like crystals formed whereas the latter was the 

octahedral Mg-Al-O, the production of Al2O3 was due to the 

decomposition of MgAl2O4. It is well known that both the 

spinel and MgO are extremely metastable compared with 

Al2O3 alumina. At the beginning of the reaction, Mg-rich 

oxides tend to be formed. During the rapid growth period, 

MgO layer moved toward the direction of oxide/gas interface. 

Beneath the MgO layer, Al2O3 alumina layer continued to 

thicken as the time prolonged. Zhao et al. [12] reported that 

MgAl2O4/MgO surface oxides control the oxygen supply to 

the underlying Al. As indicated earlier, the presence of non-

protective MgAl2O4/MgO on sample’s surface allows the sub-

surface growth of alumina. It is suggested to predict the 

properties of the reacting system when the alloy sample 

covered by a single oxide or by mixing of two oxides and still 

keeps its original composition [17-20]. Continuously 

transported the metal cation toward the oxide/gas interface, 

thus made alumina persistently grow toward the surface. At 

some moment, the corresponding growth of alumina tended to 

be flat, thus the growth was very slow. At this stage, most of 

the Al been depleted, therefore the oxidation process of 

alumina could not proceed [21-22].  

In this case, the role of Si is not really significant and it is 

assumed to contribute in oxidation process due to its less 

reactivity and its ceramic behavior compared to Mg and Al. It 

is proposed that the minimum amount of Si added in the 

composition of fusion metal, the oxide scales formed could 

not sustained their protective behavior and at the same time 

contributed in producing mechanical stresses due to thermal 

expansion mismatch between alloy and oxide which 

introduces scale spallation. It is found that spalling is a 

significant form of exfoliation process. It is assumed that, at 

this point the oxide scale is converted from protective oxide 

scale to non-protective oxide scale. This implies that once the 

alumina scale has become depleted, spinel-rich oxide start to 

growth and thickening the oxide scale. It was found that 

spinel-rich oxide scale precipitated internally as shown in Fig. 

1. This can be explained simply on the basis that the supply of 

Mg from the alloy remained sufficient to form non-protective 

spinel.  

 

CONCLUSIONS 

A welded 6061 Al alloy using ER 5356 (Al-5Mg) filler metal 

with 5% Mg content had been oxidized at 600oC for 40 hours. 

The possible reactions and the order of formed oxides during 

high temperature oxidation had been proposed. Such order of 

oxides appearance had been analysed by the SEM and EDX 

investigations. It is emphasized that a schematic oxidation 

mechanism had also been proposed to determine the 

formation of the oxide scale mainly on fusion metal region of 

welded 6061 Al alloy. Based on the proposed oxidation 

mechanism, the presence of the formation of former oxide 

product was the MgO grains formed on the surface of fusion 

metal in the initial stage of oxidation. The latter formation was 

Al2O3 and followed by the formation of Mg-Al-O spinel 

through the reaction between Al and Mg in the presence of 

oxygen. 
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