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Abstract 

The dynamic oxidation of molten Mg–Al alloy was investigated via the oxide /metal/oxide (OMO) sandwich method. The characteristics of 
sandwiches were explored using optical microscopy, scanning electron microscopy, X-ray energy dispersive spectroscopy, and X-ray diffraction 
analyses. The results showed the formation of porous oxide films with varying thicknesses from 0.43 to 16.7 mm. Both the measurements 
and calculations confirmed the literature findings that the oxidation product consists mainly of MgO and MgAl 2 O 4 compounds. The increase 
in thickness and amount of folds formed on the oxide films implies the significant effect of aluminum in reducing the oxidation resistance 
of magnesium. 
© 2019 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Scattering in the mechanical performance of casting com-
onents is considered as a possible disadvantage of the cast-
ng technique. Recent studies have shown that the presence of
xide films related defects is the main reason for scattering
n the mechanical properties of the casting parts [1 , 2] . The
urface of the molten magnesium is rapidly oxidized. During
he pouring step, due to the turbulence of the melt flow, the
xidized magnesium may enter to the bulk of the metal and
reate a dry surface/dry surface contact between two oxidized
olten Mg which is called double oxide layer or "bifilm". At

he outside of the bifilm, the molten metal wets the oxides.
t is suggested that the double layer oxide films, can serve
s suitable sites for nucleation and growth of the gas bub-
les and also shrinkage pores [3] . Due to the high affinity of
he molten magnesium and aluminum for reacting with oxy-
en, investigating the characteristics of the double-layer oxide
lms is of great importance in the case of such metals. [1–3] .
∗ Corresponding author. 
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The melt flow turbulence occurring in the casting processes
reaks the surface oxide and exposes the bare surface of the
olten metal to the atmosphere, repeatedly [4] . Therefore,

ue to the fact that the melt is in motion during the pouring
tep, the oxide films are consistently subjected to mechanical
tresses. Oxide films would be deformed or torn apart under
uch a dynamic situation [5] . So, dynamically formed oxide
lms possess a different morphology in comparison to the
lms formed in static conditions [6–10] . 

Most of the alloying elements added to the magnesium,
ower its liquidus temperature, reduce its oxidation resistance,
nd also its ignition temperature because of the tendency
o cause local melting and magnesium evaporation [11 , 12] .
owever, depending on the type and protection capability of

he oxide film formed on the magnesium and its alloys, the
ffect of the alloying elements can be either in favor of oxi-
ation or against it [13 , 14] . Adding some elements has led to
he development of the Mg alloys with high ignition temper-
ture or non-flammable Mg alloys [15] . It was reported that
dding Be, Ca, and also a mixture of them can readily en-
ance the oxidation and ignition resistance of the Mg alloys
16–19] . 
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Fig. 1. Schematics of the bubble generation system and production of the oxide–metal–oxide sandwich. 
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Fig. 2. Macroscopic appearance of the OMO samples, (a) pure Mg, (b) Mg–
3Al. 
Aluminum is widely used as a major alloying element in
he industrial series of magnesium alloys such as AZ and AM
lloying groups [20] . Magnesium alloying with aluminum in
n atmosphere containing oxygen reduces the ignition resis-
ance; this is due to the decrease in the liquidus temperature
21] . The negative effect of aluminum on the oxidation re-
istance of the magnesium alloys is attributed to the lower
iquidus temperature and the eutectic microstructure, which
esults in the selective oxidation and evaporation of magne-
ium [22] . 

To provide the conditions of the dynamic oxidation dur-
ng the pouring step, Divandari and Campbell have proposed a
echnique based on releasing artificial bubbles into the molten

etal [23] . Colliding and entrapment of the released bubbles
n the cast part creates a layer between two adjacent bubbles
hich has been called the oxide/metal/oxide (OMO) sandwich

23] . Considering the limited amount of oxygen presented in
he bubbles, the oxide films formed around them are consid-
red as short-time or young oxide films [24] . The sandwiches
rovide unique information about the dynamically formed ox-
de films on the surface of molten metals. The morphology,
hickness, and composition of such oxide films are some of
he information which can be acquired using the OMO sand-
ich method [25] . 
The aim of this study is to investigate the dynamic ox-

dation of the molten Mg–Al alloys. For this purpose, the
forementioned method was used to investigate the dynamic
xidation of pure Mg, Mg–3%Al, and Mg–%6Al (weight per-
ent). The characteristics of the oxide films including com-
osition, thickness, and morphology on the samples were
tudied. 

. Experimental details 

As shown in Fig. 1 , special equipment including a control
alve, solenoid valve, manometer, and electrical interrupter,
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Fig. 3. OMO sandwiches of (a) pure Mg, (b) Mg–3Al, and (c) Mg–6Al samples. The difference in the morphology is notable. 
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ere used to produce and release artificial bubbles of spe-
ific size and shape into the melt. Eventually, the air bubble
s blown into the mold at a pressure of 0.2 atm through a
uartz tube with an inner and outer diameter of 1 mm and
 mm, respectively. The air bubbles were blown to the mold
uring the pouring step in specified intervals (two bubbles per
econd). 

The casting model was a thin plate of 15 mm thickness. A
op feeder was designed to postpone the solidification process
n order to increase the time/chance of bubbles entrapment in
he casting. Also, a trapezium-shape section was designed at
he bottom of the plate to prevent the solidification of the

elt surrounding the quartz tube. 
A bottom pour gating system was performed to minimize
he turbulence of the melt during the pouring stage ( Fig. 1 ).
lso, by performing this system the entrance velocity of the
elt into the mold is decreased. More information about the
ethod used in this study has been presented in another re-

earch [26] . The mold material consisted of silica sand, 4%wt.
odium silicate as the binder and 1% dry sulfur powder. 

Two ingots of commercially pure magnesium and alu-
inum were used as the raw material. Melting was done in an

lectrical-resistance furnace. To protect the samples against
he risk of flaming, MagRex 

R © coverall flux was employed
n the melting process. Regarding the final composition of
he alloys, the alloying process was carried out using proper
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Fig. 4. Formation and entrapment of double oxide film defects during the 
pouring stage of the casting process as a result of surface turbulence. 

Table 1 
Chemical composition of the alloys studied in this work. 

Sample Mg Al Si Cu Zn 

Mg Rem. 0.05 – 0.06 0.01 
Mg–3Al 97.22 2.62 0.08 – 0.05 
Mg–6Al 94.58 5.35 0.01 0.02 0.02 

The data error range is 0.05wt.% 
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Fig. 5. Classifications of the folds formed on the OMO sandwiches. 
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alculations. According to the industrial importance of the
g-Al alloying system as well as to investigate the effect of

he increasing trend of aluminum content in this system, the
nal composition of the alloys was defined. Table 1 , presents

he result for the quantitative analysis of the cast samples
btained by the spark optical emission spectrometer. Ac-
ordingly, samples were labeled as Mg-3Al and Mg–6Al for
g–2.62Al and Mg–5.35Al alloys, respectively. The pouring

emperature was 50 °C above the melting temperature of
ach sample. 

After successfully performing the method, the samples
ere cooled and carefully cut. The OMO sandwiches were

xtracted from the samples ( Fig. 1 ) employed in this study.
amples were then analyzed by X-ray diffraction (XRD) and
canning electron microscopy (SEM) equipped with energy
ispersive spectroscopy (EDS). 

. Results and discussion 

.1. Macroscopic feature 

The surface roughness is an important factor in light re-
ection from a material. The light reflected from a smoother
urface at angles equal to the primary emission angle, results
n a shiny appearance. Considering Fig. 2 , which shows the
mages taken from the OMO sandwiches, the appearance of
he pure Mg sandwich sample is shiny ( Fig. 2 a). Adding Al
o the melt resulted in a darker appearance of the sandwich
urface ( Fig. 2 b). Supposedly, aluminum additions have
ncreased the surface roughness of the oxides films. The
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Fig. 6. SEM image taken from (a) pure Mg, (b) Mg–6Al OMO sample showing the two-phase structure. Oxide/Oxide regions have a brighter appearance 
comparing to Oxide/Metal/Oxide regions. Schematics from top and cross-section views from the two-phase structure of the (c) pure Mg, and (d) Mg–6Al 
OMO sandwiches. 

Fig. 7. SEM images of the Mg–3Al sandwich showing the stich line morphology at different magnifications. 
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Fig. 8. The schematics drawing showing the evolution of stich lines on the oxide film of the Mg–3Al sample. 
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cattering of the light beams due to surface roughness affects
he sample appearance. The change in the appearance of the

gO oxide film from shiny to dark has been attributed to
he surface roughness and evaporation of magnesium [27] . 

.2. Morphological investigations 

Fig. 3 shows the SEM images of the pure Mg, Mg–3Al,
nd Mg–6Al OMO sandwiches. As shown in this figure, the
urfaces of these samples include many folds. Also, the lo-
ations of cracks and ruptures have been marked by yellow
rrows. The dynamic conditions during the formation of these
xide films have caused such a highly folded morphology.
he fluctuations and upward movement of the bubbles in the
elt can be considered as one of the sources for the cre-

tion of the dynamic condition. Regarding the SEM images
f Mg–3Al and Mg–6Al samples, the number of folds and
lso their size is higher than that of pure magnesium sample.
robably, the addition of Al to the Mg melt has weakened the
xide film rigidity to be easily folded. The strength of the ox-
de film seems to play an important role in the formation of
hese folds [28] . 

Two different types of folds, which are distinguished by
heir size, are visible on the OMO sandwich of the Mg–6Al
ample ( Fig. 3 c). Mechanical stresses and also the growth
echanism are probably the reasons behind the formation of

arger folds in this sample. The mechanical stresses are the
esults of the high-velocity upward movement of bubbles in
he melt and pressure difference between two adjacent bub-
les [5] . The magnitude of these stresses is such that apart
rom the folding and deformation of the oxide films, deforms
he metal entrapped between the oxide layers. Thus, it is ex-
ected that the larger folds form on the sandwich surface as
 result of the mechanical stresses. The mechanical forces
ould increase the surface area of the bubble, and temporar-
ly increase the surface area of the oxide film. On returning
o its spherical shape, the surface area of the film would be
oo large to fit the bubble. So, as it is in the solid state,
eformation would be unavoidable. 

It has been reported that the addition of 1 at%. of Al has
ccelerated the oxidation of pure magnesium [29] . Adding
0 at% of Al to Mg doubles the oxidation rate constant of
agnesium at 400 °C. Therefore, it can be concluded that

ecreasing the oxidation resistance of the alloying samples
ncreases the size of folds. 

As described in the introduction section, melt turbulence
uring the pouring and filling stage might lead to the for-
ation and entrapment of double oxide film defects. Fold-

ng of the oxide film is the main factor for the formation of
hese types of defects. This concept is schematically shown
n Fig. 4 . As it could be seen from Fig. 4 there is a dry
urface/dry surface contact between the oxidized metal. The
ouble-layer oxide films, are considered as a crack in the fi-
al casting part and decrease the mechanical performances of
he parts. They also can serve as potential sites for nucleation
nd growth of the shrinkage pores and gas bubbles [3] . 

Fig. 5 schematically shows the different types of folds
hich have formed on the OMO samples. The oxide film

n the pure Mg sandwich is mainly composed of upright and
nclined folds. On the other hand, in the Mg-3Al sample in
ddition to the inclined folds, the surface oxide has experi-
nced the over folding of the layer in some regions. In the



1710 M.M. Jalilvand, H. Saghafian, M. Divandari et al. / Journal of Magnesium and Alloys 10 (2022) 1704–1717 

Table 2 
The linear coefficient of thermal expansion (CTE) of different materials 
[30 , 31] . 

Material Linear CTE (10 −6 1/K ) 

Mg 25–26.9 
Al 21–24 
MgO 13.5 
Al 2 O 3 8.1 
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Fig. 9. SEM image of crack and ruptures found on (a) pure Mg and (b) 
Mg–3Al OMO samples. 

a  

s  

b  

T  

s  

f
 

o  

a  

i  

s  

l  
ase of the Mg–6Al OMO sample, the isoclinical and plung-
ng folds are formed. By decreasing the oxidation resistance
f the melt formed oxide film would be thicker. Also, there
s possibly a chance for detachment of oxide film from the
ubstrate for thicker oxide film. The mentioned factor has in-
uenced the morphology of the folds formed on the oxide
lms. These changes in the oxide films can be attributed to

he effect of Al additions on the oxide films. 
Fig. 6 (a and b) reveals two different regions in the SEM

mages of OMO sandwiches. This two-phase microstructure
s schematically illustrated from both top and cross-section
iews in Fig. 6 (c and d). During the formation of OMO
andwiches, there is always a certain amount of molten metal
ntrapped between two oxide layers. As the temperature de-
reases, the solidification process begins. Consequently, solid-
hase nucleates and starts to grow. Further growth and de-
rease in the temperature would be accompanied by volume
eductions. This leads the two oxide layers to come in con-
act with each other in some areas [7-10] . Other researchers
ave observed similar two-phase structure in OMO sandwich
amples of different alloys such as aluminum and zinc alloys
6–8] . This morphology can be considered as an indicator of
ouble layer oxide films in which two dry surfaces of oxides
re in contact with each other. 

Fig. 7 demonstrates SEM images of the Mg-3Al sand-
ich showing a stich-like morphology of folds that have also
een observed in other samples. As shown in Fig. 7 (a and
) many stich lines formed on the OMO sandwich of the
g–3Al sample. The concept of forming such morphology

s schematically shown in Fig. 8 . Exerting different types of
tresses in the oxide film, which has a weak strength against
ensile stresses, results in a tear in some areas. The tearing
f the oxide film lets the molten metal and oxygen atoms to
eact with each other. As a result of that, the new oxide film
tarts to form rapidly on the old oxide film which is already
n solid-state. The new oxide film grows, in a special man-
er, and heals the old oxide film. It then folds and wrinkles
ue to some reasons such as the difference in the linear ther-
al expansion coefficient between the oxide films and base
etal. 
Table 2 presents the linear expansion coefficient values

or magnesium, aluminum, as well as the oxides of these
wo metals at room temperature. According to the values
n Table 2 , it can be claimed that the amount of volumet-
ic shrinkage of the molten alloys is greater than that of
xide films. Thus, during cooling and solidification of the
olten metal, the oxide formed on the surface cannot be
dapted to the metal beneath, which has gone through greater
hrinkage than the oxide. As a result, the oxide film would
e folded or wrinkled to compensate for the change [25] .
he folds created by this mechanism are in microscopic
cale. Although, the mechanical forces can form macroscopic
olds. 

Returning to Fig. 3 the cracks and ruptures found in the
xide samples of the Mg–Al system are shown by yellow
rrows. Closer views of a crack found on the OMO samples
s presented in Fig. 9 . The shrinkage forces resulted from the
olidification of the metal confined between the two oxide
ayers, cause tensile stresses. Since the tensile strength of the
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Fig. 10. (a, c and d) SEM images taken from the Mg–3Al sample showing a porous microstructure with corresponding EDS results taken from the point 
indicated in image (a). Note that this morphology has been found in other samples. 
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ture of their oxide films. 
xide film is lower than that of the base metals, the oxide film
ould crack and tear in areas where the metal is not entrapped

and/or sucked out to adjacent directions). This is also the
ase for the areas in which the quantity of the entrapped
etal is low. Mechanical stresses, which can be greater than

hrinkage stresses, especially during sample extraction, are
ther causes of cracking in the oxide film. It should be noted
hat the cracks caused by shrinkage stresses are rarely found
n Mg–6Al samples. This can be attributed to the effect of Al
dditions on increasing Mg strength through the solid solution
r increasing the oxide film strength [20 , 28] . 

The cracking and rupturing of the oxide films covering the
elt expose the underlying metal to the air so that the oxida-

ion progresses. The internal stresses cause the crack forma-
ion on the oxide film. Thus, an oxide film with higher me-
hanical properties is likely to have a better resistance against
he oxidation [32] . 

SEM images at larger magnifications of the oxide films are
hown in Fig. 10 . These images indicate a porous structure
omposed of a large number of oxide spheres. The diameter
f these oxide spheres is in nanometers scales. The presence
f the pores in this type of microstructure provides suitable
hannels for the inward movement of oxygen gas (molecular
xygen). Hence, the oxidation process can continue until the
omplete consumption of the oxygen in reach [33 , 34] . These
ne particles are the result of growth from vapor deposition.
g is known to evaporate from oxide films and the vapor

eacts with oxygen above the surface of the film 

Since morphology is one of the key factors in determin-
ng the capability of oxide film protection [35] ; dynamically
ormed oxide films in the Mg–Al system can be assumed
o be non-protective. The magnesium oxide formed at room
emperature is predominantly amorphous and dense with uni-
orm morphology. As the temperature increases, the amor-
hous film begins to crystallize and become porous [14] . As
 result of that, the oxide film loses its protection capability
nd the continuous oxidation of the underlying metal occurs
14 , 36] . Accordingly, the low resistance of the Mg–Al alloys
gainst oxidation can be attributed to the porous microstruc-
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Fig. 11. Schematics drawing of the granular growth of the MgO oxide film. 
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It seems that the oxide film may grow by either growth of
ranular oxide particles or with layer thickening mechanisms.
nitially, an amorphous layer of oxide forms on the substrate.
ext, the granules of the crystalline MgO nucleates on this

ayer. As the oxidation process goes on, these granular oxides,
hich are in the nanometric scale, form a crystalline oxide

ayer on the former layer. The thickening of the oxide film
appens through the growth of the crystalline layer. Fig. 11
chematically illustrates the granular growth of the Mg-based
lloy samples. 
.3. Thickness estimation 

Approximate thickness of the dynamically formed oxide
lms in the molten state can be obtained by determining the
idth of folds created on the surface of an oxide film [5 , 7 , 8] .
ince these folds consist of two layers of oxide, the esti-
ated width should be divided by two to have the oxide film

hickness. It should be noted that the possibility of melt en-
rapment between two layers of a fold reduces the accuracy
f this method. 
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Table 3 
The results of the oxide film thickness estimations for different samples. 

Sample Thickness ( μm) 

Min Max 

Pure Mg 0.75 1.3 
Mg–3Al 11.2 12.7 
Mg–6Al 3.4 16.7 
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due to the low oxide content and thickness of the oxide film 
Table 3 gives the estimated values of thickness for the dy-
amically formed oxide films in this study. From these values,
ne can see that the addition of aluminum will increase the
hickness range of oxide films from a mean value of 1.025 μm
or pure Mg to 11.95 μm for Mg–3Al sandwich samples. The
ighest thickness for dynamic oxide films was 16.7 μm for
he Mg–6Al sandwich sample. 

As it can be seen from the results, the dynamic oxide
lms formed on the magnesium alloys are thicker than those
f the aluminum alloys which has been reported to be approx-
mately 50 nm[9, 10]. Compared to the dense and protective
lm formed on the aluminum alloys in the molten state, the
Fig. 12. Results of EDS analyses obtained from specified points in 
resence of such thick and rough films reveals the request for
aying more attention to the oxidation of magnesium alloys. 

.4. Phase identification 

The EDS results obtained from points marked in the SEM
mages of the pure Mg, Mg–3Al, and Mg–6Al sandwiches are
resented in Fig. 12 . Regarding Fig. 12 (a) which illustrates
he dual-phase microstructure of the pure Mg sandwich, the
ifference between the intensity of the peaks corresponding
o O indicates that the bright regions are formed by the over-
apping of the oxide layers on each other. The existence of
xygen in the oxide layer is evident in the EDS results ob-
ained from alloying samples. X-ray diffraction tests were also
sed to identify the compounds present in the sandwiches.
ig. 13 shows the XRD patterns of the samples. Identifying

he peaks, it can be seen that most of them are related to
-magnesium. MgO oxide was detected in all sandwiches.
owever, it is observed that the peaks corresponded to MgO

n the pure magnesium sandwich are less intense. This may be
(a) Pure Mg, (b) Mg–3Al, and (c) Mg–6Al OMO sandwiches. 
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Fig. 12. Continued 

Fig. 13. XRD patterns of the OMO sandwiches. 
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n the pure Mg sandwich. Adding aluminum to magnesium
ncreases the relative intensity of the MgO peaks. 

Three oxide compounds, including MgO, Al 2 O 3 , and
pinel MgAl 2 O 4 , have the chance to form during oxidation
f the Mg–Al alloy systems. [37 , 38] . The Gibbs energy equa-
ions for the formation of these three compounds, in the pres-
nce of oxygen, are presented in Table 4 . The �G 

° of the
ompounds is calculated at 973 K [39 , 40] . Reaction 1 is more
hermodynamically favorable regarding the lower �G of for-
ation. MgO oxide, which is already considered as the re-

ctant for reactions No. 5 and 3, forms through reaction 1.
herefore, from the thermodynamics, this compound is the
ost stable oxide in Mg–Al alloy melts within the range of

his study. Despite the results of the XRD analyses ( Fig. 13 ),
hich have only detected the presence of the MgO com-
ounds, formation of the MgAl 2 O 4 spinel is also suggested
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Table 4 
The Gibbs free energy for formation of different oxide compounds at 700 °C [39 , 40] . 

Oxide No. Reaction �G 

° �G 

°
at (973 K) 

MgO 1 2Mg (s, l, g) + O 2(g) → 2MgO (s) −1,193,268 + 95.68 T −1,100,171 
Al 2 O 3 2 4/3Al (s, l) + O 2(g) → 2/3Al 2 O 3(s) −1,099,621 + 148.60 T −955,033 
MgAl 2 O 4 3 MgO (s) + Al 2 O 3(s) → MgAl 2 O 4(s) − 22,086 −15.01 T −36,690 
MgAl 2 O 4 4 1/2Mg (s, l, g) + Al (s, l) + O 2(g) → 1/2MgAl 2 O 4(s) −1,142,545 + 110.10 T −1,035,417 
MgAl 2 O 4 5 2/3MgO (s) + 4/3Al (s, l) + O 2(g) → 2/3MgAl 2 O 4(s) −1,125,706 + 114.9 T −1,013,908 

Fig. 14. Thermodynamic phase stability formed in the Mg-Al-O 2 system at 700 °C [41] . 
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ccording to the thermodynamic calculations. It should be
oted that the fraction of a phase in the composition of oxide
lm plays an important role in detecting of this compound by
RD. Supposedly, the MgAl 2 O 4 compound was not detected
y XRD due to its low amount. 

Fig. 14 shows phase diagram of the Mg–Al–O 2 system
btained from FactSage 7.3. Based on this figure, increasing
he oxygen pressure, MgO is the primary oxide in the Mg–Al
ystem at 700 °C within the range of Al content in this study.
bove the oxygen pressure of 10 

−50 atm (P O2 ≥ 10 

−50 atm),
he MgO and MgAl 2 O 4 are both stable oxides at 700 °C. It
orth to mention that the diagram is plotted in equilibrium

ondition whereas the growth of the oxide films occurs in
ighly non-equilibrium conditions [42] . 

Akbarifar et al. has suggested that the high surface activity
f Mg atoms is an obstacle in the way of Al atoms reacting
ith oxygen, In the case of Al–Mg alloys [43] . It should be
oted that in addition to thermodynamics, oxidation kinetics
as a major impact on the composition of an oxide film [43] .
onsidering Fig. 10 , the porous structure of the MgO oxide
lm provides suitable channels for inward diffusion of the
xygen ions to the metal surface. 

Fig. 15 shows the SEM images taken from the surface of
he Mg–3Al sandwich. As shown in this figure two different
orphology, granular and cubic, are visible in the images.
ang et al. have recently reported that the morphology of
gO depends on the physical state of the metallic substrate.

he MgO which has formed from the liquid state is octahedral
hile the cubic ones are formed from Mg vapor [44] . 
Shih et al. [38] have reported the formation of MgAl 2 O 4 

hases on the solution-treated AZ80 alloy sample heated in
ir at 427 °C for one hour, using the ESCA analysis (Electron
pectroscopy for Chemical Analysis). Moreover, Feliu et al.
ave suggested the formation of this compound for Mg-based
lloys containing 3.1 wt.% to 6.2 wt.% Al [45] . 

By consumption of Mg atoms in the substrate for form-
ng the MgO compound, the concentration of Al on the metal
urface increases. This is thermodynamically favorable for the
ormation of spinel. The mobility of atoms is facilitated due to
he fact that the alloy is in the liquid state above 700 °C. Re-
arding the thermodynamic assessments which were discussed
n this section, the MgAl 2 O 4 spinel can form by reactions 4
nd 5. Pouros morphology of the oxide films formed on Mg-
l alloy samples provides a chance for the reaction which

eads to the formation of spinel. The spinel formed by this
echanism is more likely to be located within the MgO ox-

de film [38] . On the other hand, the metastable MgO has the
hance to react with the Al and O 2 to form MgAl 2 O 4 via re-
ction 5. This spinel tends to be formed at the oxide/substrate
nterface [46] . 
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Fig. 15. SEM images of the Mg–3Al sandwich at different magnifications, (a). 5000 X, (b).50,000 X, (c). 100,000 X, and (d). 200,000 X. 
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To sum up, based on the analyses and also thermodynamic
alculations, it can be concluded that the short time dynamic
xidation of the Mg–Al alloys in this study has resulted in the
ormation of crystalline MgO and probably MgAl 2 O 4 spinel
xides. 

. Conclusion 

The dynamic oxidation of the molten Mg-X(%wt)Al al-
oys was studied via the so-called oxide/metal/oxide (OMO)
ethod. Based on the investigations, the followings can be

oncluded: 

1. The morphology of the oxide films consisted of differ-
ent types of folds. Due to the low tensile strength of
the oxide films, these films have been torn and cracked
in some areas. 

2. At the nanometric scale, all the oxide films formed in
this system were porous. These pores are created by the
gap between oxide crystals and provide suitable chan-
nels for the transfer of oxygen. 

3. The addition of aluminum significantly changes the
morphology of the oxide films. As the aluminum con-
tent increases, the oxide films become more wrinkled. 

4. The thickness of the oxide film was measured according
the technique in which half of the width of the folds
formed on the oxide film is considered as its thickness.
The thickness was increased by adding aluminum to
magnesium. 
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