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The high temperature oxidation of A1-Mg alloys is characterized by the rapid formation of thick, 
micro-crystalline oxide films. The oxidation kinetics of an A1-4.2 wt pct Mg alloy under dry and moist 
20 pct O2/Ar have been measured, and oxide films grown on bulk specimens complementary to the 
weight gain curves have been characterized using electron optical techniques (TEM, SEM). Initial 
oxidation takes place by the nucleation and growth of primary crystalline oxides at the oxide/metal 
interface and by the formation of secondary oxides of MgO by the reduction of the original amorphous 
over-layer of "y-AI203 by Mg. Subsequent oxidation is dominated by the further nucleation and growth 
of primary oxides. The presence of water vapor in the oxidizing environment initially reduces 
oxidation rates through a modification of the mechanical properties of the amorphous overlayer but 
does not affect the overall oxidation mechanism. A microstructural model has been developed which 
describes oxidation of AI-Mg alloys in terms of fracture of the original air-formed film by primary 
MgO nucleation and growth and modification to this film by the presence of water vapor in the 
oxidizing environment. 

I. INTRODUCTION 

MAGNESIUM additions to aluminum form a techno- 
logically important alloy system having good mechanical 
and physical properties in conjunction with excellent aque- 
ous corrosion resistance. However, these alloys oxidize rap- 
idly both when molten and during high temperature heat 
treatment of solid product forms, giving rise to thick surface 
films of magnesium oxide which may be accompanied by 
severe metal blistering in moist environments. Before fur- 
ther processing can take place, the surface films must be 
removed which results in an expensive loss of metal, and 
can make processes such as scrap recycling commercially 
uneconomical. Methods of controlling the rapid oxidation of 
A1-Mg alloys have been established, such as by trace- 
alloying additions, with the most effective additive being 
toxic Be. 1 

The oxidation kinetics of A1-Mg alloys have been mea- 
sured thermogravimetrically by several investigators 2'3'4 but 
when comparing weight gains the surface preparation of 
specimens prior to oxidation appears to be an important 
factor, affecting overall weight gains by orders of mag- 
nitude, and this factor has not always been closely con- 
trolled. From the literature evidence it is clear that weight 
gain measurements alone have shed relatively little light on 
the oxidation mechanism(s) operating during the high tem- 
perature oxidation of A1-Mg alloys. In recent years the ap- 
plication of modem TEM techniques to high temperature 
oxidation 5 has become more commonplace, and micro- 
structural studies in conjunction with thermogravimetry 
offer the opportunity of gathering structural information 
which can then be related to the oxidation weight gain. This 
approach was adopted in this investigation. 
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Aluminum and Aluminum Alloy Oxidation 

During the initial stages of oxidation over a wide range of 
conditions, aluminum and aluminum alloys rapidly develop 
a thin tenacious film of amorphous T-A1203 .5 This oxide 
layer provides a barrier between the metal substrate and the 
environment, and it is this film which has been shown to 
control the early stages of crystalline oxide formation at 
high temperatures. 6-9 At temperatures above about 425 to 
450 ~ the amorphous T-A1203 overlayer undergoes a dis- 
continuous change in structure. 6 Rapid migration of oxygen 
to the oxide/metal interface is readily detectable at these 
temperatures and is evidenced by the nucleation and growth 
above about 450 ~ of crystalline "y-A1203 as a new phase 
below the amorphous layer. Growth of amorphous "y-A1203 
continues by cation diffusion to the oxide-oxygen inter- 
face in a fashion of mutual independence with respect to 
any underlying crystallites of T-A1203 which form at the 
oxide/metal interface and penetrate down into the metal after 
a temperature-dependent induction period. 5'6'7 The high 
temperature surface films which develop on aluminum al- 
loys are characteristically duplex, consisting of both crys- 
talline and amorphous oxides. 8 The amorphous film is 
important in the initial stage of oxidation as the film thick- 
ness and/or ion transport properties change with alloy addi- 
tion. 7'9 In A1-Cu alloys, 9 for example, the dielectric constant 
of the crystalline T-AI203 which develops is much lower 
than that of the crystalline 3~-A1203 formed on pure alu- 
minum, a result explained in terms of the reduction of cation 
vacancies due to doping of the T-A1203 by copper ions. 

The oxidation of A1-Mg alloys has been the subject of 
many studies: by thermogravimetry, 2'3'4 X-ray diffrac- 
tometry of oxide powders 2 and electron microscopy of 
stripped 1'1~ or back-polished films, and by ex situ oxidation 
of evaporated films ~3 or in situ oxidation of thin foil sam- 
ples. 7'8 Smeltzer 2 measured the oxidation weight gains and 
vacuum evaporation losses of an AI-3 wt pct Mg alloy. Oxi- 
dation was found to be rapid at temperatures above 400 ~ 
and in the temperature range 350 to 550 ~ the kinet- 
ics were found to characteristically decrease with time, 
subsequently giving way to approximately linear kinetics 
at weight gains greater than 10/xg/cm 2. Oxide powder 
scraped from A1-3 wt pct Mg oxidized for 60 hours at 
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550 ~ in dry oxygen consisted of A1, MgO, and MgA1204. 
Examination of stripped films on A1-3 wt pct Mg by Brock 
and Heine l~ showed that crystalline oxides of MgO with a 
platelet morphology approximately 2000/~ in diameter 
were present located at the oxide/metal interface. Grauer 
and Schmoker ~1 (using data given previously by Ritchie 
et al. 13) constructed an A1-Mg-O2 stability diagram and de- 
fined magnesium-alloy compositions over which various 
crystalline oxides would be stable. Oxidation of three alumi- 
num alloys containing 0.17, 1.55, and 4.6 wt pct Mg was 
conducted in dry oxygen. The two most concentrated alloys 
exhibited three branches of the oxidation weight gain curves 
typified by: 

(i) an initial logarithmic rise due to thickening of the orig- 
inal overlying amorphous film of T-A1203, 
(ii) an adjacent, S-shaped branch as a result of crystalline 
film formation at the oxide metal interface, and 
(iii) a final linear increase in weight due to further nuclea- 
tion and growth of crystalline oxides. 

The oxidation products were crystalline MgO together with 
amorphous T-AI203. With time, the 1.55 wt pct Mg alloy 
exhibited two stages of crystalline MgO nucleation and 
growth. Initially fine MgO developed within the amorphous 
overlayer of y-A1203, and with further oxidation complete 
coverage by MgO crystallites of the oxide/metal inter- 
face was observed. The appearance of these crystals was 
correlated with the transition from parabolic type to lin- 
ear kinetics on this alloy. Low oxygen partial pressures 
( -10  -4 torr) promoted MgA1204 formation at 475 ~ in a 
manner similar to the growth of crystalline T-AI203 on pure 
aluminum. 

The important effect of furnace atmosphere on AI-Mg 
oxidation was investigated by Hine and Guminski 12 for a 
number of compositions. Under dry oxidizing conditions the 
weight gains were shown to increase as a function of mag- 
nesium level. In the temperature range 480 ~ to 520 ~ 
the presence of 0.5 to 1.5 v/v of H20 in the oxidizing 
environment gave rise to lower overall weight gains as com- 
pared with dry conditions over periods of oxidation from 25 
to 100 hours. However, from about 100 hours the reaction 
rates were found to increase progressively; this rise was 
attributed to the increase in specific surface area of the 
specimens due to hydrogen induced alloy blistering and 
blister rupture. In contrast, Cochran and Sleppy, 3 who in- 
vestigated the oxidation of an A1-2.35 pct Mg alloy under 
dry and wet conditions over a broadly similar temperature 
range, found that water vapor additions to the oxidizing 
environment enhanced the overall oxidation weight gains at 
all times. The authors also attributed this increase in the 
weight gain curves to an increase in specific specimen area 
due to hydrogen blistering. 

In situ observations 8 on AI-5 wt pct Mg have indicated 
that oxygen transport is enhanced by magnesium doping of 
the amorphous y-AI203 film giving rise to the rapid nuclea- 
tion and growth of crystalline magnesium oxides at the 
oxide/metal interface by direct oxidation. The nucleation 
and growth of these crystalline oxides is analogous to the 
formation of crystalline y-AI203 on pure aluminum above 
475 ~ Diffraction evidence showed diffuse rings analyzed 
as MgO in addition to the spinel reflections. Hence the 
crystalline magnesium oxide films are duplex with MgO 
developing either by direct oxidation at the oxide/metal in- 

terface or by secondary reduction of the amorphous over- 
lying film, 8'13 according to: 

3Mg + y-AI203 ~ 3MgO + 2AI 

AG~0oK = - 9 0  kJ mo1-102 [1] 

The oxides resulting from these two independent oxidation 
mechanisms have been termed primary and secondary, 
respectively. 8 

II. EXPERIMENTAL 

The A1-Mg alloy used in this study was prepared from 
super-purity components and produced as a small chill cast 
ingot. Chemical analysis showed the alloy composition in 
weight pct to be A1-4.2Mg, -0.01Fe,  -<0.01Si, -<0.01Zn, 
-<0.01Cr, <0.01Pb, 0.012Ti, -<0.001Mn, 0.004Cu. Fol- 
lowing hot rolling the material was cold rolled to 0.2 mm 
section. Prior to the final cold reduction, the alloy sheet was 
etched in 2 N NaOH solution at 70 ~ for 90 seconds to 
remove the surface layers depleted in magnesium and then 
desmutted in 2 N nitric acid. 

Rectangular specimen coupons (1.5 x 2.0 cm) for both 
thermogravimetry and electron microscopy were cut and 
annealed under a high purity argon atmosphere for 
10 minutes at 450 ~ Before oxidation all specimens were 
given a standard surface treatment of electropolishing in a 
20 pct perchloric acid/80 pct ethanol electrolyte at - 2 0  ~ 
and 30 V potential, followed by several rinses in fresh anhy- 
drous methanol and subsequent storage for 14 days in a 
desiccator at 0 pct R.H. in order to enable a reproducible 
air-formed film of amorphous T-A1203 to develop.14 All 
reagents used in surface preparation were of Analar grade 
and were discarded after use. Oxidation weight gains were 
measured using a continuously recording thermogravimetric 
balance with a resolution of -+2.5/xg, utilizing a dynamic 
atmosphere with a flow rate of 100 cm3/minute to overcome 
buoyancy effects. The oxidation temperature was monitored 
by a thermocouple placed close to the specimen, and the 
thermal response of the system was such that within 5 
minutes of initiating a run, the specimen was within 5 ~ of 
the desired temperature. The oxidizing atmosphere em- 
ployed was a synthetic air mixture of high purity 20 pct 
oxygen/80 pct argon and admitted to the thermobalance 
either dried (4 ppm H20) or water vapor saturated at 20 ~ 
(17.5 torr HEO). 

Oxide films were studied by electron microscopy at points 
corresponding to significant positions along the oxidation 
weight gain curves. Films compatible with examination by 
100 kV TEM were prepared from bulk alloy coupons by the 
back electropolishing method. An evaluation of electron 
optical techniques for the characterization of oxide films has 
been carried out previously.15 

III. EXPERIMENTAL RESULTS 

A. Thermogravimetry 

The oxidation weight gain curves obtained at 400 and 
480, and 520 and 575 ~ under dry and wet 20 pct O2/Ar 
are shown in Figures 1 and 2, respectively. With increasing 
temperature at the temperatures studied from 400 ~ the 
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Fig. 1 --Oxidation weight gain curves of A1-4.2 wt pct Mg reacted at 400 
and 480 ~ under dry and wet 20 pct O=/Ar. 
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Fig. 2--Oxidation weight gain curves of AI-4.2 wt pct Mg reacted at 520 
and 575 ~ under dry and wet 20 pct OJAr. 

oxidation kinetics vary considerably, from logarithmic to 
para-linear, and finally to pseudo-parabolic type at 575 ~ 
The transition between pseudo-parabolic to linear kinetics 
observed in the para-linear weight gain curve obtained at 
520 ~ occurs between 100 and 210 minutes. It can be seen 
that water vapor modifies the weight gain curves obtained 
under the dry control condition, providing a reduction in 
weight gain during the early stages of oxidation at each of 
the temperatures studied except at 480 ~ In the later stages 
of oxidation, water vapor additions give higher weight gains 
except at 520 ~ At 400 ~ under wet conditions, three 
linear portions to the weight gain curve can be discerned 
with breaks in slope at 150 and 400 minutes. Water vapor 
provides an inhibiting effect at this temperature up to about 
550 minutes. 

The kinetics were analyzed at 480 ~ and found to con- 
form to a power law with an exponent of 0.91. During the 
later stages of oxidation, the weight gains are significantly 
higher in the presence of water vapor. At 520 ~ the weight 
gains are approximately linear under the wet environment; 
however, in contrast to the other temperatures studied, water 
vapor results in a reduced overall weight gain in the later 
stages of oxidation. For this particular temperature, lower 
weight gains are also evident for the first 80 minutes of 
reaction, after which the weight gains become similar, until 
after 300 minutes there is a net beneficial effect. Water 
vapor provides a significant degree of oxidation inhibition in 
the early stages of oxidation at 575 ~ and the cross-over 
point occurs at 110 minutes; beyond this the weight gains are 

greater. The oxidation kinetics under the wet environment 
at 575 ~ can be described as para-linear and were found 
to conform to a power law relationship with an exponent 
of 1.15. 

B. Microscopy--Dry Environments 

TEM of thin oxide films developed at 400, 480, and 
520 ~ (Figures 3, 4, and 5, respectively) showed that the 
oxide microstructure was morphologically duplex in nature; 
this duplex structure is typified in Figures 3(a) through (c) 
which show the oxide film after 1 hour at 480 ~ Dark- 
field imaging, Figure 3(b), reveals both the larger (primary) 
and smaller (secondary) crystallites in high contrast. The BF 
view of exactly the same area (Figure 3(a)), although indi- 
cating regions of film porosity, does not reveal the duplex 
structure so clearly. Close examination of the selected area 
diffraction pattern, Figure 3(c), shows that superimposed on 
the continuous oxide rings from the smaller secondary crys- 
tallites are spots from the coarser primary crystallites, con- 
firming the duplex nature of the film. The oxide consists 
entirely of MgO randomly oriented with respect to the un- 
derlying matrix. Figures 4 and 5 are bright-field images of 
the oxidation product formed under dry conditions at 400 ~ 
and 520 ~ respectively. Both primary and secondary mor- 
phologies of MgO are again evident. By comparing the 
micrographs in Figures 3(a), 4, and 5, corresponding to 
oxidation for 60 minutes at 480 ~ 600 minutes at 400 ~ 
and 15 minutes at 520 ~ it can be seen that the secondary 
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(a) 

(b) 

Fig. 3 - - ( a )  BF, (b) HROF, and (c) SADP electron micrographs of the 
same area of oxide film developed on AI-4.2 wt pct Mg oxidized for 
60 min at 400 ~ under dry 20 pct OJAr. 

Fig. 4 - -  Bright-field micrograph of the oxide film developed after 600 min 
reaction at 400 ~ under dry 20 pct OJAr. 

Fig. 5 -  Bright-field micrograph of the oxide following 15 min reaction at 
520 ~ under dry 20 pct O2/Ar. 

crystallites remain approximately constant in size ( -50  ~), 
but that the primary MgO crystals decrease in size with 
temperature, from -2000 A at 520 ~ to -1000 A at 
480 ~ and -500 A at 400 ~ 

Scanning electron microscopy of the films was under- 
taken to correlate oxide surface topography with position 
along the various weight gain curves. At points correspond- 
ing to regions where linear nonprotective kinetics of oxi- 
dation were produced, the films were found to be extremely 
porous, consisting of loosely packed agglomerates of pri- 
mary crystals. By contrast in regions of decreasing reaction 
rates, the films were relatively smooth with isolated agglom- 
erates of primary oxides penetrating the reduced )'-A1203 
overlayer. An example of this is shown in Figure 6, which 
is an SEM stereo pair of the oxide film topography devel- 
oped at 520 ~ for 5 minutes under dry conditions. 

Stereo pairs showing the development of the porous films 
after exposures of 40, 100, and 200 minutes, corresponding 
to the pseudo-parabolic, transitional, and linear regions of 
the weight gain curves at 520 ~ are presented in Figure 7. 
The stereo-view (Figure 7(a)) of the oxide film topography 
corresponding to the pseudo-parabolic branch of oxidation 
shows a relatively smooth surface. Further oxidation to the 
transition point (100 minutes), Figure 7(b), results in an 
irregular oxide/oxygen interface. Stereo-viewing reveals 
that towers of primary MgO crystals (characteristic of the 
linear regimes of oxidation) are developing at a large num- 
ber of growth sites. Extended oxidation to the linear regime 
results in fewer reaction sites and coarse agglomerations of 
primary MgO (Figure 7(c)). 

C. Microscopy--Wet Conditions 

TEM (Figures 8(a) and (b)) of the film developed at 
480 ~ after 60 minutes under 20 ~ w.v.s. 20 pct O2/Ar 
show that the surface film morphology and crystallography 
are similar to that observed under dry conditions, but, quali- 
tatively, there is an increased density of primary crystallites 
under comparable wet oxidizing conditions. Furthermore, 
stereo-imaging of the oxide topography (Figure 9(d)) re- 
vealed that the addition of water vapor to the oxidizing 
atmosphere promotes a flatter, more even oxide topography, 
and the amorphous overlayer is preserved for longer 
periods. A visual comparison of specimens oxidized for 
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Fig. 6 - -  Stereo SEM image of AI-4.2 wt pct Mg oxidized at 520 ~ for 5 min under dry 20 pct O2/Ar showing 
penetration of the amorphous y-A1203 overlayer by a group of primary oxides. 

extended periods ( -600 minutes) under both wet and dry 
conditions showed that water vapor promotes a shiny 
grey/black surface film in contrast to the matt black films 
characteristic of the dry environment. 

IV. DISCUSSION 

Under dry oxidizing conditions, the reaction kinetics for 
this alloy are strongly temperature dependent, progress- 
ing from logarithmic to linear, para-linear, and pseudo- 
parabolic with increasing temperature from 400 ~ to 
575 ~ (Figures 1 and 2). Para-linear oxidation kinetics 
have been reported previously for A1-4.6 wt pct Mg H and 
AI-3 wt pct Mg 2 alloys at about 500 ~ and in addition 
the S-shaped branch of the weight gain curve at 400 ~ 
(Figure 1) is consistent with the study of Grauer and 
Schmoker. II Other than at the above temperatures the oxi- 
dation kinetics for this alloy are at variance with those 
observed in previous studies. It is considered that these 
differences arise out of differences in surface preparation 
prior to oxidation, which are known to have a dominant 
effect on surface reactivity. 3 

Under wet oxidizing conditions and in the early stages of 
oxidation, water vapor additions were found to be beneficial 
over the temperature range studied except at 480 ~ In 
contrast with the other temperatures studied, at 520 ~ re- 
duced oxidation weight gains were observed during the later 
stages of exposure to the water containing environment. For 
this environment the oxidation kinetics can be described as 
asymptotic, pseudo-parabolic, linear, and pseudo-parabolic 
at 400,480,520, and 575 ~ respectively. Previous studies 
have reported both beneficial ~2'~6 and detrimental 3 effects of 
water vapor on the oxidation of AI-Mg alloys. It would thus 
appear from these studies that surfaces on A1-Mg alloys 
prepared by electropolishing have a reduced reactivity in 
water containing oxidizing atmospheres compared to sur- 
faces prepared by chemical c.r electrochemical processes. 

TEM examination of oxide films developed on these 
alloys shows that during the early stages of their growth 
the surface films are duplex, consisting of both the re- 
sidual amorphous overlayer decomposed by magnesium and 
microcrystalline magnesium oxides. Oxide films produced 
during extended oxidation consist exclusively of coarse ag- 
glomerations of microcrystalline MgO. In this situation no 
one oxidation theory is applicable and the fitting of mathe- 
matical functions to the weight gain data (e.g., Reference 2) 
loses its significance other than providing a convenient 
method of expressing the data. 

Two distinct modes of crystalline oxide formation on 
AI-Mg alloys have been identified 7'1~ which have been 
termed 7 primary and secondary, respectively. These are de- 
fined as follows: 

Primary: An oxide phase formed by the direct reaction of 
a metal and oxygen. 

Secondary: An oxide phase formed by the reduction, re- 
action, crystallization, or the decomposition of an existing 
oxide film. 

In this study the crystalline oxides have been identified as 
exclusively MgO, the primary oxides located at the oxide 
metal interface and secondary oxides contained within the 
amorphous overlayer resulting from the secondary reduction 
reaction with magnesium 7m (Eq. [1]). Primary magnesium 
oxides form on A1-Mg alloys in a manner analogous to the 
nucleation and growth of primary, crystalline T-AI203 on 
pure aluminum. 7 The absence of an induction period 7 and 
appearance at much lower temperatures of crystalline oxides 
on A1-Mg alloys ~7 (350 ~ compared to 475 ~ for pure 
aluminum) is due to enhanced oxygen ion transport through 
the amorphous overlayer as a result of doping by divalent 
magnesium ions from the alloy substrate. In terms of oxide 
nucleation and growth, primary MgO formation differs from 
crystalline "y-AI203 in that MgO penetrates both the alloy 
substrate and the amorphous overlayer. The oxidation 
weight gain curves shown in Figures 1 and 2 can be de- 
scribed in terms of a model based on disruption of a protec- 
tive overlayer by penetrating magnesium oxides which vary 
in size with temperature. 
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(a) 

(b) 

(c) 

Fig. 7--Stereo SEM images of the oxide topography on A1-4.2 wt pct Mg reacted at 520 ~ under dry 20 pct 
O2/Ar for periods of (a) 40 (20 deg tilt), (b) 100 (15 deg tilt), and (c) 200 min (10 deg tilt) corresponding to 
the observed pseudo-parabolic transitional and linear regimes of oxidation at this temperature. 
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'AMORPHOUS' Y-AI20 3 

0 2- /Mg2+ 

Fig. 10--Schematic diagram of the initial stages of AI-4.2 wt pct Mg 
oxidation, showing doping of amorphous 7-A1203 overlayer by Mg 2§ and 
oxygen transport to the oxide metal interface. 

(a) 

Fig. 8- - (a)  HRDF and (b) SAD images of the oxide film developed after 
60 min reaction at 480 ~ under wet 20 pct O2/Ar. 

Oxidation Model for A1-4.2 Wt Pct Mg 

During the initial stages of oxidation at temperatures in 
excess of 350 ~ the transport of oxygen to the amorphous 
oxide/metal interface is rapid and an oxygen saturated layer 
develops in the surface layers of the alloy substrate, as 
shown schematically in Figure 10. Provided the amorphous 
film remains relatively intact, oxidation will be controlled 
by diffusion of oxygen through the film. The oxidation 
kinetics at this stage would be expected to be either loga- 
rithmic or parabolic; presumably this has escaped detection 
by being within the timescale of beginning the weight gain 
measurements of this work. 

Nucleation and growth of primary MgO occurs once the 
critical oxygen concentration in the alloy substrate has been 
exceeded. The experimental observations show that the 
primary oxide size increases with temperature from ap- 
proximately 500 ~ at 400 ~ to 2000 1( at 520 ~ These 
observations may be explained in terms of the increasing 
diffusivity of oxygen with temperature in the alloy substrate 
giving rise to a greater depth of oxygen saturation and hence 
'primary' oxide size. HRSEM of the oxide surface topogra- 
phy after the nucleation and growth of primary MgO at 
520 ~ (Figure 6(a)) shows that these oxides grow toward 
the oxide/oxygen interface. If it is assumed that the height 
of oxide penetration into the amorphous film is proportional 
to the primary oxide diameter, then two situations may be 
envisaged where (1) the primary oxide penetration is insuf- 
ficient to disrupt the amorphous overlayer, which remains 
relatively intact, i.e., at low temperatures; (2) primary oxide 
penetration causes cracking of the amorphous overlayer and 
therefore rapid short circuit diffusion of oxygen to the 
oxide/metal interface, i.e., at high temperatures. This is 
shown schematically in Figure 11. 

Cracking of the amorphous film by primary penetration 
will lead to a rapid ingress of oxygen and faster oxidation 
kinetics. This event represented by Figure 12 can be consid- 
ered as the microstructural feature which changes the oxi- 
dation kinetics from parabolic, e.g., Figure 11, to linear 
e.g., Figures 13 and 14. It is proposed that surfaces which 
come into contact with the environment after being defilmed 

Fig. 9--Stereo SEM image of the surface topography on A1-4.2 wt pct Mg reacted under wet 20 pct O2/Ar at 
520 ~ for 200 min. 
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Fig. 1 1 -  Schematic showing disruption of the amorphous overlayer by 
primary oxide nucleation and growth. At this stage secondary oxides of 
MgO become apparent. 

Fig. 12--Oxidation proceeds by the repeated nucleation and growth o'f 
primary MgO oxides at the bases of preexisting primaries. Magnesium 
depletion occurs between the stacks of oxides. 

Fig. 13--With further oxidation primary oxide formation and penetration 
continues. Sections of the alloy substrate are undercut. This figure is on a 
coarser scale than Figs. 10 through 12. 

Fig. 14--Following extended oxidation particularly at high temperatures, 
thick oxide films and a highly corrugated oxide/metal interface develop. 
This figure is on an even coarser scale than the preceding figure. 

by primary growth immediately develop a fresh ovedayer of 
Mg 2+ doped T-AI~O3 beneath which further primary nuclea- 
tion and growth takes place. At this stage of the oxidation 
process, secondary MgO may be discerned. The effect of 
secondary reduction on the amorphous film's mechanical 
and physical properties is not understood; however, it is 
likely that this reaction will be detrimental, causing the film 
to become weaker. 

Thicker films result from the repeated nucleation and 
growth of primary MgO at the base of existing primary 
crystallites to form stacks of primary oxides. An example of 
nucleation at the base of an existing primary oxide is shown 
in Figure 5(a) (at 520 ~ and represented schematically in 
Figure 12. 

In this situation the regions of metal between the primary 
oxide stacks will be denuded in magnesium, and will be 
relatively inert. Oxidation is localized therefore at the sites 
of existing primary oxides. If the nucleation rate of the 
primary oxides was constant, then linear oxidation kinetics 
would be expected, such as observed at 480 ~ (Figure 1). 
This stage (represented in Figure 13) is the initiation of the 
massive stacks of primary oxides observed at 520 ~ after 
200 minutes oxidation (Figure 7(c)). 

Oxidation continues by the further nucleation and growth 
of primary oxides at the base of existing oxides. Primary 
oxide nucleation and growth is favored at these sites because 
magnesium is readily supplied from the bulk alloy and can 
combine with oxygen supplied via short circuit diffusion 
paths down the primary oxide/metal boundaries. A cor- 
rugated oxide/metal interface develops as a result of this 
mode of oxidation. This situation is shown schematically in 
Figure 14. 

Any region of the alloy substrate which is undercut by 
primary oxide penetration will become completely denuded 
in magnesium and remain incorporated in the oxide film. 
This would account for the detection using X-ray diffraction 
of elemental aluminum in surface films of MgO grown on 
A1/Mg alloys. 2'4 At higher temperatures where the primary 
oxides are coarser (i.e., 520 ~ the oxide metal interface 
becomes correspondingly coarser with an acceleration in the 
oxidation rate (shown schematically in Figure 14). 

Indirect evidence for the development of a corrugated 
oxide/metal interface is shown in the sequence of stereo 
pairs Figures 7(a) through (c) which show the oxide topog- 
raphy after 40, 100, and 200 minutes, corresponding to the 
pseudo-parabolic, transitional, and linear regimes of para- 
linear oxidation at this temperature. These observations 
provide further evidence for the validity of oxidation 
mechanism shown schematically in Figures 10 through 14. 

Using the above model, the effect of water vapor can be 
rationalized in providing a general inhibiting effect during 
the first stages of oxidation. We take as a starting point the 
mechanical test data of Grosskreutz 18 showing the de- 
pendence of Young's modulus, fracture stress, and fracture 
strain of thin anodic films on the water vapor content of the 
test atmosphere. The results are shown in Table I. The geo- 
metric effects on oxide film fracture during oxidation have 
been analyzed by Manning.19'2~ 
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Table I. Mechanical Properties (Room Temperature) of 300 nm Thick Amorphous 
Anodic ~-A!203 Films Tested at Atmospheric Pressure and 1.33 • 10 -4 Pa (Grosskreutz as) 

Test Atmosphere, Pa Young's Modulus, Pa Fracture Stress, Pa Fracture Strain 

1.013 • 105 (lab air) 5.47 -+- 2.72 • 10 l~ 1.75 • 108 3.54 • 10 -3 
1.33 • 10 -4 2.13 -+- 0.69 • l 0  II 2.52 X 108 1.52 • 10 -3 

The critical thickness of a growing oxide film which can 
accommodate a given radius of curvature without cracking 
is given by: 19 

hcrit = 12 [2] 

where hcrit = critical thickness of oxide film, 
y = surface energy of oxide fracture surface, 
E = Young's modulus, 
R = radius of interface curvature, 
M = scale displacement vector, and 
4' = Pilling-Bedworth ratio 

This equation has been applied by Manning to the cracking 
of hard anodized coatings on aluminum, 2~ where it was 
shown that the values calculated using this expression com- 
pared closely with literature values of critical bending radii. 

Using this equation and the data of Table I, in conjunction 
with the model developed for A1-Mg oxidation, we calculate 
the critical amorphous oxide film overlayer thicknesses 
to withstand primary oxide penetration without cracking. 
This is particularly applicable to the situation depicted in 
Figure 11. Typical values for ~b and M for hard anodized 
films on aluminum have been given' as 2.1 and 0.287, re- 
spectively, z~ The results are presented in Table II and were 
calculated assuming y = 2 J /m 2 and using the data for an- 
odic films tested under wet, i.e., lab air at atmospheric pres- 
sure and dry, i.e., vacuum (Table I) conditions. They show 
that T-AI203 films have a substantially greater resistance to 
cracking in the presence of water vapor than without. Ac- 
cording to Reference 6, at high temperatures the oxide film 
on aluminum grows to about 17.6 nm thickness at 500 ~ 
and 5.4 nm at 450 ~ These values are of the same order 
as the critical thicknesses shown in Table II, lending cre- 
dence to the calculations. It is therefore feasible that the 
beneficial effect of water vapor in reducing the oxidation 
weight gains at 400 ~ and in the early stages at 520 and 
575 ~ (Figures 1 and 2), is due to water vapor inhibiting 
oxide film fracture. 

The consistently higher weight gains at 480 ~ due to 
water vapor (Figure 1) do not conform with this general 

Table II. Calculated Amorphous ~-A1203 Critical Oxide 
Thicknesses for Fracture Due to Primary Oxide Penetration, 

Using Analysis of Manning 2~ and Data of Grosskreutz ~s 

Test Environment Primary Oxide hcr~t 
(Grosskreutz~S), Pa Radius, nm nm 

1.013 • 105 100 (520 ~ 29.4 
wet 50 (480 ~ 19.3 

25 (400 ~ 11.6 
1.33 • 10 4 100 (520 ~ 18.9 

dry 50 (480 ~ 12.2 
25 (480 ~ 7.5 

scheme for reasons which are not yet understood. At present 
no information is available regarding the mechanical proper- 
ties of thin amorphous films at high temperatures under 
moist atmospheres. A discontinuous change in properties or 
film structure may account for the enhanced weight gains 
observed at 480 ~ Although the formation of hydrous 
films at high temperatures is a possibility, within the resolu- 
tion of electron diffraction, no hydrous species were de- 
tected after 60 minutes oxidation at 480 ~ (Figure 8(b)) 
under wet 20 pct O2/Ar. Enhanced weight gains due to 
water vapor may be expected in the later stages of oxidation 
due to hydrogen damage generating new and increased areas 
of metal surface for subsequent reaction, l: 

V. CONCLUSIONS 

The high temperature oxide films which develop on A1- 
4.2 wt pct Mg are essentially microcrystalline MgO and 
consist of two types of MgO, termed primary and secondary 
oxides, dependent on the mechanism of formation. Primary 
oxidation is the direct reaction between magnesium from the 
alloy substrate with oxygen to form MgO which occurs at 
the oxide/metal interface. Secondary oxidation is the solid 
state reduction of the original air formed film of amorphous 
T-AIzO3 by Mg from the alloy substrate to form MgO. The 
oxidation weight gain curves can be explained in terms of a 
microstructural model based on disruption of a protective 
amorphous overlayer by penetrative primary MgO and sub- 
sequent development of a corrugated oxide/metal interface. 
The beneficial effect of water vapor in reducing oxygen 
uptake in the first stages of oxidation may be rationalized in 
terms of water vapor improving the resistance of the protec- 
tive amorphous film to rupture. Critical oxide film thickness 
values have been calculated using the analysis developed by 
Manning 19 for film cracking. 
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