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The isothermal oxidation of liquid binary aluminum 
alloys wit h 1- 9 wt-~ magnesium was s t udied 
thermograviroetrically f o r temperatures in ranges 
ex tending from their solidus temperatures to 725°C . 
For all of these compos it ions, the most stable chemcal 
species i s MgO and t his was the only oxide component 
detected by X-ray, EDX and electron diffraction 
t echniques . The init ia l oxide fi l.JD formed on the c l ean 
liquid metal substrate was amorphous and highly protect
ive, restricting the oxidation rate. Af'ter a n 
incubation period of 1-2 hr., depending on the magnesium 
content of the metal, the oxidation accelerated 
abruptly, an event assoicated with the onset of 
c rystallisat ion. The effects are a ttributed to (1) 
structural charac teristics of amorphous MgO and ( ii) 
disruption of the original protective oxide f il.JD by 
stresses induced by the growth of crystalline MgO 
nucleated within the amorphous layer. Within the 
solidus/liquidus temperature range, the oxide film was 
c rystall ine t hroughout the oxidation period a nd 
oxidation was rapid ab i nitio . 

INTRODUCTION 

The oxidation of liquid aluminum- magnesium alloys 
is of economic interest because selective loss of 
magnesium occurs during industrial melting operations . 

Previous investigat ions (1-5) have yielded results 
which suggest i nter alia that the spinel, ~Al2o11 , is a 
normal component of the oxid e formed on a luminum
magnesium a l loys and that its formation after an 
i ncubation peri od is the stimulus for breakaway 
oxidation which leads t o the develoment of s wollen b lack 
fi lms (2, 3). The validity of these ideas is uncertain 
since they are based on results from experimental 
approaches subject to error from e.g.: 

( i) The use of thermogravimetric equipment with 
insuf ficient sensitivity to identity important features 
which might occur early in the oxidation process . 

(11) Departure from truly isothermal conditions, 
so that the progress of oxidation is conditioned by oxide 
films formed before the metal is completely liquid . 

(iii) Serious depletion o f the nominal magnesium 
content by selective oxidation . 

The purpose of the present work was to obtain new 
results using st rictly controlled experimental con
ditions t o provide a more secure basis from which to 
extract some of the f undamental principles which apply . 
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EXPERIMENTAL 

Materials 

Alloys with t he analyses given Table I were chill
cast i nto moolds Scm x Scm x 30cm. Longitudinal 
sect ions were cut from the ingot s , avoiding zones 
susceptible to surface macro-segregation or central un
soundness , and machined to 2cmdiameter bars. The bars 
were heat-treated for IIShr. at 5 0- 150°C below the 
equilibrium solidus temperatures to disperse micro
segregation. This provided the s tock from which 
samples for the experiments were taken. 

Table I Analyses of Experimental Materials 

wt -~ 

tbminal Mg Mg Fe Si Cu Zn, Ti, Cr 
Mn , Na 

1 1.3 0 .0011 0.002 0 .0011 <0 .001 
3 3.1 0 .005 0 .003 0 .003 <0 .001 
5 5 .1 0 .006 0 .003 0 .005 <0 .001 
7 7.11 0 .003 0.002 0 .0 06 <0 .001 
9 9 . 3 0.0011 0 .004 0 .004 <0 .001 

Thermogravimetric Measurements 

The thermogravimetric measurements were made using 
a Sartorius Model II 410 automatic recording vacuum 
microbalance, with a sensitivity of 1J.lg, arranged to 
moni t or continuously the mass of a liquid samp l e con
tained in a n alumina crucible suspended from the balance 
beam by a silica filament. The balance beam and the 
suspended crucible and sample were enclosed in a system 
capable of maintaining a high vacuum indefini tely, thus 
permitti ng very precise control of the atnosphere . 
The balance system was pr ovided with a ccess to a mercury 
diffusign vacuum pump capab l e of reducing the pressure 
to <1 0- Pa and to gas trains to pr ovide any requ:ired 
atmosphere . The sample was heated by an external 
furnace. The assembly is illustrated schema tic ally in 
Figure 1. 

Every sample was prepared in the form o f a mach ined 
disc 16mm diamet er x 6mm t hick . These dimensions were 
chosen so that the sample fitted closely i nside the 
crucib le loben placed f lat , thereby minimising 
d isturbance to t he metal during melting. Immediately 
before use, the sample was abraded o n 600 grade emery 
paper, etched in 2 .5 M sodium hydrox ide solution, 

J. F. Grandfield and D. G. Eskin (Eds.), Essential Readings in Light Metals
The Minerals, Metals & Materials Society 2016©



Figure I Thermogravimetric Equipment 

A Sample chamber 
B ~1icrobalance tube 
C Vacuum-tight joint 
D Alumina crucible & 
E Silica suspension 

F Thermocouple 
G Radiation shield 
H Furnace 

sample J Vacuum gauge 
K Manometer 

T Taps 

Sensitive theriOObalances are susceptible to 
instability due to convection currents which cause least 
interference if the density of the at100sphere is low. 
To minimise the effect, the sample was oxidised not in 
air but in an oxygen/helium mixture with the same 
proportion of oxygen, i.e. 0.21 . The atmosphere was 
dried to a dew point of 90K. 

In developing a suitable experimental procedure, 
the over- riding coosiderations were to prevent 
premature oxidation below the test temperature and to 
suppress magnesium evaporation before commencing a 
test. These requirements were met as follows. A 
sample was heated and its temperatu re stabilised at the 
prescribed value in the helium fraction. 'lhe helium 
was 99 .999:t pure as certified by the suppliers. Before 
admitting it, the system con~1aning the sample was 
evacuated to a pressure of <10- Pa. The criterion to 
proceed was that no change in mass could be detected ~en 
the sample was held indefinitely in helium at the test 
temperature. Oxidation was initiated by admitting 
the oxygen fraction to form the mixture . 

The definition o f the surface area of the liquid 
sample exposed to oxidation requires some comment . 
After oxidat ion , the ltlole of the cylindrical surface of 
the sample had retracted away from the sides of the 
crucible under the influence of surface tension and 
exhibited oxidation products similar to those observed 
on the upper circular surface. Some lesser oxidation 
occurred on the lower circular face, indicating some 
restricted access of oxygen. At some temperatures in 
the solidus/liquMus raq>;e, the samples were 
sufficiently rigid to permit a comparison between the 
masses o f oxide for!lled in measurements with samples laid 
flat in the crucible and in corresponding measurements 
with the sample standing on edge. This established 
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Thermogravimetric measurements were made for all 
of the alloys at intervals of 25°C at temperatures in 
ranges extending from the solidus temperatures t o 7 25 °C 
(6) . The period of oxidation was limited to 2 hours to 
avoid significantly depleting the magnesium content 
below the nominal composition . Replicate measure
ments were made for shorter periods to provide a 
systematic series of oxidised s urfaces for every alloy 
for use in analysing the evolution of the oxide systems . 

Characterisation of Oxidation Products 

The evolution of oxide topographies was exalllined by 
scanning electron microscopy of sample surfaces. 
Flakes of oxide were detached from the sample surfaces 
for exalllina tion by X-ray diffrac tion and by a STEM system 
with electron diffraction and EDX facilities to provide 
phase identification, local area analysis and informa
tion on the crystal and lattice structures. 

RESULTS 

For brevity, only selected results sufficient to 
establish the essential features of oxidation are given. 

Figures 2 to II give the thermogravimetric results 
for alloys with 3, 5 and 71> magnesium. The results for 
alloys with 1 and 9% magnesium were broadly similar to 
those for 3 and 71> IIBgnesium respectively. 

Figures 6 and 7 give TEM micrographs and electron 
diffraction patterns f or oxides formed on the alloys 
with 3% and 5:t magnesium in the liquid state. 

Oxidation of Liquid Metal 

Liquid metal exhibited one of two oxidation modes : 

Mode A: Qxidat ion diminishing progressively through
out the whole period , characteristic of a ccherent 
protective oxide exercising diffus ion control. 

Mode B: Oxidation diminishing at first but 
accelerating rapidly after an incubation period , 
characteristic of an oxide which is initially coherent 
and protective but which later either undergoes 
structural change or loses its coherency, leading to 
breakaway. 

The alloys with 3% magnesium or less exhibited mode 
A oxidation and the alloys with 5% magnesium or oore 
exhibited 100de B . Figures 3 and II show that the 
incubation period diminished for increased temperature 
and for increased magnesium content. 

Oxidation of Partially Liquid Metal 

For temperatures within the sol idus/liquidus 
range, oxidation proceeded rapidly from the beginning 
and no subsequent breakaway was observed , as apparent in 
Figures 2 to II. 
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Figure 2 Mass gain v. time for Al - 3% ~tg alloy 
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Figure 4 Mass gain v . time for Al - 77. Mg alloy 
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Figure 3 Mass gain v . time for Al - 5% Mg alloy 
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Figure S Oxygen pressures for formation of oxides 
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TEM Micrographs and corresponding electr on diffraction patterns 
from oxide formed on aluminum - 3% magnes i um a l loy at 700°C. 
a) and b) after 0 . 5 hr. c) and d ) after 2 hr. 

T£.'1 Micrographs and corresponding electron diffr action pa tterns 
from oxide formed on aluminum- 5% magnes ium a lloy a t 6S0°C. 
a) and b) after 0 . 5 hr . c) and d) after 2 hr . 
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DISCUSSION 

Stability of Oxidation Products 

The standard Gibbs free energy of formation for oxides in 
the aluminum-magnesiu111-oxygen system are: 

2 Mg{l) • o2{g) = 2MgO{s) 

llG 0 - 1215126 - zr log T + 225 .3 T J mor1 (1) 

1113 Al{l) • o2 <g> = 213 u 2o3<s> 

llG 0 
: - 1 t307t8 - 10 .5 T log T + 257 T J mor t (2) 

iMg(l) + Al(l) + Oz{g) : 2 MgAlz011Cs) 

l!G 0 : 1169585 - 8 .4T log T + 245.6 T J mol - t (3) 

Equations {t) and (2) for MgOand Al2o3 are t hose given by 
Kubaschewski and Alcock ( 7 ) . Equation (3) for MgA12o11 
is not a vailable explicitly and has been obtained by 
summing the standard enthalpies and entropies of the 
reactants and products also given by Kubaschewski and 
Alcock ( 7), making the reasonable assumption that t h e 
enthalpy and entropy of formation for MgAl2olj is not 
significantly temperature-<! ependant. 

The relative stabilities of the oxides as functions 
of magnesium content for the alloys were determined 1n 
the usual way by comparing the notional equilibrium 
oxygen pressures calculated using Equations (t )- (3) and 
values given by Bhatt and Garg (8) fo r the activity 
coe f ficients of magnesiuDI and aluminum in the liquid 
binary system. Some resultsof calculations for725°C 
are given as an example in Figure 5 . Figure 5 shows 
that for magnesium contents above 1 .5 wt-~ the m st 
stable oxide is ~0 since it is in equilibrium with the 
lowest oxygen pressure. For magnesium contents in the 
ra~e 0 .02- 1 .5 wt-~ the most stable oxide is Mg A12o11 . 

Oxidation Products Formed on Liquid Metal 

The only oxide found on a ny of the oxidi sed samples 
was the stable chemical species MgO. Stric t lY, the 
aluminum - 1 . 3~ magnesium alloy lies just inside the 
compos it ion ra~e where MgA12o4 is the t hermo
dynamically stable oxide but by analogy with the iron
chrotDium system, nu cleation of the complex spinel 
structure at t he metal surface is probably difficult 
(9) . The MgO was found in both c rystalline and 
aaorphous forms . The identity of the c rystalline form 
was established by comparing interplanar spacings 
derived from X- ray diffraction spectra with standard 
values given in the AS'IM po!.Uer diffraction data files 
and by ma tching electron diffraction patterns with 
patterns derived from known oxid e s . The amrphous 
form could be identified on}y by recourse to ele~~ental 
ana lysis using the SfEl1/El>X facility . 

Simple calculation shows that the oxide/metal 
volume ratio for the formation of MgO on the liquid 
binary aluminum- magnesium alloys is close to unity, 1. e. 
favorable for the production of a protective film. 

The MgO ox ide film was indeed protective thr oughout 
the oxidation period for the liquid alloys e xhibiting 
aode A oxidation and also during the initial period for 
the alloys exhibiting 1110de B oxidation. It was 
notewor thy that the MgO was in the amrphoos form during 
the periods when the ox ide aff o rded protectio n but 
trans formed to the crystalline form at th fi! onset of a 
b reakaway . This is illustrated by the examples given 
in Figures 6 and 7 which show sequences of TEM 
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micrographs and corresponding electron diffraction 
patterns typical of mode A and mode B oxidation 
respectivelY . For the aluminum - 3J magnesium alloy , 
which exhibited no breaka way, all of the electron 
diffraction patterns were composed of clear rings 
characteristic of an amrphous material. fb r the 
aluminum - 5~ mgnesium alloy, the progressive resolu
tion of the electron diffraction rings into spots and 
evidence of a developing grain structure in the 
correspond!~ TEl1 micrographs mark the onset of 
crystallisation, W11ch correlates with the breakalo9y 
evident in Figure 3 . 

It is not surprising that the initial o x ide formed 
on a clean liquid me tal surface should be amrphous , 
since the mobile random stru cture of the substrat e can 
have no directive inf l uence on the structure forming 
upon it . Amorphous MgO is expected to afford greater 
protection than its crystalline counterpart. ~0 is 
an extrinsic oxide in which t_fe 1110bile ionic species con 
trolling oxide growth is Mg + . It is well known that 
for arrorphous materials generally charge carri ers have 
lower mobility than in the corresponding crystalli ne 
materials because they are bound t o localised energy 
states which exist within the mobility gap due t o the 
disonier in the material ( 1 0-11 ) . The effect is to 
reduce the mobility o f Mg2• ions by increasing the 
activation anergy for the electron flo w needed to 
prese rve e lectr oneutrality . A fur ther factor 
limiting the mobility of a diffusing species in an 
aaorphous material is the absence of preferred diffusion 
paths in grain boundaries. 

Amor,>hous ~0 is, of course , unstable with respect 
to the crystalline mater ial and given time and 
opportunity will transfora~ by nucleation and growth of 
crystals . This, of course , explains the inc \bat ion 
period, since as Figures 5 and 6 show, the onset of 
breakaway oxidation is synchroni sed with the onset o f 
crystallisation . The crystal growth which occurs is 
the progenitor of several e ffects which destroy the 
protection afforded b y the amrphous rna terial, 1. e. : 

( 1 ) 

( 11) 

(111) 

The a~obility of Mg2• ions is incr eased 

Structural defects, e . g . grain boundaries a re 
generated, offer ing preferred diffusion 
paths 

Growth stresses pro1110te mechanical dis
ruption of the original protective film 
leading to irregular growth of subsequent 
oxide, as was in fact observed. 

Oxidation Products Formed on Partially Liquid Metal 

The work described is only part of an extensive 
investigation on the oxidation of aluminum-magnesium 
alloys generally, which will be fully reported 1n due 
coul"Se . In particular, full presentation and 
discussion of the results obtained for metal oxidised in 
the partially liquid state is outside of tbe scope of the 
present paper . Nevertheless, the character of the 
ox idation observed for the alloys in this ccnd1t1on is so 
different from that of the same alloys looben oxidi sed in 
the completely liq uid state that some reference to it is 
essential. 

In the partially liquid state , oxidation was rapid 
from the very early stages . Th is i s explained b y 
evidence of electron diffraction patterns from the 
ox idation products (not illustrated) , which showed that 
th e ~0 was p roduced in and remained in the crystalline 
form. Thus, the initial protection afforoed by a film 



of amrphous ~0, characteri stic of the completely 
liquid metal ..es omitted . A corollary is that no 
proce ss analogecus to the crysta llisation of the 
amorphoos film ..es possible, so that the mass gain/time 
relationship exhibited no early breakaway phenomenon . 

Metal in the partially liquid state contains a 
proportion of solid metal, ..nose ordered lattice 
structure can stiDl.lla te epitaxial nucleation of crystal 
nuclei, thus seeding the oxide growing over the liquid 
fraction , promting instant crystallisat ion. 

Some Implications 

The foregoing discussion illustrates some of the 
difficulties in applying experimental results to the 
task of minimising oxidative losses in industr-ial 
melting oper-ations. 

The present results accord with some well
established pr-inciples, e.g. that the mass of oxide 
formed on liquid metal increases with increasing 
magnesium content, temperature and time of exposur-e. 

It may be u~xpected to assert that the ox ide film 
formed on the clean surface of liquid aluminium
mag~sium alloys is protective, and remains so at low 
temperatur-es for an hoor or two before the onset of very 
r-apid oxidation. Perhaps there is a case for reviewing 
holding and skimming schedules to restrict the make of 
dross. 

Oxidation in the temperature ra~e between t he 
solidus and liquidus temperatures is obvioosly a major 
contributor to the mass of ox ide formed on melting . 
Thi s, of ecorse, is well known from exper-ience and is 
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ccuntered in practice by e . g . submerging scrap to be 
melted beneath the surface of mlten metal. 
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