
3. OXIDATION AND DROSS PROCESSING 

The formation of aluminum oxide and dross is an unavoidable issue in cast house processing. 
It remains one of the most important challenges from economic, quality, and environmental 
perspectives. Thus, we have listed important papers on the fundamentals of oxide formation. We 
also have included papers on dross processing in which the aim is to maximize recovery of metal 
values. 
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OXIDATION OF LIQUID ALUMINUM - MAGNESIUM ALLOYS 

M.P. S i l v a and D . E . J . Talbot 

Department of M a t e r i a l s Technology 

Brune i , The U n i v e r s i t y of West London 

Uxbr idge , Middx. UB8 3PH, England. 

The i s o t h e r m a l o x i d a t i o n of l i q u i d b ina ry aluminum 
a l l o y s w i t h 1-9 w t - ί magnesium was s tud i ed 
t h e r m o g r a v i m e t r i c a l l y f o r t e m p e r a t u r e s in ranges 
ex tend ing from t h e i r s o l i d u s t empera tu res t o 725°C. 
For a l l of t h e s e compos i t i ons , t h e most s t a b l e chemcal 
s p e c i e s i s MgO and t h i s was the o n l y oxide component 
d e t e c t e d by X-ray, EDX and e l e c t r o n d i f f r a c t i o n 
t e c h n i q u e s . The i n i t i a l oxide f i lm formed on the c l e a n 
l i q u i d meta l s u b s t r a t e was amorphous and h i g h l y p r o t e c t -
i v e , r e s t r i c t i n g the o x i d a t i o n r a t e . After an 
i n c u b a t i o n pe r iod of 1-2 h r . , depending on t h e magnesium 
con ten t of the m e t a l , the o x i d a t i o n a c c e l e r a t e d 
a b r u p t l y , an event a s s o l c a t e d with t h e onse t of 
c r y s t a l l i s a t i o n . The e f f e c t s a r e a t t r i b u t e d t o ( i ) 
s t r u c t u r a l c h a r a c t e r i s t i c s of amorphous MgO and ( i i ) 
d i s r u p t i o n of t he o r i g i n a l p r o t e c t i v e oxide f i lm by 
s t r e s s e s induced by t h e growth of c r y s t a l l i n e MgO 
n u c l e a t e d w i t h i n the amorphous l a y e r . With in the 
s o l i d u s / l i q u l d u s t empera tu re r a n g e , t h e o x i d e f i lm was 
c r y s t a l l i n e throughout the o x i d a t i o n p e r i o d and 
o x i d a t i o n was rap id ab i n i t i o . 

INTRODUCTION 

The o x i d a t i o n of l i q u i d aluminum-magnesium a l l o y s 
i s of economic i n t e r e s t because s e l e c t i v e l o s s of 
magnesium occur s dur ing i n d u s t r i a l m e l t i n g o p e r a t i o n s . 

P rev ious i n v e s t i g a t i o n s (1 -5 ) h a v e y i e l d e d r e s u l t s 
which sugges t i n t e r a l i a t h a t the s p i n e l , MgAlgOij, i s a 
normal component of t h e o x i d e formed on aluminum-
magnesium a l l o y s and t h a t i t s format ion a f t e r an 
i n c u b a t i o n pe r iod i s t h e s t i m u l u s f o r breakaway 
o x i d a t i o n which l eads t o the develoment of swol len b l ack 
f i lms ( 2 , 3 ) . The v a l i d i t y o f t h e s e i d e a s i s u n c e r t a i n 
s i n c e they a r e based on r e s u l t s from exper imenta l 
approaches s u b j e c t t o e r r o r from e . g . : 

( i ) The use of the rmograv imet r l c equipment wi th 
i n s u f f i c i e n t s e n s i t i v i t y to i d e n t i f y impor tan t f e a t u r e s 
which might occur e a r l y i n t he o x i d a t i o n p r o c e s s . 

( i i ) Depar ture from t r u l y i s o t h e r m a l c o n d i t i o n s , 
so t h a t the p r o g r e s s of o x i d a t i o n i s cond i t i oned by oxide 
f i lms formed be fo re t h e me ta l i s comple te ly l i q u i d . 

( i i i ) Se r i ous d e p l e t i o n of the nominal magnesium 
con ten t by s e l e c t i v e o x i d a t i o n . 

The purpose of t he p r e s e n t work was t o o b t a i n new 
r e s u l t s us ing s t r i c t l y c o n t r o l l e d expe r imen ta l con -
d i t i o n s t o p rov ide a more secure b a s i s from which t o 
e x t r a c t some of t h e fundamental p r i n c i p l e s which a p p l y . 

EXPERIMENTAL 

Materials 

Alloys with the analyses given Table I were c h i l l -
cas t into moulds 8cm x 8cm x 30cm. Longitudinal 
sections were cut from the ingots, avoiding zones 
susceptible to surface macro-segregation or cen t ra l un-
soundness, and machined to 2cmdiameter bars . The bars 
were heat - t rea ted for 48hr. a t 50-150°C below the 
equilibrium solidus temperatures to disperse micro-
segregation. This provided the stock from which 
samples for the experiments were taken. 

Table I Analyses of Experimental Materials 

Nominal Mg 

1 
3 
5 
7 
9 

Mg 

1.3 
3.1 
5.1 
7.4 
9.3 

Thermogravimetric 

wt 

Fe 

0.004 
0.005 
0.0 06 
0.003 
0.004 

-% 

Si 

0.002 
0.003 
0.003 
0.002 
0.004 

Measurements 

Cu 

0.004 
0.003 
0.005 
0.006 
0.004 

Zn, Ti, Cr 
Mn, Na 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

The thermogravimetrlc measurements were made using 
a Sartorius Model 4410 automatic recording vacuum 
mlcrobalance, with a sens i t iv i ty of ^ g , arranged to 
monitor continuously the mass of a l iquid sample con-
tained in an alumina crucible suspended from the balance 
beam by a s i l i c a filament. The balance beam and the 
suspended crucible and sample were enclosed in a system 
capable of maintaining a high vacuum indef in i te ly , thus 
permitting very precise control of the atmosphere. 
The balance system was provided with access to a mercury 
diffusion vacuum pump capable of reducing the pressure 
to <10~-> Pa and to gas t r a ins to provide any required 
atmosphere. The sample was heated by an external 
furnace. The assembly i s I l l u s t r a t ed schematically in 
Figure 1 . 

Every sample was prepared in the form of a machined 
disc 16mm diameter x 6mm thick . These dimensions were 
chosen so that the sample f i t t e d closely inside the 
crucible when placed f l a t , thereby minimising 
disturbance to the metal during melting. Immediately 
before use, the sample was abraded on 600 grade emery 
paper, etched in 2.5 M sodium hydroxide solution, rinsed 
in water and ethanol and dried. 
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t h a t t h e e f f e c t i v e a r e a o f t h e lower f a c e was 0 .25 of i t s 
geomet r i c a r e a . The a r e a a v a i l a b l e for o x i d a t i o n was 
t h e r e f o r e t a k e n a s π Π .25r + 2 i r r h ) . 

Thermogravimetr ic measurements were made for a l l 
of t h e a l l o y s a t i n t e r v a l s of 25°C a t t e m p e r a t u r e s i n 
r anges ex tend ing from the s o l l d u s t empera tu res t o 725°C 
( 6 ) . The per iod of o x i d a t i o n was l i m i t e d to 2 hours to 
avoid s i g n i f i c a n t l y d e p l e t i n g t he magnesium c o n t e n t 
below t h e nominal compos i t i on . R e p l i c a t e measure-
ments were made f o r s h o r t e r p e r i o d s t o p r o v i d e a 
s y s t e m a t i c s e r i e s of o x i d i s e d s u r f a c e s f o r every a l l o y 
for use in a n a l y s i n g the e v o l u t i o n of t he oxide sys t ems . 

C h a r a c t e r i s a t i o n of Oxida t ion Products 

The e v o l u t i o n of oxide t opog raph i e s was examined by 
scanning e l e c t r o n microscopy of sample s u r f a c e s . 
Flakes of ox ide were de tached from the sample s u r f a c e s 
f o r examinat ion by X-ray d i f f r a c t i o n and by a STEM sys tem 
w i t h e l e c t r o n d i f f r a c t i o n and EDX f a c i l i t i e s t o p rov ide 
phase i d e n t i f i c a t i o n , l o c a l a r e a a n a l y s i s and informa-
t i o n on the c r y s t a l and l a t t i c e s t r u c t u r e s . 

RESULTS 

Figure 1 Thermogravimetric Equipment 

A Sample chamber 
B Microbalance tube 
C Vacuum-tight joint 
D Alumina crucible & sample 
E Silica suspension 

F Thermocouple 
G Radiation shield 
H Furnace 
J Vacuum gauge 
K Manometer 

I Taps 

Sensit ive thermobalances are susceptible to 
i n s t ab i l i t y due to convection currents which cause leas t 
interference if the density of the atmosphere i s low. 
To minimise the effect , the sample was oxidised not in 
a i r 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 9OK. 

In developing a suitable experimental procedure, 
the over-riding considerations were to prevent 
premature oxidation below the t e s t temperature and to 
suppress magnesium evaporation before commencing a 
t e s t . These requirements were met as follows. A 
sample was heated and i t s temperature s tabi l ised a t the 
prescribed value in the helium f rac t ion . The helium 
was 99.999!? pure as ce r t i f i ed by the suppl iers . Before 
admitting i t , the system contianing the sample was 
evacuated to a pressure of <10~-> Pa. The c r i t e r ion to 
proceed was that no change in mass could be detected when 
the sample was held indef ini te ly in helium a t the t e s t 
temperature. Oxidation was i n i t i a t ed by admitting 
the oxygen fract ion to form the mixture. 

The defini t ion of the surface area of the liquid 
sample exposed to oxidation requires some comment. 
After oxidation, the whole of the cyl indr ical surface of 
the sample had re t rac ted away from the s ides of the 
crucible under the influence of surface tension and 
exhibited oxidation products s imilar to those observed 
on the upper c i rcu la r surface. Some lesser oxidation 
occurred on the lower c i rcu la r face, indicating some 
res t r i c ted access of oxygen. At some temperatures in 
the sol idus/ l iquidus range, the samples were 
suff ic ient ly r ig id to permit a comparison between the 
masses of oxide formed in measurements with samples laid 
f l a t in the crucible and in corresponding measurements 
with the sample standing on edge. This established 

For brevi ty , only selected r e s u l t s suff ic ient to 
es tabl ish the essen t ia l features of oxidation are given. 

Figures 2 to 4 give the thermogravimetric r e su l t s 
for a l loys with 3 , 5 and 7% magnesium. The r e s u l t s for 
al loys with 1 and 9% magnesium were broadly s imi lar to 
those for 3 and 7% magnesium respect ively . 

Figures 6 and 7 give TEM micrographs and electron 
diffract ion pat terns for oxides formed on the a l loys 
with 3% and 5% magnesium in the l iquid s t a t e . 

Oxidation of Liquid Metal 

Liquid metal exhibited one of two oxidation modes: 

Mode A: Oxidation diminishing progressively through-
out the whole period, cha rac te r i s t i c of a coherent 
protect ive oxide exercising diffusion control . 

Mode B: Oxidation diminishing a t f i r s t but 
accelerating rapidly a f te r an incubation period, 
charac te r i s t i c of an oxide which i s i n i t i a l l y coherent 
and protect ive but which l a t e r e i ther undergoes 
s t ruc tu ra l change or loses i t s coherency, leading to 
breakaway. 

The alloys with 3% magnesium or less exhibited mode 
A oxidation and the al loys with 5% magnesium or more 
exhibited mode B. Figures 3 and 4 show tha t the 
incubation period diminished for increased temperature 
and for increased magnesium content. 

Oxidation of Pa r t i a l ly Liquid Metal 

For temperatures within the sol idus/ l iquidus 
range, oxidation proceeded rapidly from the beginning 
and no subsequent breakaway was observed, as apparent in 
Figures 2 to 4 . 
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Figure 6 TEM Micrographs and corresponding electron diffraction patterns 
from oxide formed on aluminum - 3% magnesium alloy at 700 C. 
a) and b) after 0.5 hr. c) and d) after 2 hr. 
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Figure 7 TEM Micrographs and corresponding electron diffraction patterns 
from oxide formed on aluminum - 5% magnesium alloy at 650 C. 
a) and b) after 0.5 hr. c) and d) after 2 hr. 
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DISCUSSION 

S t a b i l i t y of Oxida t ion Products 

Ihe s t andard Gibbs f r e e energy of format ion for oxides in 
t h e aluminum-magnesium-oxygen system a r e : 

, - 1 

2Mg(l) + 0 2 ( g ) = 2MgO(s) 

t\Q° = - 1215126 - 2T log T + 225.3 T J m o l - ' (1 ) 

4 /3 A l ( l ) + 0 2 ( g ) = 2 /3 A l 2 0 3 ( s ) 

AG° = - 1130718 - 10.5 T log T + 257 T J mol"1 (2) 

iMg(l ) + A l ( l ) + 0 2 ( g ) = i HgAl 20 4 (s) 

AG° = 1169585 - 8.4T log T + 245.6 T J mol" 1 (3) 

Equa t ions (1) and (2) for MgOand Al20n a r e t h o s e g i v e n b y 
Kubaschewski and Alcock ( 7 ) . Equat ion (3) fo r MgAlgOy 
i s not a v a i l a b l e e x p l i c i t l y and h a s been ob t a ined by 
summing t h e s t a n d a r d e n t h a l p i e s and e n t r o p i e s of t h e 
r e a c t a n t s and p r o d u c t s a l s o g iven by Kubaschewski and 
Alcock ( 7 ) , making t h e r e a s o n a b l e assumpt ion t h a t t h e 
e n t h a l p y and en t ropy of format ion for MgAl20h i s not 
s i g n i f i c a n t l y t e m p e r a t u r e - d e p e n d a n t . 

The r e l a t i v e s t a b i l i t i e s of the oxides as func t ions 
of magnesium c o n t e n t fo r t h e a l l o y s were determined in 
the u s u a l way by comparing the n o t i o n a l e q u i l i b r i u m 
oxygen p r e s s u r e s c a l c u l a t e d us ing Equa t ions (1 ) - ( 3 ) and 
va lues g i v e n by Bhat t and Garg (8) fo r t he a c t i v i t y 
c o e f f i c i e n t s of magnesium and aluminum in t h e l i q u i d 
b ina ry system. Some r e s u l t s of c a l c u l a t i o n s f o r 725°C 
a r e g i v e n a s an example i n Figure 5 . F igure 5 shows 
t h a t fo r magnesium c o n t e n t s above 1 .5 wt-% the most 
s t a b l e o x i d e i s MgO s i n c e i t i s i n e q u i l i b r i u m w i t h t h e 
lowest oxygen p r e s s u r e . For magnesium c o n t e n t s i n the 
range 0.02-1 .5 wt-% t h e most s t a b l e o x i d e i s MgAl20jj. 

Oxidat ion Products Formed on Liquid Metal 

The only oxide found on any of t he ox id i sed samples 
was t h e s t a b l e chemical s p e c i e s MgO. S t r i c t l y , the 
aluminum - 1.3% magnesium a l l o y l i e s j u s t i n s i d e the 
composi t ion range where MgAlgO^ i s t h e thermo-
dynamlcal ly s t a b l e oxide bu t by ana logy wi th t he i r o n -
chromium system, n u c l e a t l o n of t h e complex s p i n e l 
s t r u c t u r e a t the meta l s u r f a c e i s probably d i f f i c u l t 
( 9 ) . The MgO was found in both c r y s t a l l i n e and 
amorphous forms. The i d e n t i t y of the c r y s t a l l i n e form 
was e s t a b l i s h e d by comparing i n t e r p l a n a r spac ings 
de r ived from X-ray d i f f r a c t i o n s p e c t r a w i t h s t andard 
va lue s g iven i n t h e ASTM powder d i f f r a c t i o n data f i l e s 
and by matching e l e c t r o n d i f f r a c t i o n p a t t e r n s wi th 
p a t t e r n s de r ived from known o x i d e s . The amorphous 
form cou ld be i d e n t i f i e d only by r ecou r se to e l emen ta l 
a n a l y s i s us ing t h e STEM/EDX f a c i l i t y . 

Simple c a l c u l a t i o n shows t h a t the ox ide /me ta l 
volume r a t i o fo r t h e format ion of MgO on t h e l i q u i d 
b i n a r y aluminum-magnesium a l l o y s i s c l o s e t o u n i t y , i . e . 
f a v o r a b l e for t h e p roduc t i on of a p r o t e c t i v e f i lm. 

The MgO oxide f i lm was indeed p r o t e c t i v e throughout 
t h e o x i d a t i o n pe r iod f o r t h e l i q u i d a l l o y s e x h i b i t i n g 
mode A o x i d a t i o n and a l s o dur ing the i n i t i a l pe r iod for 
t h e a l l o y s e x h i b i t i n g mode B o x i d a t i o n . I t was 
noteworthy t h a t the MgO was in the amorphous form dur ing 
t h e p e r i o d s when t h e ox ide a f fo rded p r o t e c t i o n bu t 
t ransformed t o the c r y s t a l l i n e form a t t he onse t of a 
breakaway. This i s i l l u s t r a t e d by t h e examples g iven 
in F igu res 6 and 7 which show sequences of TEM 

micrographs and cor respond ing e l e c t r o n d i f f r a c t i o n 
p a t t e r n s t y p i c a l of mode A and mode B o x i d a t i o n 
r e s p e c t i v e l y . For t h e aluminum - 3% magnesium a l l o y , 
which e x h i b i t e d no breakaway, a l l of the e l e c t r o n 
d i f f r a c t i o n p a t t e r n s were composed of c l e a r r i n g s 
c h a r a c t e r i s t i c of an amorphous m a t e r i a l . For the 
aluminum - 5% magnesium a l l o y , t h e p r o g r e s s i v e r e s o l u -
t i o n of the e l e c t r o n d i f f r a c t i o n r i n g s i n t o s p o t s and 
ev idence of a developing g r a i n s t r u c t u r e in t h e 
co r respond ing TEM micrographs mark the onse t of 
c r y s t a l l i s a t i o n , which c o r r e l a t e s with t he breakaway 
ev iden t in F igure 3 . 

I t i s n o t s u r p r i s i n g t h a t t h e i n i t i a l o x i d e formed 
on a c l e an l i q u i d meta l su r f ace should be amorphous, 
s i n c e t h e mobi le random s t r u c t u r e of t h e s u b s t r a t e can 
have no d i r e c t i v e i n f l u e n c e on the s t r u c t u r e forming 
upon i t . Amorphous MgO i s expec ted t o a f f o r d g r e a t e r 
p r o t e c t i o n than i t s c r y s t a l l i n e c o u n t e r p a r t . MgO i s 
an e x t r i n s i c ox ide i n which t h e mobile i o n i c s p e c i e s con -
t r o l l i n g ox ide growth i s Mg . I t i s w e l l known t h a t 
f o r amorphous m a t e r i a l s g e n e r a l l y c h a r g e c a r r i e r s have 
lower m o b i l i t y than i n the co r r e spond ing c r y s t a l l i n e 
m a t e r i a l s because they a r e bound to l o c a l i s e d energy 
s t a t e s which e x i s t w i t h i n the m o b i l i t y gap due t o the 
d i s o r d e r in t h e m a t e r i a l ( 1 0 - 1 1 ) . The e f f e c t i s t o 
reduce the m o b i l i t y of Mg ions by i n c r e a s i n g the 
a c t i v a t i o n anergy fo r t h e e l e c t r o n flow needed t o 
p r e s e r v e e l e c t r o n e u t r a l i t y . A f u r t h e r f a c t o r 
l i m i t i n g t h e m o b i l i t y of a d i f f u s i n g s p e c i e s i n an 
amorphous m a t e r i a l i s the absence of p r e f e r r e d d i f f u s i o n 
pa ths i n g r a i n b o u n d a r i e s . 

Amorphous MgO i s , of c o u r s e , u n s t a b l e wi th r e s p e c t 
to the c r y s t a l l i n e m a t e r i a l and g iven t ime and 
o p p o r t u n i t y w i l l t r an s fo rm by n u c l e a t l o n and growth of 
c r y s t a l s . This , of c o u r s e , e x p l a i n s the i ncuba t i on 
p e r i o d , s i n c e a s F i g u re s 5 and 6 show, t h e onse t of 
breakaway o x i d a t i o n i s synchronised wi th t h e onse t of 
c r y s t a l l i s a t i o n . The c r y s t a l growth which occu r s i s 
the p r o g e n i t o r of s e v e r a l e f f e c t s which d e s t r o y the 
p r o t e c t i o n afforded by t h e amorphous m a t e r i a l , i . e . : 

( i ) The m o b i l i t y of Mg ions i s i n c r e a s e d 

( i i ) S t r u c t u r a l d e f e c t s , e . g . g r a i n b o u n d a r i e s a r e 
g e n e r a t e d , o f f e r i n g p r e f e r r e d d i f f u s i o n 
pa ths 

( i l l ) Growth s t r e s s e s promote mechanical d i s -
r u p t i o n of the o r i g i n a l p r o t e c t i v e f i lm 
l ead ing t o i r r e g u l a r growth of subsequent 
ox ide , as was in f ac t observed . 

Oxidat ion Products Formed on P a r t i a l l y Liquid Metal 

The work d e s c r i b e d i s on ly p a r t of an e x t e n s i v e 
i n v e s t i g a t i o n on t h e o x i d a t i o n of aluminum-magnesium 
a l l o y s g e n e r a l l y , which w i l l be f u l l y r e p o r t e d in due 
c o u r s e . In p a r t i c u l a r , f u l l p r e s e n t a t i o n and 
d i s c u s s i o n of the r e s u l t s ob ta ined for meta l ox id i s ed in 
t h e p a r t i a l l y l i q u i d s t a t e i s o u t s i d e of t h e scope of t he 
p r e s e n t p a p e r . N e v e r t h e l e s s , the c h a r a c t e r of the 
o x i d a t i o n observed fo r t h e a l l o y s i n t h i s c o n d i t i o n i s so 
d i f f e r e n t from t h a t of the same a l l o y s when ox id i sed in 
t h e comple te ly l i q u i d s t a t e t h a t some r e f e r e n c e t o i t i s 
e s s e n t i a l . 

In t h e p a r t i a l l y l i q u i d s t a t e , o x i d a t i o n was r a p i d 
from the ve ry e a r l y s t a g e s . This i s exp la ined by 
ev idence of e l e c t r o n d i f f r a c t i o n p a t t e r n s from the 
o x i d a t i o n product s (not i l l u s t r a t e d ) , which showed t h a t 
t h e MgO was produced in and remained in t h e c r y s t a l l i n e 
form. Thus, the i n i t i a l p r o t e c t i o n a f fo rded by a f i lm 
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of amorphous MgO, charac te r i s t i c of the completely 
l iquid metal was omitted. A corollary i s that no 
process analogeous to the c rys t a l l i s a t ion of the 
amorphous film was possible , so that the mass gain/time 
rela t ionship exhibited no early breakaway phenomenon. 

Metal in the p a r t i a l l y liquid s ta te contains a 
proportion of solid metal, whose ordered l a t t i c e 
structure can stimulate epi taxia l nucleation of c rys ta l 
nuclei , thus seeding the oxide growing over the liquid 
fract ion, promoting ins tant c r y s t a l l i s a t i o n . 

Some Implications 

The foregoing discussion i l l u s t r a t e s some of the 
d i f f i c u l t i e s in applying experimental r e su l t s to the 
task of minimising oxidative losses in indus t r ia l 
melting operations. 

The present r e s u l t s accord with some well-
established pr inc ip les , e.g. that the mass of oxide 
formed on liquid metal increases with increasing 
magnesium content, temperature and time of exposure. 

It may be unexpected to asser t tha t the oxide film 
formed on the clean surface of l iquid aluminium-
magnesium alloys i s protec t ive , and remains so at low 
temperatures for an hour or two before the onset of very 
rapid oxidation. Perhaps there is a case for reviewing 
holding and skimming schedules to r e s t r i c t the make of 
dross. 

Oxidation in the temperature range between the 
solidus and liquidus temperatures i s obviously a major 
contributor to the mass of oxide formed on melting. 
This, of course, i s well known from experience and is 

countered in prac t ice by e.g. submerging scrap to be 
melted beneath the surface of molten metal. 
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