
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  24 ( 1 9 8 9 )  2 3 6 9 - 2 3 7 9  

Corrosion inhibition in 
magnesium-aluminium-based alloys induced 
by rapid solidification processing 

F. H E H M A N N ,  F. S O M M E R  
Max-Planck-lnstitut fi~r Metallforschung, Institut f ik Werkstoffwissenschaften, Seestrasse 75, 
D-7000 Stuttgart, West Germany 

H. JONES,  R. G. J. EDYVEAN 
School of Materials, University of Sheffield, Mappin Street, Sheffield S 1 3JD, UK 

The effect of rapid solidification on the corrosion behaviour in aerated 0.001 M NaCI solution 
of Mg-AI alloys containing 9.6 to 23.4wt% AI has been investigated in comparison with chill- 
cast material. Polarization studies show that rapid solidification decreases corrosion current 
by up to two orders of magnitude corresponding to a corrosion rate of 6 to 11 mily -1. Increas- 
ing the aluminium content in solid solution by rapid solidification gave rise to a steep increase 
in pitting potential between 10 and 2 3 w t %  AI and resulted in development of an anodic 
plateau at ~ 30#Acm -2 attributable to magnesium depletion for the alloy surface and for- 
mation of a protective film. Chemical analysis of the electrolyte as a function of dissolution 
time for the rapidly solidified material indicated that initially only magnesium dissolved and 
that this dissolution of magnesium ceased within 2 to 5 min. The results indicate the formation 
of an aluminium-enriched interdiffusion zone at the surface underlying a more stable surface 
oxide than for ingot-processed Mg-AI-based alloys. 

1. I n t r o d u c t i o n  
Although magnesium and aluminium have similar 
negative galvanic potentials, aluminium readily 
exhibits corrosion resistance as a result of the for- 
mation of a self-healing passive alumina-based protec- 
tive film [1]. Magnesium and its alloys in contrast 
tend to form an Mg(OH)2 or derived film that is 
nonprotective in environments containing anions such 
as C1 , CO~ or SO] giving pH values less than 10, 
as for example under common atmospheric con- 
ditions [1-4]. Rapid solidification processing offers 
the opportunity to extend solid solubility, produce 
novel phases and refine and homogenize microstruc- 
ture, all of  which could contribute towards formation 
of  protective surface films and elimination of  micro- 
galvanic effects [5]. This has been demonstrated [6-8] 
in recent work by Allied Signal in which extended 
alloying made possible by rapid solidification pro- 
cessing was reported to result in exceptionally 
low corrosion rates in 3 w t %  NaC1 solution (e.g. 
11 rail y - J ( ~  279/~m y-  ~ ) for extrusions of  melt-spun 
Mg-5 wt % A1-7 wt % Y-5 wt % Zn compared with 
,-~ 63 mily -~ ( ~  1600#my -~) for the most corrosion 
resistant ingot-processed magnesium alloy AZ91 
HP = Mg-9 wt % AI-1 wt % Zn). 

The present work forms part of  a systematic investi- 
gation of the effect of  rapid solidification on the 
corrosion behaviour of  magnesium alloys containing 
selected binary additions. A previous paper has des- 
cribed the effect of  representative additions to mag- 

nesium of aluminium, manganese, yttrium and selected 
lanthanides on the corrosion behaviour of melt-spun 
and splat-cooled samples in chloride-free and chloride- 
doped aqueous environments [9]. The present paper 
reports more detailed investigations for Mg-A1 alloys 
over a wide range of composition (9.6 to 62.3 wt % A1) 
in the chill-cast, splat-cooled and melt-spun conditions. 

2. Experimental procedure 
Mg-A1 alloys containing 9.6, 16.0, 17.6, 19.4, 23.4 and 
62.3 wt % AI were made from magnesium of  two dif- 
ferent purities (99.95wt% Mg with 0.032 _ 
0.003wt % Fe, 0.004 i 0.002wt % Mn, < 0 . 0 1 w t %  
Si, < 0 . 0 0 5 w t %  A1 and <0 .0 0 0 5 w t% Cu and 
99 .5wt% Mg with 0.12 4- 0 .02wt% Si, 0.072 ± 
0 .015wt% A1, 0.014 -t- 0 .005wt% Fe, 0.005 + 
0 .001wt% Mn and <0 .0005wt% Cu) and alu- 
minium of 99.999wt % purity. Melting was carried 
out under argon in MgO crucibles to produce chill- 
cast slabs of thickness 7mm. Piston-and-anvil splat 
cooling was performed in an argon atmosphere; melt 
spinning was done in a helium atmosphere. Splat 
quenching gave specimens of thickness 110 to 130 #m. 
For  melt spinning, a copper wheel 300 mm in diameter 
and surface finish 1 #m was used. By employing a 
wheel speed of 4200 r.p.m., a crucible gas pressure of 
250 mbar, a crucible nozzle of  ~ 1.0 ram, a distance 
between nozzle and wheel of 2.25 mm and an angle 
between crucible and off-centre line of 3 ° , the resulting 
ribbons were ~ 30gm thick and 1.8 to 2.0ram wide. 
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Two methods of electrochemical characterization 
were employed: 

1. potentiodynamic polarization using sweep rates 
of 2 or 6mVsec -~ in the range of - 3 V  to + 3 V  
with respect to the free corrosion potential of the alloy 
concerned; 

2. potentiostatic anodic polarization in conjunction 
with chemical analysis of the electrolyte as a function 
of time of electrolysis. 

The experimental conditions employed for poten- 
tiodynamic polarization are summarized in Table I. 
The long cathodic sweep as applied particularly to 
heat-treated samples or to samples that had been 
exposed to normal atmosphere for several months was 
aimed at removing surface films prior to the electrolysis. 
Aerated 0.001 M NaC1 aqueous solution gave an effec- 
tive pH value of 4.9 + 0.1 (allowing the formation of 
passive alumina-based surface films) and distilled 
water gave an effective pH-value of 5.8 _+ 0.2, owing 
to the presence of C1- ions and/or CO2, 02 and other 
species picked up from the atmosphere. The acidity of 
the electrolyte plus the presence of C1 , 02 and other 
anions should have ensured that any anodic polariz- 
ation observed did not stem from the films formed in 
humid air, but from enhanced alloying by rapid solidi- 
fication processing (RSP). Under these conditions the 
anodic dissolution was not inhibited and started spon- 
taneously for all alloys investigated. Subsequent polar- 
ization effects where observed increased with increasing 
sweep rate. The long anodic sweep should verify any 
possibility of novel surface films with a protective 
character. Because the degree of microstructural and 
chemical refinement and of quenched-in vacancies and 
other defects affects both pitting and corrosion poten- 
tials, the effect of RSP on the corrodability of a given 
alloy is better accounted for by the differences between 
pitting and corrosion potential, which is called 
"anodic polarization" in this paper, rather than by 
the absolute values of the pitting potentials. After 
completion of the first scan the pH value of the elec- 
trolyte of volume 200 ml amounted to ~ 8.0, after the 
second to ~9.6. During the potentiodynamic and 
potentiostatic scans the electrolyte was stirred with a 
plastic-coated magnetic stirring bar. The cell design 
consisted of a standard calomel reference electrode 
fitted into a potassium chloride saturated agar Haber- 
Luggin capillary salt bridge. In order to ensure a 
reproducible and undisturbed cell current the orifice 
of the Haber-Luggin capillary was adjusted to the 
centre of the sample and the distance between the 
orifice and the sample did not exceed 1 mm. Repro- 

ducibility of the experiments was achieved by employ- 
ing a fixed surface geometry of small surface area. The 
actual surface area of the samples ranged from 0.6 to 
1.0 cm 2 . A cylindrical platinum grid of 50 mesh and of 
internal diameter 45 mm was used as the auxiliary 
electrode. The experiments were performed by using a 
software controlled "Autostat" manufactured by 
Thomson Electrochem. Ltd. Samples were cleaned 
with alcohol and dilute acid and those surfaces not to 
be investigated were then treated with "lacomit". 
In order to ensure a good bond between metal and 
lacomit coating the lacomit was left at room tem- 
perature for at least 24 h so as to dry out completely. 
Chemical analysis of the electrolyte was done by flame 
(for magnesium) and flameless (aluminium) atomic 
absorption analysis. 

3. Results 
3.1. Microstructures 
Fig. 1 shows representative optical microstructure of 
the samples investigated. Splat samples were taken 
from the central portion of the piston-and-anvil 
splats. The Mg-9.6 wt % A1 splat investigated showed 
essentially a rosetted two-phase microstructure between 
columnar chill zones of width 15 to 20~tm (Fig. la). 
The Mg-16.0 wt % A1 splats were characterized by a 
featureless chill zone of thickness ~ 40/~m at the 
side of second impact of the piston succeeded by 
a columnar-dendritic zone and then by an equiaxed 
two-phase microstructure (Figs lb,c). The Mg-A1 
alloy ribbons exhibited essentially featureless col- 
umnar growth over the entire cross-section of thick- 
ness 25 to 30#m (Figs ld to f). Only the ribbon 
with 17.6wt % A1 occasionally showed some micro- 
cellular microstructure at the wheel off-side of the 
ribbon (Fig. ld). Transmission electron microscopy 
on ~ 30/~m thick ribbon samples containing 21.6 at % 
A1 showed an essentially single-phase solidification 
structure with intragranular microcells of size 0.01 to 
0.40#m. After 7mon room temperature ageing, an 
ordered coherent phase of size ~ 5 nm and of unknown 
composition was observed in Mg-21.6 at % A1 ribbon 
preferentially occurring at low-angle boundaries 
(Fig. lf) [10]. The corrosion studies on the ribbons 
(splats) have been performed after 2 to 2.5 (9) mon 
room-temperature ageing. The microstructure of the 
chill-cast slabs consisted of e-dendrites with a volume 
fraction of interdendritic eutectic network that 
increased with increasing aluminium concentration 
(Figs lh to k). Chill-cast Mg-62.3 wt % A1 was virtually 
single-phase (/~-A18MgJ with some interdendritic 
eutectic (Fig. lg). 

,TA B L E I Conditions employed for potentiodynamic polarization on splat-cooled, melt-spun and chill-cast Mg-A1 alloys and extrusions 

of  Mg AI -Zn -Y  (Allied) 

Electrolyte (200 ml) 
Temperature of  electrolyte (° C) 
Sweep range (V) 
Sweep rate (mV sec- ' ) 

Surface conditions: 
splats 
ribbons 
chill-cast material and extrusions 

aerated pH = 4.9 _+ 0.1/0.001 M NaC1 aqueous solution 
20 + 2  
from -- 3 to + 3 V with respect to the free corrosion potential 

ribbons: 6 
splats: 2(from - 3 to - 1 V), extrusions: 6 

as-splatted on I000 grit finished Cu- l . 5  wt % Be 
as-spun on 1 #m finished copper wheel 
1 #m polished surface 
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Figure 1 Representative microstructures of transverse sections of 
single-phase and two-phase Mg-AI alloys, optical, if not indicated 
otherwise, with concentration in wt %. Chemically etched in 0.1 
nital. (a) Piston-and-anvil splat with 9.6A1, x 340. (b) Piston-and- 
anvil splat with 16.0A1, SEM, x 640. (c) Magnified section of 
single-phase chill zone of (b), SEM, x 6800. (d) As-spun ribbon 
with 17.6A1, x 700. (e) As-spun ribbon with 23.4A1, x 700. (f) as 
(e), here in transgranular microcelts, TEM, x 42 000. (g) Chill-cast 
stab with 62.3 AI, x 638. (h) Chill-cast slab with 9.6 AI, x 660. (i) 
Chill-cast slab with 17.6A1, x 660. (j) Chill-cast slab with 19.4A1, 
x 660. (k) Chill-cast slab with 23.4 AI, x 660. (a, b) Side of second 
impact down with chill zone of between 15 to 40~m. The splats 
displayed a small second chill zone on the side of first impact of the 
pistons (top). (d, e) Recalesced chill-side down. 

3.2. Potentiodynamic polarization behaviour 
The results of  electrochemical tests are summarized in 
Table II. 

3.2. 1. Effect of rapid sofidification 
Fig. 2 shows the improved corrosion behaviour  of 

the recalesced chill-zone of an M g - 9 . 6 w t  % A1 splat 
compared  with the corresponding chill-cast material.  
The reduct ion in corrosion current  amoun t s  to 

approximately one order of magni tude.  This improve-  
ment  increases to two orders of  magni tude  for the 

r ibbons  with 17.6 and  more wt % A1 (Fig. 3). The free 
corrosion potent ial  of  the rapidly solidified compared  
to the chill-cast material  decreased by ~ 3 0 0  to 
~ 6 0 0 m V  (see Table II). It is interesting to note 
the frequent  observat ion that  the free surface of 
the r ibbons  showed higher pi t t ing potentials  than 

the corresponding wheel-on side while at low anodic 
polar izat ion the anodic  dissolution and  hence the 
corrosion current  was stronger for the free than  for the 
chill side (see Table  II and  Fig. 4). 
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Figure 1 Continued. 

3.2.2. Effect of aluminium content 
An increase in alloying content from 9.6 to 23.4wt % 
A1 in the recalesced chill-zone of rapidly solidified 
samples gave a decrease in corrosion current of about 
two orders of magnitude and an increase in anodic 

p o l a r i z a t i o n  a t  ~ 1 m A  c m  2 o f  900 m V  (Fig .  5). T h e  

i n c r e a s e  in  a n o d i c  p o l a r i z a t i o n  w i t h  i n c r e a s i n g  a lu-  

m i n i u m  c o n c e n t r a t i o n  b e c a m e  e v e n  m o r e  e v i d e n t  fo r  

t h e  f ree  su r face .  T h e  M g - 2 3 . 4  w t  % A1 r i b b o n  devel -  

o p e d  a n  a n o d i c  p l a t e a u  a t  ~ 30 /~A c m  -2 a n d  t h e  cu r -  

r e n t  d en s i t y  o f  1 m A c m  -2 w as  r e a c h e d  first  a t  1700 m V  

a n o d i c  p o l a r i z a t i o n  (Fig .  6). A t  t h e  f ree  s u r f a c e  o f  t h e  

r i b b o n  t h e  a n o d i c  p o l a r i z a t i o n  i n c r e a s e d  s t e a d i l y  w i t h  

a l u m i n i u m  c o n c e n t r a t i o n  (Fig .  6), w h e r e a s  t h e  chi l l  

s ide o f  the  r i b b o n  d id  n o t  s h o w  s u c h  a c lea r  r e l a t i o n s h i p  

(see T a b l e  II) .  Ch i l l - cas t  M g - 6 2 . 3  wt  % A1 (see Fig,  lg) ,  

f inal ly ,  d i s p l a y e d  a p i t t i n g  p o t e n t i a l  o f  + 2 5 0 0 m V  

r e s u l t i n g  in  a l a rge  a n o d i c  p l a t e a u  a n d  a n  a n o d i c  

p o l a r i z a t i o n  o f  3200 m V ,  wh i l e  t h e  c o r r o s i o n  c u r r e n t  

TAB L E I1 Results from potentiodynamic polarization of Mg-A1 alloys in aerated pH = 4.9 _+ 0.l 0.001 M NaC1 aqueous solution 
using a sweep rate of 6 mV sec 

Alloy Chill-cast material ( ~  103 K sec 1) 
concentration 
(wt%) [ ;A  cm_2) W E c ~z 

(rail y-~) (V) 

Rapidly solidified material ( ~  105 to > 106K sec -1 ) 

Recalesced chill-zone Two-phase or free surface 

Ic W Ec ~ Ic W Ec 
(pAcm 2) (mily-l)  (V) (#Acm -2) (mily -1) (V) 

Piston-and-anvil splats 
9.6 2900 2610 -0 .45  0.18 100-200 89.0-198 -0 .8  0.26 950 855 -0 .8  0.02 

16.0 1000 900 -0 .35  - 9.0-13.0 8.1-11.7 --1.3 0.50 270 243 -0 .45 0.30 
Melt-spun ribbon 
17.6 250-950 225-855 - 0 . 7  0.03 12.0 10.8 - 1.2 1.61 24-40 21:6-36.0 - 1.3 0.74 
19.4 580 522 -0 .65  0,61 8.0 7.20 -0 .8  0.96 35 31.5 - 1.25 1.00 
23.4 480-670 432-603 - 0 . 7  0,14 6.5 5.85 - 1.1 1.02 28 25.2 - 1.3 1.70 
62.5 80 72 - 1.2 3,20 

I~: corrosion current. 
A(gmol -1 ) 10(mA cm -2) 103 mil 

W: annual corrosion rate (1 mil = 10 .3 in. W = 
zF(mA sec tool- 1 ) (gcm- 3) t 2.54 cm 

where t = 31.536 x 106 secy ~, z = valency of dissolving component (Mg = 2), A = atomic weight of dissolving component, 0 = 
density of dissolving component, I c = corrosion current observed, F = Faraday's constant. 
E~: corrosion potential. 
7z: anodic polarization = corrosion potential minus pitting potential here at a current density of 1 mAcm -2. 
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Figure 2 Potentiodynamic polarization against corrosion current in 
aerated 0.001M NaC1 aqueous solution of pH = 4.9 _+ 0.1 at 
20 _+ 2°C using a sweep rate of 6mVsec ~ for chill zone (second 
impact) of as-splatted Mg-9.6 wt % AI piston-and-anvil splat and 
of chill-cast Mg-9.6wt % A1. SCE: standard calomel electrode. 

did not reduce compared to the ribbons (Table II). 
The corrosion current and the anodic polarization of 
the coarsely segregated chill-cast magnesium-based 
samples with 9.6 to 23.4wt% A1 was found to be 
independent of aluminium concentration (Table II). 

3.2.3. Further observations 
Fig. 7 shows scans 1 and 2 on the wheel-on side of 
as-spun Mg-23.4wt% A1. Because the pH value 
during scan 1 changed from 4.9 to ~ 8 and during scan 
2 from ~ 8 to 9.6, the reduced anodic current density 
indicated by the hatched area may stem from both the 
depletion of magnesium from the surface and the pH 
value of 8 to 9.6 making the electrolyte less aggressive. 

Three basic observations were made during poten- 
tiodynamic polarization, however, which support the 
depletion hypothesis. 

1. The difference in current density between scans 
1 and 2 decreased with increasing aluminium concen- 
tration for a given microstructure and sample area. 

2. The difference between scans 1 and 2 increased 

On Off 
- 3 i t , i  i,~J 

0 i 2 3 L 5 

CURRENT DENSITY (log #A cr~ 2) 

Figure 4 Potentiodynamic polarization of the wheei-on and the 
wheel-off side of as-spun Mg-23.4 wt % A1 and of chill-cast Mg- 
23.4wt % A1. Experimental conditions as for Fig. 2. 

with increasing homogeneity as indicated by the 
microstructure for a given concentration. 

3. Scan 2 of the ribbon increasingly resembled scan 
1 of chill-cast Mg-62.3wt % A1 the higher the alu- 
minium concentration. 

Fig. 8 shows the polarization curve for a sample of 
as-extruded PM-Mg-5 wt % AI-5 wt % Zn-7 wt % Y 
supplied by Allied and for as-spun Mg-23.4 wt % A1. 
It indicates no significant difference in corrosion 
behaviour, i.e. corrosion current, anodic polarization 
and the overall shape of the potentiodynamic curve, 
between these two materials. Although the alloys do 
not show true passivation, anodic polarization was 
observed with steadily increasing current density, the 
corresponding Tafel-slope (de)/d(log I) being ~ 0.5. 
It is notable that 23.4wt% A1 confers the same 
improvement in corrosion resistance of magnesium 
under conditions of rapid solidifications as the three 
solutes do in extrusions of rapidly solidified Mg-5A1- 
5Zn-7Y (wt %). Beyond the pitting potential, the rib- 
bon developed an apparently uniform tarnish, while 
the Allied material showed local pitting. Samples of 
extrusions of rapidly solidified Mg-5A1-2Zn-lNd 
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Figure 3 Potentiodynamic polarization of the wheel-on side of Mg- 
17.6 wt % AI ribbon and of the corresponding chill-cast material. 
Experimental conditions as for Fig. 2. 
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Figure 5 Potentiodynamic polarization of the chill zones of as- 
splatted Mg-9.6wt % A1 piston-and-anvil splat and of as-spun 
Mg-23.4wt % A1 ribbon. Experimental conditions as for Fig. 2. 
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Figure 6 .Potentiodynamic polarization of the chill zone of as- 
splatted Mg-9.6wt % AI, of the wheel-off side Gf as-spun Mg-A1 
ribbon containing 17.6, 19.4 and 23.4wt% AI and of chill-cast 
62.3wt% AI showing increasing anodic polarization (pitting 
potential) with increasing aluminium content. Experimental con- 
ditions as for Fig. 2. 

supplied by Allied, exhibited higher corrosion currents 
and lower pitting potential than their Mg-5A1-7Y-5Zn 
(wt %). 

3.3. Potentiostat ic polarization behaviour 
Potentiostatic sweeps were employed to allow measure- 
ment of the rate of dissolution of magnesium and 
aluminium from as-spun and chill-cast Mg-A1 alloys 
by chemical analysis of the electrolyte as a function of 
dissolution. Fig. 9 shows current density plotted against 
potentiostatic polarization time for Mg-23.4 at % AI 
ribbon and corresponding chill-cast material anodically 
polarized at + 150 inV. After rapid initial dissolution 
the current decreases to an unsteady low current den- 
sity regime between 4 and 10 min followed by a second 
peak and they by a second low current density regime 
before the immersed part of the ribbon broke off after 
16 rain 20 sec due to aerated cells along the line where 
the uncoated surface of the ribbon passes through the 
electrolyte/air interface. In contrast, the chill-cast 
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Figure 7 Scans l and 2 of potentiodynamic polarization of the 
wheel-off side of as-spun Mg-23.4 wt % A1 ribbon reflecting deple- 
tion of the ribbon surface of magnesium atoms. Experimental con- 
ditions as for Fig. 2. 
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Figure 8 Potentiodynamic polarization of as-spun Mg-23.4 wt % AI 
ribbon and of Allied as-extruded Mg-5 AI-5 Zn-7 Y (wt %) and 
showing similar corrosion behaviour. Experimental conditions as 
for Fig. 2. 

Mg-23.4wt % A1 alloy showed essentially constant 
current density in the high current density regime over 
the entire 30min of electrolysis. 

3.3. 1. Magnesium dissolution 
The sudden increase in current density of the ribbon 
after ~ 1 and 10rain electrolysis time (Fig. 9) corre- 
sponds to the two increases in magnesium dissolution 
from the ribbon shown in Fig. 10a, while the constant 
current density for the chill-cast material corresponds 
to the constant magnesium dissolution rate shown in 
Fig. 10a. The difference between chill-cast and rapidly 
solidified material became more obvious when apply- 
ing an anodic polarization of 1900mV (Fig. 10b). 
Figs 1 l a and b summarize the results of magnesium 
analysis of the electrolytes for as-spun and chill-cast 
Mg-23.4wt % A1 alloy as a function of duration of 
anodic polarization. Whilst all ribbon samples exhi- 
bited initially an exponential decrease in dissolution 
rate followed by a virtual cessation of magnesium 
dissolution after ~ 5 min polarization, the chill-cast 
samples showed continuous and up to one order of 
magnitude higher dissolution rates for magnesium. 
The virtual stopping of magnesium dissolution after 

5 rain was relatively independent of the potential 
employed. The surface of the rapidly solidified Mg-Al 
samples remained untarnished during the time of 
inactive magnesium dissolution, while the chill-cast 
material built up a greyish, salt-like layer at polariz- 
ations >~ 150 inV. Piston-and anvil splats containing 
16.0 wt % A1 were inactive when anodically polarized 
at 150 mV, but they showed essentially the same behav- 
iour as chill-cast Mg-23.4 wt % A1 when polarized at 
300 or 400mV (Fig. 12). 

3.3.2. Aluminium disso/ution 
During the first 10min electrolysis of as-spun Mg- 
23.4 wt % A1 polarized at ~ 1900 mV, the aluminium 
content of the electrolyte did not change detectably. 
Above 30 rain, i.e. when the second increase in mag- 
nesium concentration was observed (see Fig. lla), 
the aluminium content of the electrolyte increased 
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Figure 9 Current density plotted against potentiostatic 
polarization time of ( I )  chill-cast and (e )  melt-spun 
Mg-23.4 wt % A1 anodically polarized at 150 mV above 
the free corrosion potential. After 16 : 20rain the lower 
part  of  the r ibbon broke off due to aerated cells causing 
localized pitting at the electrolyte/air interface at the 
uncoated metallic surface of the sample. ( -  - -)  Possible 
I = fn(t) -I/2 relationship (see Equation 3). Further  
experimental conditions as for Fig. 2. 

significantly. The macroscopic aluminium loss from 
the sample was estimated to increase from 0.3 #g cm -2 
after 1 min electrolysis to ~ 20 #m cm -2 after 30 min 
anodic polarization. In contrast to the rapidly solidi- 
fied alloys, the aluminium content of  the electrolyte 
for chill-cast Mg-23.4 wt % A1 amounted to 22 #g cm -2 
after l min anodic polarization. Above I min elec- 
trolysis, the aluminium content scattered between 35 
and 150 #g cm -2 without showing any trend. This may 
indicate major re-deposition of aluminium atoms on 
the surface by participating in the formation of the 
salt-like layer observed. 

3.3.3. Selectivity 
After 1 min anodic polarization at ~ 1900mV with 
respect to the free corrosion potential, the dissolution 
rates, dc/dt, of  the Mg-23.4wt % AI alloy amounted 
to 613#gcm-2min ~ Mg and ~ 2 0 # g c m  2min-~ A1 
for the chill-cast material; 49 #g cm-2 min-'~ Mg and 
~ 0 . 3 # g c m - 2 m i n  -! A1 for the as-spun ribbon. Note 
that the concentration of Mg 2+ and A13+ ions in the 
electrolyte did not significantly change between 1 and 
30 min potentiostatic electrolysis of the Mg-23.4 wt % 
A1 ribbon. The mole ratio of magnesium-to-atuminium 
dissolution after 1 min was 31:1 for the chill-cast 
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Figure 10 Magnesium dissolution rate of ( I )  chill-cast and (e )  as-spun Mg-23.4 wt % A1 anodically polarized at (a) 150 mV and (b) 1900 mV 
above the free corrosion potential. Further  experimental conditions as for Fig. 2. 
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material and 185 : 1 for the ribbon. The corresponding 
selectivity coefficient [11], 

z -- (dc/dt)MgXAl (1) 

(dc/dt)AlXMg 

where dc/dt is the change of the electrolyte with time 
and x is the concentration of the components in the 
alloy (at %), after 1 min anodic polarization increased 
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Figure 12 Dissolution rate of  magnesium from chill zone of 
Mg-16 .0wt% AI piston-and-anvil splat polarized as indicated 
above the free corrosion potential. Further experimental conditions 
as for Fig. 2. 
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from 8.6 for the chill-cast material to 51 for the 
ribbon. 

4. Discussion 
4.1. Suppressed microgalvanic couples 

compared to vacancy-enhanced 
corrosion 

The observation that the corrosion behaviour of the 
coarsely segregated chill-cast material is independent 
of aluminium concentration (Table II) confirms pre- 
vious work in which corr£sion of Mg-Al-based alloys 
was reported to occur predominantly by galvanic 
action between the magnesium matrix and MglTAll2 
precipitates [2, 10]. Therefore, the decrease in the 
anodic corrosion before pitting (or breakthrough) 
obtained by rapid solidification is partly due to the 
suppression of MglTA112 segregates or Mg~vAl~2- 
containing eutectic in the rapidly solidified alloys. This 
eliminates the operation of microgalvanic coupling 
between the two phases. Despite the enoblement of the 
matrix due to the increase in the number of micro- 
cathodic inclusions via the extension of the solid 
solution of aluminium in magnesium (compare [13]), 
however, the rapidly solidified material showed lower 
free corrosion potentials than the chill-cast material. 
This observation might result from a high quenched- 
in vacancy concentration (see Section 4.3) due to rapid 
solidification and due to extended solubility decreasing 
greatly the mobility of the atoms with increasing dis- 
tance from the chill block. Together with impurities at 
the wheel on-side picked up from the rotating chill 
block, a lower diffusivity might also have underlaid 
the higher pitting potential frequently observed for 
the wheel-off compared to the wheel-on side of the 
ribbons. Further at low anodic polarization the higher 



current densities of the wheel-off side might stem from 
increased volume fraction of products of microsegre- 
gation compared to the chill side of corresponding 
samples. 

4.2. Formation of a protective surface 
The absence of Mg:7All2 precipitates alone does not 
account for the entire improvement obtained by RSP. 
Fig. 13 shows the values of the pitting potential at 
which the anodic current density exceeds 1 mA cm z 
for homogeneous Mg-A1 solid solutions as a function 
of aluminium concentration. The pitting potential 
increases steeply with increasing aluminium content 
above ~ 10 at %, i.e. in the range where extended solid 
solutions of aluminium in magnesium can be obtained 
by rapid solidication, reaching a plateau in pitting 
potential above ~ 30 at % A1. The interpolation 
between the values for/~-A18 Mg5 and pure aluminium 
is based on the work by Mazurkiewicz [14] who found 
that A18Mg 5 behaves in even more aggressive pH = 
6.2/1 M NaC1 deaerated aqueous solution essentially 
like pure aluminium after depletion with magnesium 
from the A18Mg5 surface. The relationship in Fig. 13, 
the increase in selectivity and the virtual cessation of 
macroscopic aluminium dissolution for rapidly solidi- 
fied Mg-23.4 wt % A1 ribbon altogether give evidence 
for the formation of an aluminium-enriched pro- 
tective surface layer by depletion with magnesium. 
There has been considerable controversy in the litera- 
ture whether selective dissolution leads to an homo- 
geneous interdiffusion zone and, moreover, it is as yet 
totally unexplored whether a depleted, most often 
sponge-1}ke surface zone gives rise to an even more 
protective layer under conditions allowing for oxi- 
dation and passivation of the remaining surface com- 
ponents. A magnesium dealloyed surface layer has 
been found after selective dissolution of magnesium 
from Mg-Cd alloys with 50 to 93 at % Cd leading 
to a porous crystalline layer of metallic cadmium 
becoming protective for alloys with 1>93at% Cd 
[15]. As for Fig. 13, a monotonic increase in pitting 
potential was also found in the concentration range 
between 10 and 35 to 45 at % Au for homogeneous 
Cu-Au and Ag-Au solid solutions when exposed to 
electrolytes in which pure gold forms a self-healing 
passive oxide surface film, while alloys with even 
higher gold concentrations showed the same break- 
through potential as does pure gold [16-18]. More 
recent work has shown that selective dissolution in 
low-melting In-Sn alloy generates a homogeneous 
interdiffusion zone of thickness ~< 50 ~tm [19], while in 
high-melting alloys such as Cu-Pd the depleted surface 
zone consists of microscopic tunnels [20] (compare 
also with [21]) into which the passivating oxide (as for 
Ag-Au alloys [22]) grows. The high mobility of the 
atoms in the present Mg-A1 alloys investigated as 
evident from very low activation energies for trans- 
formation of the extended solid solution of 23.4 wt % 
A1 in Mg [10] (,-~ 90 kJ mol-:,  i.e. ~ 45 kJ mol-~ lower 
than for the value obtained by linear interpolation of 
the values for tracer diffusion of the pure components 
[23]) together with the increased microstructural refine- 
ment by rapid solidification indicates the formation of 
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Figure 13 Pitting potential at a current density of ! m A c m - :  for 
homogeneous solid solutions in the system Mg-A1 in aerated 
pH = 4.9 _+ 0.1/0.001 M NaC1 aqueous solution using a sweep rate 
of 6 mV sec -~ . (O, n)  Rapidly solidified materials, (o,  III) chill-cast 
material. The breakthrough potential of pure aluminium ( I )  was 
estimated by using the values given by Kaiser [11]. Area I represents 
fast selective corrosion (pitting), area II slow selective corrosion 
controlled by vacancy-enhanced bulk-diffusion, and area III virtual 
passivity as a result of  the corrosion characteristics o f  pure alu- 
minium. The hatched area indicates the concentration above which 
initially homogeneous Mg-A1 alloy solid solutions may behave as 
pure aluminium. (o)  Piston-and-anvil splat, side of second impact 
of piston. ([]) Free surface of melt-spun ribbon (see text). 

a homogeneously depleted, aluminium-enriched under- 
layer increasing the stability of the oxide overlayer. 
The possible surface films (including pure alumina, 
mixed spinels such as MgA1204 [24] or a complex 
oxide-hydroxide (compare with [1]) in which alu- 
minium is accumulated [25]) seem to be semi-permeable 
due to the relatively high current density observed 
during anodic polarization. This was not forthcoming 
from corresponding previous work [6-8]. 

4.3. Stability of the protective film 
There was macroscopically no significant aluminium- 
dissolution in the early stages of corrosion, therefore 
the selective dissolution of magnesium from the ribbon 
containing 23.4 wt % A1 appears to be related to vol- 
ume diffusion rather than to other mechanisms sug- 
gested in the literature [18, 26, 27]. As found by Picker- 
ing and Wagner [28] and then by Pchelnikov et  al. [29], 
selective dissolution by volume diffusion through a 
solid surface layer gives a linear relationship between 
current density,/, under potentiostatic conditions and 
t:/2(t = polarization time) in the very early stages of 
dealloying. The supply of the surface with atoms from 
the interior by one-dimensional, i.e. diffusion flux, j, 
perpendicular to the surface, is determined by [28] 

x° 2(1 D 1/2 
j = -~ - -  xO)t (2) 

where x ° is the initial molar fraction of the less noble 
component, V the molar volume of the alloy, D the 
interdiffusion coefficient, and t the time of potentio- 
static electrolysis. When the supply of the surface with 
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magnesium atoms by diffusion from the bulk approxi- 
mately equals the demand, i.e. the loss of material by 
electrochemical dissolution, then the overall current 
density observed, lob, approximately equals the current 
density equivalent of overall diffusion perpendicular 
to the surface, iD 

iD = qFj (3) 

with q the valency and F Faraday's constant. By using 
a current density, lob, of 30/~Acm -2 at the anodic 
plateau of Mg-23.4wt % A1 ribbon (Fig. 4), X°g = 
0.784 and V = 13.12cmZmol -l, the interdiffusion 
coefficient in this material after 1 rain anodic polariz- 
ation, i.e., when having reached the anodic plateau, is 
indicated to be of the order of ~ 2 x 1 0  -16  cm 2 s e c  1. 

This is eight orders of magnitude higher than for 
self-diffusivity of magnesium derived from radioactive 
tracer diffusion [23]. Pickering and Wagner [28] have 
found the zinc depletion of brass, for example, to be 
controlled by volume diffusion via divacancies rather 
than monovacancies, the corresponding diffusion 
coefficient of divacancies in copper (1.3 x 10 -12 cm 2 
sec 1) being seven orders of magnitude higher than 
for monovacancies in copper (3 x 1 0  -19  c m  2 sec-l), 
the latter being equal to the self-diffusion coefficient of 
copper in copper. Two major problems can cause 
over-estimation of D from such depletions experiments: 

1. surface roughening due to depletion of e.g. mag- 
nesium and/or due to the morphology of the ribbon 
undermining the assumption of one-dimensional dif- 
fusion to the surface; and 

2. differential aeration cells caused by insufficient 
adherence of the coating at the exposed surface/coating 
junction of the ribbon and differential aeration cells at 
the electrolyte/air interface at the uncoated surface of 
the ribbon, so undermining the condition of uniform 
magnesium depletion from the surface. 

Despite these possible inaccuracies, however, Fig. 9 
shows that the decrease i n / a f t e r  2 to 6 and 12 to 
18 rain of dissolution is consistent with the I = fn( t )  I/2 
relationship of Equation 3 and so indicating a high 
degree of homogeneity in the depletion zone. Using 
the relationship [28] 

6 = [2(1 - ~)°Mg)Ot]l/2 (cm) (4) 

where 6 is the depth of depleted surface zone, ~b°g the 
molar fraction of magnesium at the surface, i.e. ~ 0 
when depletion has occurred, D the interdiffusion 
coefficient and t the time of selective electrochemical 
attack, the thickness of the corresponding depleted 
zone amounts to 15 nm after 60 sec and ~ 3 nm after 
4 rain, i.e. when the dissolution of magnesium virtually 
stopped (Fig. 10a). For comparison, the width of the 
depleted zone of zinc-depleted brass was considered to 
amount to ~50nm after 1000sec (or 25nm after 
4 min) [28], while the dissolution of copper from hom- 
ogeneous Cu-Au solid solution with 30 at % Cu was 
observed to continue for more than 1 h without stop- 
ping [30]. Evidently, a relatively low growth rate of the 
depletion zone (compared with brass) and the relatively 
rapid formation of a protective surface for Mg-A1 
compared with Cu-Au indicate competition between 
the anodic dissolution of magnesium and the passiva- 
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tion of aluminium and other species involved and a 
high field gradient through the (growing) oxide. This 
is also indicated by the serrated shape of the/-curve in 
Fig. 9 between 4 and 10 rain of electrolysis. The second 
anodic peak after ~ 10 rain of electrolysis (Fig. 9) may 
be accounted for by a decreased supply to the surface 
of atoms from the interior according to the (t) 1/2 
relationship (Equation 3) which interferes with the 
dynamic equilibrium between bulk alloy and electro- 
lyte and so increases the instability of the aluminium- 
enriched surface layer. Note that a smooth metallic 
depletion zone was considered to become destabilized 
by penetration of the electrolyte [3 !]. Again, however, 
the I = fn(t)-1/2 relationship becomes effective beyond 
the second peak indicating that the surface layer has 
some self-healing capacity as indicated by the ribbon 
surface that did not lose its metallic lustre during 
these observations. This self-healing ability seems to 
decrease with decreasing aluminium-content as the 
susceptibility to rapid magnesium-dissolution of the 
Mg-16.0wt% A1 splat sample shows (Fig. 12). The 
aluminium-enrichment of the surface of RS-Mg-A1- 
base alloys might, however, be one reason for the 
improved corrosion behaviour of PM-Mg-A1-Zn-Y 
alloys reported by Allied Signal in conjunction with 
other factors such as cathodic protection by the pre- 
cipitation of Mg25Y4 or a variant (compare with [9]) 
and deserves further exploration. 

5. Conclusions 
1. Polarization studies indicate that sufficiently 

rapid solidification decreases the corrosion potential 
and decreases (by up to two orders of magnitude) the 
corrosion current of Mg-9.6 to 23.4 wt % A1 in aerated 
0.001 M NaC1 aqueous solution. This decrease in cor- 
rosion current is attributed to the formation of a 
single-phase extended solid solution in the case of the 
rapidly solidified material eliminating the micro- 
galvanically active intercellular second phase present 
in the chill-cast material. 

2. The effect of increasing aluminium content in 
solid solution for the rapidly solidified condition is to 
develop an anodic plateau at ~30/~Acm -z and a 
steep increase in pitting potential between 10 and 
23 wt % A1 attributable to magnesium depletion from 
the alloy surface and the formation of a protective 
film. The increase in pitting potential (anodic polar- 
ization) indicates that a completely passive film would 
form in an extended solid solution at an aluminium 
concentration of ~ 30 wt %. 

3. Chemical analysis of the electrolyte as a function 
of time of dissolution indicated for the rapidly solidi- 
fied material that initially only magnesium was dis- 
solved and this dissolution of magnesium ceased 
within 2 to 5min. This behaviour is interpreted in 
terms of aluminium enrichment of the alloy surface 
giving rise to conditions that stabilize the formation of 
a passive alumina-based film. 

4. Corresponding results for chill-cast material 
failed to show evidence for the formation of a protec- 
tive film undoubtedly due to the presence of a coarse 
network of galvanically active MgLvAI~2 within the 
magnesium-rich alloy matrix at the surface. 



5. Modelling the observation of an anodic plateau 
in current density at ~ 30/~A cm -z for rapidly solidi- 
fied material in terms of dynamic equilibrium between 
demand and supply of magnesium undergoing anodic 
dissolution requires an interdiffusion coefficient 
of magnesium in the solid solution which is eight 
orders of magnitude higher than the self-diffusivity 
of magnesium. 
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