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AQUEOUS CORROSION OF MAGNESIUM ALLOYS 

by 

S. Greenberg and W. E. Ruther 

ABSTRACT 

The aqueous co r ros ion of magnes ium alloys was in 
ves t iga ted over the range from 53 to 150°C. Corros ion r a t e s 
r o s e rapidly with t e m p e r a t u r e , reaching about 3 mi l s per 
daya t 150°C for AZ-31 [Mg-2.5 to 3.5 w/o Al-0 .7 to 1.3 w/o 
Z n - 0 . 2 w / o Mn]. Additions of smal l amounts of copper and/or 
nickel to the bas ic AZ-31 composit ion reduced the co r ros ion 
r a t e at 150° by a factor of about two. Tin m a y be advanta
geously substi tuted for zinc in A Z - 3 1 . 

Control of the pH in the range between 6 and 7 and 
maintenance of a fluoride concentra t ion in the range between 
1 and 10 ppm reduced the co r ros ion r a t e of AZ-31 and of 
the Argonne exper imenta l al loys to about 0.1 m i l per day at 
150°C. 

INTRODUCTION 

The low t h e r m a l neutron capture c r o s s section of magnes ium 
makes it an a t t r ac t ive possibi l i ty for a cladding m a t e r i a l for the fuel of a 
nuc lear r e a c t o r . Relat ively l i t t le data a r e avai lable concerning the c o r 
ros ion r e s i s t a n c e of magnes ium alloys in a pure water environment , such 
as might be found in a wa te r -coo led r eac to r . Aqueous co r ros ion test ing 
of these al loys r e p o r t e d in the l i t e r a t u r e l l i ^ ) has been l a rge ly confined to 
t e m p e r a t u r e s below 100°C and to the usua l type of cor ros ion-eva lua t ing 
solutions ( i .e . , 3% NaCl). 

Two unpublished se ts of exper iments per t inent to this r e p o r t were 
pe r fo rmed by m e m b e r s of the ANL Reactor Engineering Division con
cu r r en t ly with the Metal lurgy p r o g r a m s . L. E. Link in two shor t dynamic 
t e s t s (25 f t / sec) at 60°C found that AZ-31 al loy i n c u r r e d much higher 
weight changes when the ion exchanger was m o r e effective in removing the 
co r ros ion products from the tes t solution. 

N. R. Grant , using sma l l unre f reshed tes t chamber s , obtained 
average co r ro s ion r a t e s (during 5-day tes t s ) fitting the curve 

logioLCorrosion Rate (mils /day)] = 0.0375 T ( ° C ) - 5.20 
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over the range from 80 to 150°C for AZ-31 alloy. There was not much 
change in r a t e between 30 and BO^C (0.004 ± 0.002 mi l /day) . 

Two specific ANL designs of wa te r -coo led r e a c t o r s have con
s ide red the use of magnes ium cladding. The f i rs t of these designs ( l950-
1952) involved re la t ive ly low water t e m p e r a t u r e (50-90*'C) and a long, 
re l iab le se rv ice life. The exper imenta l work desc r ibed in this r epo r t for 
this t e m p e r a t u r e range was per formed in connection with these 
r e q u i r e m e n t s . 

More recent ly , a r e s e a r c h r eac to r producing a ve ry high neutron 
flux level was conceived which would make use of magnes ium cladding. 
Due to the ex t r eme ly short fuel l ifetime ^5 days), a much higher c o r r o 
sion r a t e could be to le ra ted (es t imated inaximum of 0.001 in. per day) at 
the design t e m p e r a t u r e of 150''C. The major port ion of this r e po r t is 
concerned with the p r e l im ina ry explorat ion, al loy development and inhibi
to r select ion n e c e s s a r y to mee t this design co r ros ion r a t e . 

EXPERIMENTAL 

C o m m e r c i a l magnes ium alloys were obtained from the Dow Chem
ical Co. P u r e magnes ium, used in the p repara t ion of the exper imenta l 
a l loys , was obtained from Dominion Magnesium Ltd. (Domal). The Brooks 
and Pe rk ins Co. p r epa red s eve ra l specia l magnes ium alloy cas t ings . Both 
Howard Foundry and Dow cas t c o m m e r c i a l s ize ingots to ANL specif ica
t ions . These were subsequently extruded into tubing by the P r e c i s i o n 
Ext rus ion Co. and by Magnode P roduc t s . 

The developmental al loys for the h igh - t empera tu r e phase of the 
p r o g r a m were p r e p a r e d by induction melt ing in an argon a tmosphere and 
chil l cast ing into a smal l , wa te r -coo led copper mold. Sheet s tock was 
fabr icated from the cas t ings by hot p res s ing and rol l ing. 

Cor ros ion t e s t s below 100°G were pe r fo rmed in e i ther a r e f r e shed 
P y r e x g la s s sys tem under essen t ia l ly stagnant conditions or in a 2- l i te r 
capaci ty P y r e x and s ta in less s tee l dynamic t e s t loop previous ly desc r ibed 
in deta i l . 13) The loop had means for maintaining gas sa tura t ion of the 
liquid and was modified in la ter t e s t s to provide a constant rep len i shment 
of the t e s t solution. 

P r e l i m i n a r y co r ros ion t e s t s of al loys and inhibi tors at t e m p e r a 
t u r e s above 100°C were pe r fo rmed in sma l l s ta in less s tee l au toc laves . 
The t e s t conditions could not be accura t e ly mainta ined because of con
taminat ion of the solution by co r ros ion products and the depletion of the 
inhib i tors . More meaningful studies were run in s ta in less s teel , con
stantly r e f r e shed sys tems , l^ j in which it was possible to control solution 
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composition. In the la t ter sys tems the r a t e of replenishing solution was 
low enough so that the l inear velocity past the samples was essent ia l ly 
ze ro . 

Samples were annealed for one-half hour at 260°C and wet ground 
(240-grit) p r io r to exposure . In a few cases , samples p repa red in this 
fashion were cor ros ion tes ted with other samples in the a s - r o l l e d con
dition. There was no appreciable difference in r e s u l t s . 

The samples were e lec t r ica l ly insulated from the s ta in less s teel 
sys tem with synthetic sapphire rods . The cor ros ion products were r e 
moved at the conclusion of the tes t by immers ing the samples in boiling 
15% chromic acid for one to th ree minutes . 

The solution resul t ing from the h igh- tempera tu re cor ros ion of 
magnes ium-a luminum alloys contained a colloidal d ispers ion, probably 
magnes ium or aluminum hydroxide. When a conventional g lass e lectrode 
pH me te r was used to de termine the pH of such solutions at room t e m 
pera tu re , difficulty was encountered at pH values below the 10-11 range. 
After an init ial re la t ive ly low reading, the value rapidly inc reased to 
about 10.5. Values obtained with pH indicating paper corresponded to the 
init ial value obtained with the pH m e t e r . pH values a r e given as a range 
to express this uncertainty. 

DATA AND RESULTS 

Low-Tempera tu re Corros ion Behavior 

Initial test ing of magnes ium alloys was performed at 53°C. The 
hydrogen-sa tura ted dist i l led water was continuously re f reshed so that 

the pH remained at 6.8. The re su l t s 
a r e shown in Figure 1. The c o r r o 
sion was roughly l inear with t ime 
(24-day tes t ) and a r a t e of 8.6 mdd 
( m i l l i g r a m s / d e c i m e t e r y day) was 
obtained. 

2.0 

I 5 

i 1.0 

0 5 

I ' l l 
l o Alloy AZ-31 (2.7% Al,l.07<.Zn,0 2-0 4 % Mn) 
| o Dow PE Alloy(3 2%A(,I.O%Zn,O.I07<.Mn) 

-1 

J^ 

1 

1 

7^ 1 • 

j 

1 

D 

10 15 
TIME, days 

20 25 

FIGURE I. CORROSION OF MAGNESIUM ALLOYS IN 
DISTILLED WATER AT S S - C - p H e . S 

Samples of A Z - 3 l / a l l o y 
(Mg-2.7 w/o Al-1.0 w/o Zn -0 .4w/o 
Mn) were tes ted in stagnant closed 
Pyrex chambers at the same t e m 
pe ra tu re . Very little a t tack 
occur red (35-day tes t duration) if 
the water was deoxygenated at the 
s ta r t with tank nitrogen. Coupling 
with mild s teel had no visible effect 
on the slight cor ros ion observed. 
When oxygen was present , much 
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heavier cor ros ion occur red . The pH remained at 10.0 ± 0,02 in these 
t e s t s , apparent ly controlled by the magnesium cor ros ion product. 

Four exper imenta l runs were made in the dynamic sys tem at 90*C. 
Dilute alkali solution was used. The potass ium hydroxide solution was 
made up to pH 10,0, since t e s t s at lower t e m p e r a t u r e s had indicated this 
to be approximately the pH of the solution which magnes ium will maintain 
by the cor ros ion p roces s . In the first two t e s t s , no special provision was 
made to mainta in the pH. A sixiall amount of solution was added as r e 
quired to maintain the water level in the sys tem. In these cases , the pH 
diminished ra the r rapidly for the f i rs t severa l days and then more slowly, 
reaching a value of the order of 8.Z at the end of the twenty-day test . 

It was suspected that the drop in pH was due to a i r (containing CO2) 
leaking into the system. The t e s t s were repeated for alloy AZ-31 with 
smal l continuous addition of fresh solution in an effort to maintain the 
original pH. In these t e s t s the solution pH dropped from 10.0 to 9.7. The 
flow ra te was 17 f t / sec as compared with 20 f t /sec in the first two t e s t s . 
One tes t was run with oxygen gas saturat ion and the other with helium 
gas saturat ion. Resul ts of these t e s t s a r e shown in Figure 2. Unlike the 
previously descr ibed stagnant tes t at 53°C, there was no significant differ
ence between the behavior of the samples in oxygen-saturated solution 
and that in he l ium-sa tu ra ted solution. Corrosion r a t e s subsequent to the 
f irs t ten days were of the order of 15 mdd at pH slightly below 8.5 and a 

flow ra te of 20 f t / sec ; 25 mdd at 
pH 9.7 and flow ra te of 17 f t / sec . 

E 

I 
s 
O 

i 
s 

O AZ3li ITft/sgdj Refreshed. He 
D AZ3l,l7n/sTC; Refreshed. O2 

- j + AZ3li 20ft/sec-, Non refreshed, Oj 
A AZ3I| (special AEC alloy without Mn) 

20ft/secj Non refreshed, 02 

T X 
P r e l i m i n a r y cor ros ion 

test ing at higher t empera tu re s 
(see Table l) c lear ly indicated 
that none of the common c o m m e r 
cial alloys would meet the 1-mi l / 
day maximum ra te specification 
previously mentioned. The high 
thor ium content of alloy HZ-32 
precluded i ts use as a r eac to r 
cladding ma te r i a l . 

16 20 12 
TIME, days 

FIGURE 2. CORROSION OF MAGNESIUM ALLOYS IN DILUTE 
POTASSIUM HYDROXIDE SOLUTION AT S C O 

24 

As shown in Table I, the 
react ion at 150°C is much m o r e 
rapid than at lower t e m p e r a t u r e s 
(1 mi l / day = 435 mdd). Samples 
which were not completely de
stroyed during the tes t were 

covered with plates of nonadherent, white cor ros ion product. Exposures 
for varying lengths of t ime at the same t empera tu re indicated that the 
corros ion ra te was constant for at least a 7-day period. 



TABLE I 

C o r r o s i o n of C o m m e r c i a l Magnes ium Alloys in Ini t ia l ly P u r e Water 

Alloy 

P u r e Mg 
(Domal) 

A Z - 3 1 

P E 

A Z - 9 1 

HZ-32 (ZTl) 

EK-41A^ 

A-3XA^ 

Al 

2 .5 -3 .5 

3.2 

8-9 

2 .5 -3 .5 

Zn 

0 .7-1 .3 

1.0 

0 .4-1.0 

2.5 

0.3 

Mn 

0.2 

0.1 

0.13 

Composi t ion , Wt. 

Ni 

0.01 

Si 

0.3 

Th 

2 .5-4 .0 

1 
1 
1 

% 

Z r 

0.7 

0 .4-1 .0 

Be 

t r a c e 

R a r e 
E a r t h 

3-5 

Tes t 
T ime , 
days 

2.9 

5.0 

1.7 

2.9 
5.0 
2.7 

2.9 
5.0 
2.9 

1.7 

2.7 

5.0 

5.0 

Temp . , 
"C 

120 

135 

150 

120 
135 
150 

120 
135 
150 

150 

150 

140 

150 

Average 
C o r r o s i o n 

Ra te , 
m i l s / d a y 

D i s in t e 
g r a t e d 

D i s in t e 
g r a t e d 

D i s i n t e 
g r a t e d 

0.2 
1.0 
3.2 

0.2 
0.9 
3.5 

3.1 

1.2 

D i s i n t e 
g r a t e d 

D i s i n t e 
g r a t e d 

1 
F r o m data of N. Gran t , R e a c t o r Eng inee r ing Division, ANL. 

Alloy Development 

In an effort to improve the cor ros ion r e s i s t ance of magnes ium at 
150°C, about thir ty-f ive special al loys were made and cor ros ion tes ted. 
The composit ions and cor ros ion r e su l t s a r e summar ized in Table II. In 
genera l , these alloys may be grouped into the following c l a s se s : a luminum 
binar ies , a luminum-copper t e r n a r i e s , and a luminum-copper - t in or zinc 
qua t e rna r i e s . 

The r e su l t s in Table II indicated that copper was the mos t effec
tive addition for producing significant improvement in the cor ros ion 
r e s i s t ance of magnes ium-a luminum b inar ies . Tin or zinc produced addi 
t ional improvement . Tin was p re f e r r ed for nuclear r easons : it has a lower 
neutron absorpt ion c r o s s section. 

The effects on cor ros ion r e s i s t ance of varying these three e lements 
a r e shown in Tables III, IV and V, These a r e excerpts of data from 
Table II and i l lus t ra te in m o r e convenient form the basis for choosing the 
optimum alloy. No special significance should be at tached to var ia t ions of 
a few tenths of a nnil per day in cor ros ion r a t e s since duplicate t e s t s f re 
quently showed this grea t a difference. 



TABLE II 

Corrosion of Developmental Magnesium Alloys in Initially Pure Water at 150''C 

AUoy^l) 

Ml(2) 

M2 

M3 

M3X 

M4 

M5 
M6 
M7 

M8 
M9 
MIO 
M l l 2 
M12(2) 
M12 
M13 
M14 

M15 
M16 
M17 

M18 

M19 

M20 

M25 

M26^3) 
M27 
M28 
M29 
M30 

M31 

M32 

M33 
M34 
BP8^^^ 
BPI3W 

Composition, Wt. % 

Al 

5 

5 

15 

5 
5 
5 

5 
5 
5 

10 
10 
10 

5 
5 

5 
5 
5 

5 

2.5 

7.5 

5 

3 
2.5 
2.5 
2.5 
2.5 

2.5 

2.5 

5 

Ce 

0.5 

0.1 
0.1 

Cu 

0.5 

0.5 

0.5 
0.5 
0.5 
0.5 

2 
0.1 

0.5 

0.5 

0.5 

0.25 

0.6 
0.5 
0.5 
0.5 
0.5 

0.5 

0.5 

0.5 
0.5 

Mn 

0.1 

0.1 

0.1 
0.1 

0.1 
0.1 
0.1 

0.1 

0.1 

Ni 

0.5 

0.5 

0.5 

0.25 

0.5 

0.25 

P b Sn 

-

0.5 

2 

Ti 

0.2 

Zn 

1 
1 

1 

1 
1 

Z r 

1 

Time 
Test, 
days 

0.8 

2.7 

i 0.9 

0.5 
0.5 

4.8 
0.9 
4.8 
0.9 
•4.8 
0.9 
0.9 
0.9 
2.8 
0.9 
3.5 
0.8 
0.8 
0.8 
2.7 
2.7 
3.8 
3.8 
2.8 
2.8 
1.0 
3.8 
1.0 
3.8 
1.0 
4.7 
1.0 
4.7 
1.7 
6.8 
2.9 
2.8 
2.8 
2.8 
1.8 

1.9 
3.7 
4.8 
1.9 
3.7 
2.7 
2.7 
2.8 
2.0 

Corrosion Rate, 
mi l s /day 

Completely 
oxidized 

Completely 
oxidized 

2.0 
1.8 
2.2 
2.6 
3.0 
2.5 1 
3.7 
7.1 
1.9 
2.1 
8.2 
1.5 
3.2 
4.4 
1.3 
1.6 
1.8 
1.7 
2.0 
1.6 
2.3 
1.8 
2.1 
1.6 
1.6 
1.6 
2.0 
1.7 
1.7 
1.1 
1.3 
1.6 
2.4 
1.9 
1.6 
2.4 

Cracked 
1.4 
2.0 
1.8 
2.0 
2.2 
2.2 
3.3 
3.0 
6.8 

Except as noted, alloys were produced at ANL and tested in the hot-rolled and 
annealed condition. 
Tested as cast and annealed. 
Commercially cast to ANL specifications. Hot pressed, rolled, and annealed 
before test. 
Commercially cast to ANL specifications. Tested as cast and annealed. 



TABLE III 

Effect of Aluminum Content on Corros ion of Some Magnesium Alloys 
in Initially Pu re Water at 150°C 

Alloy and Composition 

M33t 0.5 Cu-1 Sn 
M19: 2.5 Al -0 .5 Cu-1 Sn 
M 1 8 J 5.0 Al -0 .5 Cu-1 Sn-0.1 Mn 
M20: 7.5 Al -0 .5 Cu- l Sn 

Te3t Time, 
days 

2.7 
4.7 
3.8 
4.7 

Corros ion Rate , 
m i l s / d a y 

2.2 
2.0 
1.6 
1.7 

TABLE IV 

Effect of Copper Content on Corros ion of Some Magnesium Alloys 
in Initially P u r e Water at ISO'C 

Alloy and Composit ion 

P u r e Magnes ium 
M34: 0,5 Cu 
M16: 5 Al-0 .1 Cu-1 Zn-0.1 Mn 
M14: 5 Al -0 .5 C u - l Zn 
M15; 5 Al-2 Cu-1 Zn-0.1 Mn 

Test Time, 
days 

1.7 
2.7 
2.8 
3.8 
2.8 

Corros ion Rate , 
m i l s / d a y 

Dis in tegra ted 
3.3 
2.3 
1.7 
1.6 

TABLE V 

Effect of Tin Content on Cor ros ion of Some Magnes ium Alloys 
in Init ial ly P u r e Water at IBO'C 

Alloy and Composit ion 

M27: 2.5 Al -0 .5 Cu 
M28: 2.5 Al -0 .5 Cu-0.5 Sn 
M29: 2,5 Al -0 .5 Cu-1.0 Sn 
M30: 2.5 Al -0 .5 Cu-2.0 Sn 

Tes t Time, 
days 

2.8 
2.8 
2.8 
1.8 

Cor ros ion Rate, 
m i l s / d a y 

Z.4 
1.9 

Sample cracking 



B a s e d on t h e s e r e s u l t s , t he o p t i m u m c o m p o s i t i o n for n u c l e a r 
r e a c t o r s a p p e a r e d to be in the r a n g e 

M g - ( 2 . 5 - 5 . 0 ) w / o A l - ( 0 . 5 -1 .0 ) w / o C u - ( 0 . 8 - 1 . 2 ) w / o Sn 

T h r e e a l l o y s ( M - 2 5 , M - 3 1 , a n d M - 3 2 ) w e r e p r e p a r e d in w h i c h 
n i c k e l r e p l a c e d p a r t of the c o p p e r . The r e s u l t s w e r e not a s r e p r o d u c i b l e 
a s wou ld be d e s i r a b l e , but t h e r e w e r e i n d i c a t i o n s t h a t n i c k e l s l i g h t l y i m 
p r o v e d the c o r r o s i o n r e s i s t a n c e of t h e s e a l l o y s . 

A l l o y s of the fol lowing c o m p o s i t i o n s , m a d e to o r d e r by B r o o k s a n d 
P e r k i n s , w e r e a l s o c o r r o s i o n t e s t e d a t 150°C. 

B i n a r i e s 

Zn 7%, 3.5%, 1% 
Sn 10%, 0 .5% 
P b 20%, 5%, 1% 

Q u a t e r n a r i e s 

5% A l + 0 . 1 % Mn + 0 .05% Be 
5% A l + 0 . 1 % Mn + 0 .5% Cu 

E x c e p t for t h e A l - C u - M n q u a t e r n a r y , t h e s e a l l o y s f a i l e d c o m p l e t e l y 
a f t e r s h o r t e x p o s u r e s to 150°C w a t e r T h i s q u a t e r n a r y a l l o y c o r r o d e d a t t he 
s a m e r a t e a s s i m i l a r a l l o y s p r o d u c e d a t A r g o n n e , 

B e r y l l i u m b i n a r y a l l o y s c o u l d no t be p r e p a r e d by t h i s s o u r c e H o w 
e v e r , M a g n o x " C " ( l % Al ; 0 .05% Be) f r o m M a g n e s i u m E l e k t r o n L td . , G r e a t 
B r i t a i n , f a i l e d a f t e r s h o r t e x p o s u r e to w a t e r a t 150°C. 

Som.e of t h e s e a l l o y s w e r e h e a t t r e a t e d (420°C-1 h o u r - w a t e r 
q u e n c h e d ) in a m a n n e r i n t e n d e d to p r o d u c e a s u p e r s a t u r a t e d a l u m i n u m 
s o l u t i o n in t h e be l i e f t h a t t he a l u m i n u m m i g h t p r o v e m o r e b e n e f i c i a l if d i s 
s o l v e d in t h e m a g n e s i u m . T h e r e w a s no a p p r e c i a b l e ef fect on c o r r o s i o n 
r e s i s t a n c e . 

C o a t i n g s a n d I n h i b i t o r s 

V a r i o u s c h e m i c a l a n d e l e c t r o c h e m i c a l p r e t r e a t m e n t s d e s c r i b e d in 
T a b l e VI w e r e a p p l i e d to A Z - 3 1 c o u p o n s . In a d d i t i o n , c o u p o n s t r e a t e d by 
t h e c o m m e r c i a l H A E * p r o c e s s w e r e o b t a i n e d . A t t e m p t s w e r e a l s o m a d e to 
p r o d u c e s u r f a c e a l l o y s by v a c u u m d e p o s i t i o n of a l u m i n u m a n d a l u m i n u m 
p l u s c o p p e r , fo l lowed by h e a t t r e a t i n g . 

*The HAE p r o c e s s i s a n a n o d i c t r e a t m e n t c a r r i e d out in a n a l k a l i n e 
b a t h c o n t a i n i n g KOH, A 1 ( 0 H ) 3 , Na3P04 , K F , a n d K2Mn04. 



TABLE VI 

Experimental Coatings Applied to AZ-31 Magnesium Alloy 

R e a g e n t s , 
% by weight 

40% K F 
6.7% ( N H 4 ) 2 H P 0 4 

Bal . H2O 

65% KHF2 
35% NaHFz 

a) Z0% NaOH 
b) 10% N a F 

3% N a F 

32% NH4F 

30% NH4F 
25% K F 

4% N a F 
1% NaOH 

-̂ % KMn04 

T e m p e r a t u r e , 
°C 

25 

2 0 0 

180 
Boiling 

20 

25 

25 

100 

T i m e , 
nain 

3 

1-5 

15 

60 

1-5 

1-5 

4 

1-5 

. ., 

E l e c t r i c a l data 

5 a / d m ^ 120 VDC 

2 a /dm^; 
3 5-40 VDC or AC 

90-120 VDC 

2 a /dm^; 
50-140 VDC 

2 a /dm^; 
60-80 VDC 

2 a /dm^; DC 

Notes 

Monel Cathode 

AC s u p e r i m p o s e 
on the DC 

d 

No long-last ing (more than 24 hours) beneficial effect was found 
for any of these p re t r ea tmen t s when samples were exposed to 150°C water . 

AZ-31 specimens were a lso used to evaluate the effect of commonly 
used cor ros ion inhibitors at 150°C. Sodiuna sal ts of dichromate , borate , 
phosphate and fluoride were tes ted (lOO ppm anion concentration). Only 
the fluoride was effective. In solutions containing initially 50 to 100 ppm 
F~, bet ter than a threefold reduction in average cor ros ion ra te was noted 
for th ree -day exposures . Sodium, potassium, ammonium, lithium and lead 
fluorides were tes ted. All were effective inhibitors for this alloy. However 
fluoride additions did not ma te r i a l l y improve the cor ros ion r e s i s t ance of 
pure magnesium. In this case , samples coinpletely dis integrated in less 
than two days of exposure. 

Analysis of the solution in the autoclave before and after testing 
showed that the fluoride ion was consumed at a ra te of about 0.3 mg 
F" /cm^ of Mg/day. (The ra te of fluoride depletion by s ta in less s teel was 
less than l/lOOth as fast.) In order to tes t at constant fluoride conditions, 
a constantly re f reshed autoclave was used. F igure 3 indicates the type of 
cor ros ion curves obtained. All of the exper iments a r e summar ized in 
Table VII. These t e s t s were two weeks in duration and the ra t e s refer to 
the s t ra ight - l ine portion of the curve. There were slight induction periods 
at the th ree higher concentrat ions. The appearance of typical specimens 
is shown in Figure 4. 
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FIGURE 3 CORROSION OF AZ3I MAGNESIUM 
ALLOY IN FLUORIDE SOLUTIONS 

T A B L E VII 

Ef fec t of Fl i io i idc C o n c e n t i a t i o n on C o i r o b i o n of M a g n e s i u m A l l o y A Z - 3 1 a t ISCC*-^' 

F l u o r i d e Cone , 
ppm(2) 

0(3) 

0 1 
0 7 
4 

T e s t r i m e . 
da 5, s 

5 
14 
14 
14 

C o n o s i o n R a t e , 
ni i ls^ d a y 

3 3 
2 4 
1 0 
1 0 

F l u o r i d e Cone , 
ppm(2) 

10 
48 

8 + 4 - 5 m l O j / l 

T e s t T i m e , 
d a y s 

14 
14 

7 

C o r r o s i o n R a t e , 
m i l s / d a y 

0 8 
1 1 
1 7 

^ ^ T e s t e d m r e f r e s h e d s y s t e m 
^•^Us N a F 
\ ' C l o s e d a u t o c l a \ e t e s t r e s u l t i n c l u d e d for c o m p a r i s o n 

Figure 4 

Appearance of 
AZ-31 Magne
sium Alloy 
Corroded m 
10 ppm Fluoride 
(NaF) Solution 
at 150*C 

22484 
10 14 

Days 

IX 



It is evident that fluoride is somewhat effective at a concentrat ion 
as low as 0.1 ppm. Between 1 and 50 ppm there is l i t t le effect of concen
t ra t ion on cor ros ion r a t e . An improvement in cor ros ion ra te by a factor 
of between 3 and 4 was noted for these solutions as compared with water . 

Tes ts were normal ly run with helium gas saturat ing the refreshing 
solution. In a single test , oxygen saturat ion of a solution containing 10 ppm 
F~ led to an inc rease in the cor ros ion r a t e by a factor of about 2. In the 
re f reshed system, as in the closed autoclaves, if no at tempt at pH control 
was made, the pH of the sys tem was about 10.5. 

It is possible that fluoride was effective is slowing the cor ros ion 
react ion p r ima r i l y due to the low solubility of the magnes ium fluoride 
formed. To tes t this hypothesis, p re l imina ry t e s t s were performed with 
solutions containing iodide, iodide plus fluoride, and chloride plus fluoride. 
As both MgClj and Mglz a r e soluble, nei ther one should provide an insolu
ble film. In addition, it has been repor ted that chloride peptizes the co r 
ros ion product, making it l e ss adherent.(5) 

The r e su l t s of these exper iments a r e summar ized in Table VIII. 
Iodide slowed the cor ros ion react ion, although it was not as effective as 
fluoride. Small amounts of iodide or chloride did not impair the effective
ness of fluoride. 

TABLE VIII 

Corrosion of Magnesium and Magnesium Alloys in 
Aqueous Halide Solutions at IBO '̂C^^^ 

Material 

High-purity Mg 

AZ-31 

AZ-31 Tube 

AZ-31 Plate 

AZ-31 Plate 

AZ-31 Plate 

AZ-31 Plate 

AZ-31 Plate 

Initial 
Conditions^^^ 

120 ppm I" 

0 

120 ppm I" 

10 ppm I" 

120 ppm F " 
+ 10 ppm r 

120 ppm F" 
+ 5 ppm Cl~ 

120 ppm F " 
+ 10 ppm Cl~ 

120 ppm F" 
+ 10 ppm CI" 

Test Time, 
days 

2.6 

5 

2.6 

2.7 

2.7 

1.9 

1.9 

2.7 

Corrosion Rate, 
m.i Is/day 

Completely 
oxidized 

3.3 

4.0 

1.7 

0.6 

0.6 

0.6 

0.5 

Samples tested in closed autoclave (non-refreshed). 
Halide additions as sodium salts . 



Effect of pH 

The pH of solutions in which magnes ium alloys corrode at 150°C 
reaches and r ema ins about 10.5 (measured at room t empera tu re with a 
g lass e lect rode pH me te r ) , or within the optimum range for lower t e m p e r 

atures ." 

However, the alloy studies could be in te rpre ted in t e r m s of an 
important contribution of aluminum to the protect ive film formation. With 
this in terpre ta t ion as a working hypothesis , it seemed reasonable to expect 
reduced cor ros ion r a t e s at a lower pH, favoring the formation of a r e s i s t an t 
aluminum oxide incorporated in the magnes ium oxide coating. Accordingly, 
the effect of pH with and without other additives was studied at 150°C. 

The effect of pH is summar ized in Table IX. 

TABLE IX 

Effect of pH on Aqueous Cor ros ion of Magnes ium Alloys at ISO^C 

Alloy 

AZ-31 

Argonne M14 
(Commerc i a l ly 
F a b r i c a t e d 
Tubing) 

Argonne M26 
(Commerc i a l l y 
F a b r i c a t e d 
Tubing) 

P r e t r e a t e d 
A Z . 3 I ( 3 ) 

Test Condition 

p H 

4(H2S04) 
4 

5-6(H2S04) 
5-6 

6-7(HF) 
6-7 
6-7 

10.5(1) 
10.5 

1 2 ( I ) ( K O H ) 

12(1) 

13U)(KOH) 
13(1) 

6 - 7 ( H F ) 

6-7(HF) 
6-7 

6-7(H2S04) 
6-7(HF) 

F " , ppm 

0 
10 

0 
10 

0.3 
10 
10 

0 
10 

0 
120 

0 
120 

10 

10 
10 

0 
0.3 

IS 

CI", ppm 

0 
0 

0 
0 

0 
0 
5 

0 
0 

0 

0 
0 

0 

0 
5 

0 
0 

Tes t T ime, 
days 

6 
8 

5 
7 

8 
4 
9 

5 
14 

2 
2 

2 
2 

5 

10 
5 

4 
4 

Cor ros ion Rate , 
m i l s / d a y 

2.0 
2.3 

2.7 
3.3 

0.8 
0.4 
0.4 

3.3 
0.8 

2.1 
2.6 

2.3 
2.4 

0.1-0.3(2) 

0.1-0.3(2) 
1.0 

1.0 
0.1 

/y.Closed au toc laves ; solution not r e f r e s h e d during tes t . 
Cor ros ion r a t e given a s range - poor reproduc ib i l i ty of r e s u l t s due to poor 

, •.quality of tubing. 
*• ' P r e t r e a t e d 4 days , 150°C, pH 6 - 7 ( H F ) + 10 ppm F " ; c o r r o s i o n coating not 

r emoved . 



Examinat ion of the data indicated the following: 

1) The opt imum condition for min imum cor ros ion was pH of 6-7 
with a fluoride content of about 10 ppm. Under these conditions c o m m e r c i a l 
a l loy.AZ-31 and the r ecommended Argonne-developed alloy were approx i 
ma te ly equally r e s i s t an t . 

2) In the absence of fluoride, controll ing the pH at values both lower 
and higher than the pH 10.5 equi l ibr ium value r e su l t ed in co r ros ion r a t e s 
lower than the r a t e at the equi l ibr ium value. At pH values of approximate ly 
4 and 5, fluoride a c c e l e r a t e d cor ros ion . At pH values above the equi l ibr ium 
value, fluoride exer ted l i t t le if any effect. 

3) The p re sence of chloride under o therwise optimum conditions 
sl ightly increa 'sed the co r ros ion r a t e . 

DISCUSSION 

Since the exper imenta l work was pe r fo rmed in support of specific 
r e a c t o r des igns , t e s t s were not opera ted under conditions to allow evalua
tion of the effect of t e m p e r a t u r e on co r ros ion r a t e . Qualitatively, it has 
been shown h e r e that the r a t e of co r ros ion in water i n c r e a s e s rapid ly with 
t e m p e r a t u r e , going from the o rde r of 10 mdd at 53°C to 1400 mdd at 150°C> 
Grant obtained a low cor ros ion r a t e ('^l mdd) in a nonref reshed tes t at SO'C, 
but at 150°C his value a g r e e s with o u r s . It i s poss ible that the d i sc repancy 
near 50°C is a r e su l t of the reduct ion in co r ros ion r a t e due to the accumula 
tion of co r ro s ion product in his nonref reshed tes t . As previous ly mention.ed, 
Link noted this type of behavior in dynamic t e s t s at 60°C. 

The co r ro s ion behavior i s c o r r e l a t e d with the accumulat ion of c o r 
ros ion product r a t h e r than c o r r e l a t e d with pH, since: (a) conflicting e s t i 
m a t e s were obtained by the g l a s s e lec t rode pH m e t e r and indicator paper ; 
and (b) t h e r e was an i n c r e a s e in dynamic co r ros ion in the second set of 
t e s t s a t 90°C (pH mainta ined by K O H ) when the solution was constant ly r e 
placed, even though the m e a s u r e d pH was higher 

Very l imi ted data suggest that oxygen i n c r e a s e s co r ros ion . This 
was pa r t i cu l a r ly pronounced in the stagnant t e s t at 53°C. Dynamic t e s t s at 
90°C showed l i t t le effect of oxygen sa tura t ion . 

P u r e magnes ium demons t ra t ed the poores t co r ros ion r e s i s t a n c e of 
the al loys t e s t ed at t e m p e r a t u r e s above lOO^C. In this r e spec t i ts behavior 
is s imi l a r to that of pure aluminumi. The ro le s of the th ree beneficial 
alloying e lements a r e not unders tood. It is thought that a luminum and tin 
(or zinc) s e r v e to increase ' co r ro s ion r e s i s t a n c e a s a r e s u l t of the p r o p e r 
t ies of the co r ro s ion products . With these e lements p resen t , the cathodic 
alloying e lement is beneficial in pure water at e levated t e m p e r a t u r e s . It 



should be emphas ized that the copper addition was des i rab le for the specific 
case of re la t ive ly pure water at elevated t e m p e r a t u r e . In making this 
alloying addition it is a s sumed that the r e s i s t ance of the cathodic cor ros ion 
p r o c e s s is de l ibera te ly reduced to obtain a m o r e than proport ional i nc r ea se 
in the r e s i s t a n c e of the anodic co r ros ion p r o c e s s . This red is t r ibu t ion of 
r e s i s t a n c e s is possible only for ce r ta in co r ros ion media . The bulk of the 
data r e p o r t e d l l ) for var ious solutions at lower t e m p e r a t u r e s indicate that 
copper would be undes i rab le in al loys designed for r e s i s t ance to the m o r e 
common cor ros ion-eva lua t ing solut ions. 

Copper is apparent ly a m o r e effective alloying agent than nickel . In 
view of the exper ience with aluminum,(4) this was somewhat su rpr i s ing . 
However, it has been repor ted l ' ' ) that nickel is confined to the gra in bound
a r i e s while copper in concentra t ions g r e a t e r than 0.1% is d is t r ibuted 
throughout the magnes ium al loys . The improved dis t r ibut ion of the copper 
cathodic second phase would be expected to i nc r ea se the co r ros ion 
r e s i s t a n c e . 

No effort was made to evaluate coatings or inhibi tors at t e m p e r a 
t u r e s other than 150*C. At this t e m p e r a t u r e no promis ing coating was 
found. Of the comnaon inhibi tors , only fluoride was useful. The r epo r t ed 
low solubili ty of the fluoride co r ros ion product is apparent ly not the key to 
the m e c h a n i s m of inhibition since other hal ides , producing soluble f luorides, 
were a l so shown to be somewhat effective in reducing the r a t e of cor ros ion . 
Optimum fluoride inhibition in sy s t ems without de l ibera te pH control reduced 
the co r ros ion r a t e of AZ-31 al loy by a factor of about t h ree . 

The control of pH in the range of pH 6-7 with fluoride inhibition p r o 
duced a s t r iking reduct ion in cor ros ion r a t e . As previous ly mentioned, it is 
bel ieved that the neu t ra l pH, favoring the production of a m o r e c o r r o s i o n -
r e s i s t an t a luminum oxide, significantly improves the co r ros ion film p r o p e r 
t ies at 150°C of magnes ium alloys containing aluminum. 

CONCLUSIONS 

As has been d i scussed , the co r ros ion r a t e s of magnes ium alloys in
c r e a s e d rapid ly with i nc r ea se in t e m p e r a t u r e . The r e s u l t s of these studies 
there fore did not indicate the poss ibi l i ty of using magnesiunn in high-
t e m p e r a t u r e aqueous s y s t e m s , except for highly specia l ized ones such as the 
high-flux r e s e a r c h r eac to r in which high co r ros ion r a t e s a r e to le rab le because 
of an unusual ly shor t core life. 

It has been demons t ra t ed that, by appropr ia te methods , it is possible 
to reduce by a factor of about 30 the co r ros ion r a t e of se lec ted magnes ium 
alloys in s ta t ic aqueous envi ronments at 150°C. Some aspec t s of these find
ings a r e in apparent contradict ion to previous ideas . If inhibiting agents 
and improved al loys a r e cor respondingly effective at lower t e m p e r a t u r e s 



and with rap id flow, the per formance of low- tempera tu re r e s e a r c h r e a c t o r s 
could be m a t e r i a l l y improved by the substi tution of magnes ium for a luminum. 
Cer ta in nonnuclear uses might a l so prove feasible. 

ACKNOWLEDGEMENT 

We gratefully acknowledge the many helpful suggest ions of 
Dr. J, E. Dra ley and Dr. R. D. Misch of this division, and the work of 
Mr. E. O^Keefe of Genera l E l ec t r i c (on loan to Argonne) on coatings. 

REFERENCES 

1. Uhlig, H. H., Cor ros ion Handbook, J. Wiley and Sons, New York 
(1948), pp. 218-252. 

2. Sock, Henr i S. and Byron P. Roe, L i t e r a tu re Survey of the Corros ion 
of Magnesium and Magnesium Alloys, WADC-TR-56-478 (Sept. 1957). 

3. Ruther , W. E. and W. B. Seefeldt, Aqueous Corros ion of Uranium and 
Uran ium-6 w/o Zi rconium Alloy, ANL-5672 (Jan. 1957X, 

4. Draley, J . E. and W. E. Ruther , Aqueous Corros ion of Aluminum, 
P a r t 2, Corros ion , 12_480t-490t (1956)1 

5. Gatley, O. and E. C. R. Spooner, The Elec t rode Potent ia l Behavior 
of Corroding Metals in Aqueous Solutions, Oxford University P r e s s , 
London (1939). 

6. Heal, T. J . ,Nuclear Engr . _3t 52-63 (Feb rua ry 1958). 


