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FILM GROWTH ON ALUMINUM IN HIGH^TEMPERATURE WATER 

by 

Raymond K. Hart and Westly E. Ruther 

ABSTRACT 

Fi lm growths on a luminum and two aluminum-1 w/o nickel 
alloys in water at 250°C and 350°C have been studied. It has been 
found that oxide growth does not advance on a uniform front but, 
to the con t ra ry , the advancing surface contains many outcrops in 
the form of thin p la te le t s , chunky outcrops , and whi ske r s . With 
both the pure meta l and the alloys considerable in te rgranu la r a t 
tack was observed . The genera l cor ros ion product was usual ly 
more uniform in c rys ta l size when formed on the pure meta l , but 
var ia t ions in c rys ta l size were observed on both aluminum and 
alloys with varying fea tures of the meta l surface . The roughness 
of the general oxide surface (including outcrops) was found to in
c rease rapidly to about 0.2 mic ron and then remain re la t ively 
constant with increas ing film th ickness . The composition of films 
formed under all invest igated conditions, except one, was found to 
be boehmite (<X-A1203-H20). This exception was films c a r r i e d by 
the alloy spec imens after tes t ing for 32 days at 350°C. In this 
case the main cor ros ion film was still boehmite, but in addition 
the outer surface supported long needles of diaspore (jS-A1203-H20). 

INTRODUCTION 

Right from the onset of film growth on a nnetal surface , the topog
raphy of the oxide-free surface is ve ry r a r e l y smooth on a m i c r o s c a l e , 
although it often appears so on a m a c r o s c a l e . Studies of oxidized meta l 
surfaces by reflect ion e lec t ron mic roscopy , for instance by Halliday and 
Hi r s t , ^ • ' have shown that these surfaces contain many i r r e g u l a r i t i e s which 
a r e not visible with the optical m i c r o s c o p e . Such i r r e g u l a r i t i e s include 
undulations at grain boundar ies , b l i s te r ing due to entrapped ga se s , and v a r 
ious forms of outcropping. 

Another method for viewing the topography of react ion products on 
meta l surfaces is in s i lhouet te . This method also has the advantage that in 
many cases the individual a spe r i t i e s a r e t r anspa ren t , and so their in ternal 
s t r uc tu r e s can also be invest igated. Elec t ron mic roscopes incorporat ing 
se lec ted a r e a diffraction have proved of great benefit in these inves t igat ions . 
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B r e n n e r ' ^ ' r e fe r s to observat ions being made on the f i lamentary 
growth of s i lver as ea r ly as 1877. In the intervening y e a r s between 1877 
and 1950 spasmodic r e fe rences can be found re la t ing to f i lamentary growth 
of oxides , sulfides, e t c . (reviewed by Nabar ro and JacksonV^)). However, 
it was not until about 1952 that f i lamentary growths became a topic of in
tensive study. Since then these growths have been ana lysed by optical , 
e lec t ron optical , and X- r ay techniques . 

With par t i cu la r re fe rence to f i lamentary growth of a luminum oxides , 
Wislicenus(4) observed whisker growths of a luminum hydroxide , and Webb 
et_al.(5>6) grew sapphire whiskers from both a luminum and TiAls-

The p resen t paper desc r ibes the observat ion of var ious forms of 
outcropping on a luminum and a luminum-nickel al loys after cor ros ion in 
water at tennperatures up to 350°C. 

EXPERIMENTAL 

Mater ia l Used: 

The m a t e r i a l s used in this study a r e l is ted in Table I. 

Table I 

Composition of Mater ia l s 

Mater ia l Impur i t ies 

High-puri ty Al Si - 1 0 ppm; Fe - 1 0 ppm; Cu - 20 ppm; Mg - 1 0 ppm 

A-255 High-pur i ty Al + 1 w/o Ni +0 .1 w/o Ti 

1100 Al + 0.89 w/o Ni + 0.48 w/o Fe (0.13% Cu, 
X-8001 0.1 l7o Si, 0.01% Mn and 0.02 % Ti c a r r i e d by 1100 Al 

and not added to 1100 Al) 

In each case the m a t e r i a l was rece ived in the fo rm of ~ - i n . thick 
co ld- ro l led sheet . 

Methods of Specimen P r e p a r a t i o n : 

Two types of tes t spec imens were used in these expe r imen t s , namely, 
rec tangular sheets and d i s c s . The sheet specimens were cut d i rec t ly from 
the co ld- ro l led sheet and then polished e i ther meta l lographica l ly or e l e c t r o -
lyt ical ly as de s i r ed . 

Specimen d iscs of these m a t e r i a l s were p r e p a r e d by punching out 
2 .3 -mm dia blanks from 0.005-in. thick foil which had been cold rol led to 
this th ickness from—-in. s tock. A cent ra l ly placed 0.01 0-in. dia hole was 



dri l led in each disc and, after deburr ing , was mechanical ly polished with 
"Wenol" meta l polish on a t ape red , soft wooden dowel. After the holes were 
smooth (determined by viewing optically at 250X), the discs were then 
usually given a quick e lec t ropol ish in 1 :9 pe rch lo r i c -ace t i c acid bath at 
60 vol ts , washed in isopropyl alcohol, and dr ied in a cur ren t of warm a i r . 
Before being used in cor ros ion t e s t s , the p repa red hole in each disc was 
viewed e lec t ron optically in silhouette at 6000X to a sce r t a in smoothness . 

Some discs were t r a n s v e r s l y sectioned after corros ion testing by 
mounting them in methyl me thac ry la te replicat ing plast ic and mechanical ly 
grinding away l aye r s until the des i red section had been obtained. 

Elect ron mic roscope specimens of oxidation products were also p r e -
pared in the foUow^ing manne r . Numerous —-in . dia holes were dri l led 
through 0.005-in. thick foil spec imens , and then the foil was corroded. At 
the conclusion of these t e s t s the remaining metal was removed by dissolu
tion in iodine-methanol as desc r ibed by Pryor and Ke i r .w) The freed oxide 
" r ings" were mounted on mic roscope gr ids and viewed in si lhouette. 

Testing Environments 

All the specimens were autoclave tes ted in h igh-pur i ty water (l .1 to 
I .5 X 10 ohm cm) at e i ther 250°C or 350°C for t imes varying from a few 
minutes up to one month. The procedure of test ing has been previously d e s 
cribed in detail.v8j The smal l disc specimens were individually "caged" in 
platinum gauze containers while the l a r g e r specimens were suspended from 
ar t i f ic ia l sapphire rods . 

Apparatus Used for Observat ion 

The cor ros ion products were viewed optically in both light and e l e c 
t ron m i c r o s c o p e s . The Siemens Elmiskop 1 employed in this investigation 
was fitted with an adjustable ape r tu re located in the plane of the first i n t e r 
mediate image so that diffraction pat terns could be obtained from selected 
a r e a s . 

RESULTS 

A. Corros ion at 250°C 

1 . Aluminum 

When pure a luminum is exposed to water at 250°C, the meta l 
co r rodes with grea t rapidity until it is totally converted to a crumbling m a s s 
of oxide. With-t"-in. thick sheet this usually happens within one day. 



8 

Afte r only t h r e e - m i n u t e i m m e r s i o n , the a l u m i n u m s u r f a c e 
showed s e v e r e i n t e r g r a n u l a r a t t a c k ( F i g . 1). T h i s f i gu re a l s o shows what 
a p p e a r s to be b l i s t e r s ad j acen t to the g r a i n b o u n d a r i e s . The r e m a i n d e r of 
the g r a i n s w e r e u n i f o r m l y f i lmed wi th c o r r o s i o n p r o d u c t . Both X - r a y and 
e l e c t r o n d i f f r ac t ion p a t t e r n s showed b o e h m i t e (Q:.-A12 0 3 ' H 2 0 ) to be the only 
m a t e r i a l p r e s e n t on the s u r f a c e . F i g u r e 2 i s an e l e c t r o n m i c r o g r a p h of a 
t w o - s t a g e p r e s h a d o w e d c a r b o n r e p l i c a t a k e n f r o m n e a r the m i d d l e of an 
a l u m i n u m g r a i n . The a v e r a g e oxide p a r t i c l e s i z e i s shown to be a p p r o x i 
m a t e l y 0.5 jd, a l t hough an o c c a s i o n a l l-,a p a r t i c l e can a l s o be s e e n . 

110182 XIOOO 100121 X6000 

F i g u r e 1. A l u m i n u m s u r f a c e a f t e r F i g u r e 2 . C a r b o n r e p l i c a , p r e -
3 - m i n c o r r o s i o n in shadowed with P t - P d , 
w a t e r a t 250° C. of a l u m i n u m c o r r o d e d 

for 4 m i n at 250° C. 

F o r i m m e r s i o n t i m e s l o n g e r than 12 m i n u t e s , s a m p l e s w e r e 
coa ted wi th an opaque f i lm which c o m p l e t e l y hid d e t a i l s on the m e t a l 
s u r f a c e . 
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O b s e r v a t i o n s m a d e in s i l houe t t e on d r i l l e d d i s c s showed the 
o u t e r s u r f a c e to have a " s a w - t o o t h " t o p o g r a p h y a s shown in F i g . 3(a) . The 
s u r f a c e r o u g h n e s s * of t h e s e f i lms r e m a i n e d v i r t u a l l y c o n s t a n t a t 2 /.i a f t e r 
a p p r o x i m a t e l y 4 - m i n c o r r o s i o n . S u r f a c e s of c o r r o d e d a l u m i n u m w e r e 
r e l a t i v e l y f r ee of g r o w t h o u t c r o p s ; of the s a m p l e s i nves t i ga t ed , only two 
o u t c r o p s w e r e o b s e r v e d . T h e s e w e r e opaque to e l e c t r o n s and chunky in 
a p p e a r a n c e , ex tend ing 5 /i out f r o m the s u r f a c e . However , t h r e e f i l a m e n t a r y 
o u t c r o p s or w h i s k e r s w e r e o b s e r v e d on one s a m p l e . Two of t h e s e w e r e 
9 M long with a l eng th - t o - d i a m e t e r r a t i o ( L / D ) of 24, w h e r e a s the t h i r d , 
which is shown in p a r t in F i g . 3(a), had a L / D r a t i o of 75 . F i g . 3(b) is a 
s e l e c t e d a r e a d i f f r ac t ion p a t t e r n of the w h i s k e r shown in F i g 3(a); it w a s 
found to be b o e h m i t e ( a - A l 2 0 3 ' H 2 0 ) . The l a y e r l ines in F i g . 3(b) a r e in a 
d i r e c t i o n n o r m a l to the long ax i s of the w h i s k e r , n a m e l y , the c d i r e c t i o n . 
T h i s p a t t e r n a l s o shows tha t the c r y s t a l has suf fered r o t a t i o n a l d i s o r i e n t a 
t ion a r o u n d the c a x i s . Th i s is a l s o ev iden t f rom the d i f f rac t ion c o n t r a s t 
shown in the e l e c t r o n m i c r o g r a p h [ see F i g . 3(a)] . No ro t a t i on w a s o b s e r v e d 
in the d i f f r ac t ion p a t t e r n f r o m the two s h o r t e r w h i s k e r s . 

100378 (a) X6000 100379 (b) 

F i g u r e 3 . (a) Sur face t o p o g r a p h y and w h i s k e r on a l u m i n u m c o r r o d e d for 
10 m i n a t 250° C. (b) E l e c t r o n d i f f rac t ion p a t t e r n f r o m w h i s k e r 
shown in (a) . 

* " r o u g h n e s s " r e f e r s to the di f ference in he igh t between troughs and 
a s p e r i t i e s of the f i lm. 
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2 . A 2 5 5 A l l o y 

F i g u r e 4 i s a t y p i c a l e x a m p l e of t h e s e c o n d - p h a s e d i s t r i b u t i o n 
i n A 2 5 5 a l l o y . C o m p a r i s o n of F i g . 5 w i t h F i g . 4 i n d i c a t e s t h a t t h e b l a c k 
c o m p o u n d f o r m e d f r o m N i A l 3 i s c o n t i n u o u s o n t h e e u t e c t i c a r e a s . W i t h i n 
c r e a s i n g e x p o s u r e , w h a t a p p e a r s t o b e a b l a c k d e p o s i t c h a r a c t e r i s t i c a l l y 
s p r e a d s a c r o s s t h e s u r f a c e . I t h a s n o t b e e n p o s s i b l e to c h o o s e b e t w e e n a 
f e w a l t e r n a t i v e e x p l a n a t i o n s f o r t h e b l a c k a p p e a r a n c e . 

F i g u r e 4 . 

S t r u c t u r e of A 2 5 5 a l l o y 

1 1 0 1 5 8 XIOOO 

XIOOO 1 1 0 1 9 3 

F i g u r e 5 . (a) P r e c i p i t a t e i n A 2 5 5 a l l o y s u r f a c e a f t e r 3 - m i n c o r r o s i o n a t 
2 5 0 ° C . (b) S a m e a r e a a s s h o w n i n (a) a f t e r 2 0 0 - m i n c o r r o s i o n . 
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T w o - s t a g e p r e s h a d o w e d c a r b o n r e p l i c a s f r o m the c o r r o d e d 
a l loy s u r f a c e s ( l e s s than 1 2 - m i n i m m e r s i o n ) showed that the p a r t i c l e s i z e 
of the oxide w a s not u n i f o r m a n d a p p e a r e d to be c o n t r o l l e d by the u n d e r 
lying m e t a l s t r u c t u r e . F o r i n s t a n c e , F i g . 6 shows tha t the p a r t i c l e s i z e of 
f i lm o v e r a g r a i n b o u n d a r y w a s s i gn i f i c an t l y s m a l l e r than o v e r m e t a l g r a i n s . 

100142 X6000 

F i g u r e 6 

C a r b o n r e p l i c a , p r e 
shadowed with P t - P d , of 
A255 a l loy a f t e r c o r r o 
s ion for 12 m i n . at 2 5 0 ° C . 

A l s o , one often o b s e r v e d oxide c r y s t a l s of m u c h l a r g e r d i m e n s i o n s , a s i s 
shown in F i g . 7 and F i g . 8. Both of t h e s e f i g u r e s w e r e ob ta ined f r o m 
r e p l i c a s t a k e n a f t e r 1 2 - m i n c o r r o s i o n . The b l ack a r e a s in F i g . 8 a r e oxide 
o u t c r o p s which w e r e e x t r a c t e d f r o m the s u r f a c e wi th the p l a s t i c i m p r e s s i o n . 
Such o u t c r o p s a p p e a r to be l o c a t e d at the junc t ion m the f i lm b e t w e e n g r a i n s 
of d i f fe ren t s i z e . A s e l e c t e d a r e a d i f f rac t ion e x a m i n a t i o n was done on t h e s e 
p a r t i c l e s and they w e r e found to be b o e h m i t e . 

E x a m i n a t i o n of d i s c s p e c i m e n s showed the g e n e r a l s u r f a c e to 
be l e s s even ly c o r r o d e d than the h i g h - p u r i t y a l u m i n u m ; it con ta ined m a n y 
oxide o u t c r o p s which w e r e r e a s o n a b l y c l o s e l y s p a c e d a r o u n d the p e r i p h e r y 
( see F i g . 9). On d i s c s tha t had b e e n c o r r o d e d for 200 m i n u t e s , b o e h m i t e 
" w h i s k e r s " w e r e o b s e r v e d in add i t ion to the o t h e r o u t c r o p s . Data on 
w h i s k e r s wh ich could be m e a s u r e d with r e a s o n a b l e a c c u r a c y a r e g iven in 
T a b l e II . 
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100141 X16,000 100136 X6000 

F i g u r e 7. C a r b o n r e p l i c a , p r e 
shadowed with P t - P d , of 
A255 a l loy a f t e r c o r r o 
s ion for 12 m i n at 2 5 0 ° C . 

F i g u r e 8. C a r b o n r e p l i c a , p r e 
shadowed with P t - P d , of 

A255 a l loy a f t e r c o r r o 
s ion for 12 m i n at 2 5 0 ° C . 

100076 X16,000 

F i g u r e 9. O u t c r o p p i n g on A255 a l loy d i s c 
a f t e r c o r r o s i o n for 4 m i n at 250° C. 
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•Whisker Growth on Aluminum at 250° C 

Mater ia l 

Aluminum 

A255 

X8001 

Immers ion Time, 
m m . 

10 
10 

200 
200 
200 
200 

5 

L / D Ratio* 

24 
75 

10 
20 
30 
60 

20 

Number of Whiskers 
Observed 

2 
1 

6 
2 
1 
1 

3 

* L / D rat io IS the rat io of the length of a whisker to its d iameter 

A l t h o u g h n o w h i s k e r s w e r e o b s e r v e d on d i s c s t h a t h a d b e e n 
c o r r o d e d f o r s h o r t e r p e r i o d s of t i m e , t h e r e i s a c e r t a i n a m o u n t of e v i d e n c e 
f r o m s u r f a c e r e p l i c a s t h a t t h e y a l s o g r o w on s h o r t - t e r m s p e c i m e n s . 

T h e s e w h i s k e r s w e r e u s u a l l y f o u n d i n c l u s t e r s , a s s h o w n i n 
F i g . 1 0 ( a ) . S e l e c t e d a r e a d i f f r a c t i o n p a t t e r n s w e r e n o t o b t a i n e d f r o m t h e 
m a j o r i t y of t h e s e b e c a u s e t h e y w e r e t o o t h i c k to a l l o w e l e c t r o n p e n e t r a t i o n . 
In o n e c a s e , h o w e v e r , a w h i s k e r of s u i t a b l e t h i c k n e s s a n d s u f f i c i e n t l y s e p 
a r a t e d f r o m t h e r e s t w a s o b t a i n e d . T h e d i f f r a c t i o n p a t t e r n of t h i s f i l a m e n t 
i s s h o w n i n F i g . 1 0 ( b ) , w h i c h i n d i c a t e s t h a t t h e c r y s t a l i s b o e h m i t e a n d t h a t 
t h e f i l a m e n t a x i s i s p a r a l l e l t o t h e b - a x i s of t h e c r y s t a l l a t t i c e . T h i s p a t 
t e r n i s r e l a t i v e to t h e (102) p l a n n e t w o r k of t h e r e c i p r o c a l l a t t i c e . 

1 0 0 3 8 5 (b) 

Figure 10. (a) Whisker growth on A255 alloy after 
corrosion for 200 min a: 250 C. 
(b) Diffraction pattern from one of 

00 these whiskers. 1 0 0 3 8 2 (a) X 1 6 , 0 



3. X8001 Alloy 

Disc specimens after immers ion for 5 minutes showed that the 
free surface of the cor ros ion product was slightly smoother than in the case 
of the A255 alloy. Its topography was still saw-tooth, broken by an occa
sional outcrop, as shown in Fig . 11. A few whiskers in the grouping 
L / D = 20 were also observed in e lect ron m i c r o g r a p h s . 

When the i m m e r s i o n t ime was inc reased to 1 0 minutes , the s u r 
face was found to double in roughness and many outcrops, approximately 2/i 
in height, were found on scanning the surface . Individual outcrops (Fig. 12) 
appeared to consist of many smal l , randomly or iented c rys t a l l i t e s . This 
feature was confirmed by e lec t ron diffraction. No whiskers were observed 
on the 10-minute s amples . 

100336 X16,000 100328 Xl6,000 

Figure 11. Outcropping on X8001 Figure 12. Outcropping on X8001 
alloy disc after c o r r o - alloy disc after c o r r o 
sion for 5 min at 250° C. sion for 10 min at 250° C. 

B. Corrosion at 350°C 

1. A255 Alloy 

The general surface of disc specimens after the shor tes t i m 
mers ion (5 minutes) was saw-tooth in appearance , giving a surface rough
ness of approximately 0.2 ^. Each asper i ty was the tip of a smal l , 
t r i angula r - shaped platelet , as shown in Fig. 13(a). The angles at these tips 



w e r e m e a s u r e d at e i t h e r 76 o r 104°. Some o u t c r o p s w e r e o b s e r v e d v a r y 
ing f r o m 1 jX to 4 /J, in s i z e . 

When i m m e r s i o n w a s e x t e n d e d to 1 0 m i n u t e s , a s u r f a c e m o r e 
d e n s e l y popu la t ed with t r i a n g u l a r - s h a p e d p l a t e l e t s was found. Such a s u r 
face i s shown in F i g . 13(b), which a l s o shows s e v e r a l w h i s k e r s . A h i g h -
m a g n i f i c a t i o n e l e c t r o n m i c r o g r a p h of one p l a t e l e t i s shown in F i g . 14. Th i s 
f igure shows m o s t of the de t a i l tha t i s s e e n in t h e s e th in oxide p l a t e l e t s . 
The m i c r o g r a p h c l e a r l y shows tha t the s t r u c t u r e within e a c h p l a t e l e t i s fa r 
f r o m h o m o g e n e o u s . Many a r e a s show e l a s t i c bend ing , r e s u l t i n g in d i f f r a c 
t ion c o n t r a s t t o g e t h e r wi th m o i r e p a t t e r n s s t r a d d l i n g t h e s e ex t inc t ion 
c o n t o u r s . The c a u s e of t h e s e ef fec ts i s u n c e r t a i n , but t hey have been s e e n 
to m o v e when t h e r m a l l y e x c i t e d by the e l e c t r o n b e a m . T h e i r shape s u g g e s t s 
t ha t t hey m a y c o n s t i t u t e p o c k e t s of e n t r a p p e d gas o r l iqu id which i s e x p e l l e d 
on h e a t i n g . Along the o u t e r edge of t h i s c r y s t a l a n u m b e r of m o u n d s can be 
s e e n ; t h e s e a p p e a r to be a s s o c i a t e d with b l ack dots a l i t t l e way be low the 
s u r f a c e . It h a s b e e n s u g g e s t e d tha t t h e s e a r e nuc l ea t i on c e n t e r s for which 
f u r t h e r g rowth t a k e s p l a c e . In fac t , oxide p l a t e l e t s on c o r r o d e d z i r c o n i u m 
(p r i va t e c o m m u n i c a t i o n f r o m R. D. Misch ) have been found which d i s p l a y 
a d d i t i o n a l oxide g rowth o r i g i n a t i n g at s i m i l a r spo t s n e a r the ou t e r s u r f a c e . 

F i g u r e 13 . 

(a) Sur face of A255 a l loy 
a f t e r 5 m i n at 350° C. 

(b) Sur face of A255 a l loy 
a f t e r 10 m i n at 3 5 0 ° C . 

(c) Sur face of X8001 a l loy 
a f t e r c o r r o s i o n for 
200 m i n at 350°C . 

X16,000 

It i s qui te p o s s i b l e tha t t h e s e "nuc lea t ion c e n t e r s " a r e s m a l l 
m e t a l l i c p a r t i c l e s which have b e e n t r a n s p o r t e d o u t w a r d s by the g rowing 
ox ide . An e x a m p l e of o u t c r o p p i n g which was p r e v a l e n t on s p e c i m e n s c o r 
r o d e d for 10 m i n u t e s o r l o n g e r i s shown in F i g . 15(a). Se l ec t ed a r e a dif
f r a c t i o n p a t t e r n s s i m i l a r to F i g . 15(b) w e r e ob ta ined f r o m t h e s e s u r f a c e s , 
showing the m a t e r i a l to be b o e h m i t e . 

^m^^' 

100473 



100190 X120,000 

F i g u r e 14. Oxide p l a t e l e t on A255 a l loy d i s c a f t e r c o r r o s i o n 
for 10 m i n at 3 5 0 ° C . 

E x a m i n a t i o n of d i s c s in s i l h o u e t t e a f t e r c o r r o s i o n for 24 h o u r s 
showed the o u t e r s u r f a c e to be c o m p o s e d of th ick oxide b l o c k s , s i m i l a r to 
t hose shown in F i g . 13(c) . O u t c r o p s of t r i a n g u l a r - s h a p e d p l a t e l e t s , a s we l l 
a s w h i s k e r s , w e r e a l s o o b s e r v e d . Some w h i s k e r s a p p e a r e d s ing ly , w h e r e a s 
o t h e r s w e r e in c l u s t e r s . Da ta on t h e s e w h i s k e r s a r e g iven in T a b l e III . A 
good e x a m p l e of w h i s k e r g rowth i s g iven in F i g . 16. 

The m o r p h o l o g y of oxide l a y e r s on both A255 and X8001 d i s c s 
a f te r 2 4 - h o u r to 3 2 - d a y t e s t s was a l s o i n v e s t i g a t e d o p t i c a l l y in t r a n s v e r s e 
s e c t i o n . S e v e r a l i n t e r e s t i n g f e a t u r e s of f i lm g r o w t h w e r e n o t e d . F i g u r e 17 
shows the w e l l - c r y s t a l l i z e d p a r t i c l e s which f o r m the o u t e r l a y e r and the 
" g l a s s y " i n n e r l a y e r (dark in the p h o t o g r a p h ) . The i n n e r l a y e r i s not c o n 
t i n u o u s , a l though when v i e w e d u n d e r c e r t a i n e x p e r i m e n t a l cond i t ions it m a y 
a p p e a r s o . In fact t h i s l a y e r c o n s i s t s of b locks of oxide s e p a r a t e d by 
" c r a c k s . " Many of t h e s e " c r a c k s " can be t r a c e d f r o m the m e t a l to the f r ee 
s u r f a c e . W h e r e t h e s e cond i t ions e x i s t , w h i s k e r s a r e qui te often o b s e r v e d 
on the f r ee s u r f a c e . 

The r a t i o of the t h i c k n e s s of the o u t e r c r y s t a l l i n e l a y e r to tha t 
of the " g l a s s y " i n n e r l a y e r r e m a i n s s u b s t a n t i a l l y c o n s t a n t for c o r r o s i o n 
t i m e s r a n g i n g f r o m 24 h o u r s to 32 d a y s . Th i s r a t i o of o u t e r to i n n e r f i lm 
i s 1:3. When l o c a l i z e d a t t a c k of the m e t a l o c c u r s , the o u t e r c r y s t a l l i z e d 



l a y e r i n c r e a s e s m t h i c k n e s s i m m e d i a t e l y above th i s r e g i o n The r a t i o of 
the i n c r e a s e d depth of p e n e t r a t i o n into the m e t a l to e x c e s s bui ldup of c r y s 
t a l l m e p r o d u c t i s abou t 1:1. Over the r e m a i n d e r of the s u r f a c e the o u t e r 
to i n n e r oxide r a t i o r e m a i n s at 1"3. F i g u r e 18 shows a v iew of s t r i p p e d 
oxide m s i l h o u e t t e w h e r e s u r f a c e o u t c r o p p i n g was a s s o c i a t e d with a c c e l e r 
a t e d a t t a c k of the m e t a l . 

100177 (a) X16,000 

F i g u r e 15. 

(a) O u t c r o p p i n g on A255 a l loy 
d i s c a f t e r c o r r o s i o n for 10 m m 
at 350° C (b) Di f f rac t ion p a t 
t e r n f r o m the s u r f a c e 

100565 (b) 



T a b l e III 

W h i s k e r Growth on A l u m i n u m at 350° C 

Mater ia l 

A255 

X8001 

Immers ion Time 

1 0 min 
24 h r 
24 hr 
24 hr 

1 0 min 
200 min 

L / D Ratio 

20 
10 
20 

150 

20 
20 

Number of Whiskers 
Observed 

3 
3 
1 
2 

2 
8 

F i g u r e 1 6. 

W h i s k e r on A255 a l loy a f t e r c o r r o 
s ion for 24 h r at 3 5 0 ° C . Inse t i s 
c o r r e s p o n d i n g d i f f rac t ion p a t t e r n . 

100575 
( inse t 100583) 

X6000 

Some a s p e c t s of f i lms p r o d u c e d a f te r 3 2 - d a y c o r r o s i o n have 
been m e n t i o n e d a b o v e . The o u t e r s u r f a c e was found to con ta in m a n y c l u s t e r s 
of f i l a m e n t a r y g rowth , a s we l l a s a c o n s i d e r a b l e quan t i ty of l o o s e l y a d h e r i n g 
f locculen t m a t e r i a l , shown at A in F i g s . 19 and 20. The n a t u r e of t h i s f l oc -
culent m a t e r i a l was not p o s i t i v e l y iden t i f i ed , but it i s b e l i e v e d to be s o m e 
f o r m of a l u m i n a ge l . The oxide f i l a m e n t s w e r e iden t i f i ed by both e l e c t r o n 
d i f f rac t ion and X r a y s a s d i a s p o r e , the c - a x i s d i r e c t i o n be ing p a r a l l e l to 
the m a j o r f i l amen t a x i s . T h i s g rowth habi t for d i a s p o r e h a s p r e v i o u s l y b e e n 
r e p o r t e d by E r v i n and O s b o r n . ( 9 ) 



19 

1 1 0 2 6 5 X500 1 0 0 6 3 7 X500 

F i g u r e 17. T r a n s v e r s e s e c t i o n of 
an A255 a l loy d i s c a f t e r 
c o r r o s i o n for 32 days 
at 350°C 

F i g u r e 18. E l e c t r o n s i lhoue t t e of 
oxide l a y e r s t r i p p e d 
f r o m A255 a l loy d i s c 
a f t e r c o r r o s i o n for 
32 days at 350°C . 

F i g u r e 19. 

Op t i ca l m i c r o g r a p h of an 
A255 a l loy d i s c a f t e r c o r r o 
s ion for 32 days at 350°C 

110212 X150 
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The a p p e a r a n c e of Kikuchi l i n e s a s 
we l l a s of L a u e spo t s on e l e c t r o n 
d i f f rac t ion p a t t e r n s was e v i d e n c e 
tha t the s t r u c t u r e of t h e s e f i l a m e n t s 
w a s h igh ly p e r f e c t . Many of t h e s e 
f i l a m e n t s w e r e qui te l oose and no t 
a d h e r e n t to the s u r f a c e ox ide at a l l . 
T h e y could be e a s i l y r e m o v e d on a 
n e e d l e po in t . The c r o s s s e c t i o n w a s 
found to be r e c t a n g u l a r in s h a p e . 

2. X8001 Al loy 

100346 

F i g u r e 20. 

When vie-wed in s i l h o u 
e t t e a f te r c o r r o s i o n for 5 m i n u t e s , 
the s u r f a c e of X8001 a l loy d i s p l a y e d 
a s i m i l a r s a w - t o o t h t o p o g r a p h y , a l 
though s l i gh t l y r o u g h e r than the 
A255 a l l o y . Ou tc ropp ing , s o m e 4-5,u 
in h e i g h t , i s shown in F i g . 21 . Af ter 
only 1 0 - m i n u t e c o r r o s i o n the s u r f a c e 
a s p e r i t i e s h a d t h i c k e n e d c o n s i d e r 
ab ly and b e c o m e b lock type in p r o 
f i l e . One t r a n s p a r e n t p l a t e l e t w a s 
o b s e r v e d , and th i s showed i n t e r e s t 
ing s t r u c t u r a l d e t a i l . A h igh ly m a g 
nif ied s e c t i o n of t h i s p l a t e l e t is 
shown in F i g . 22 . Shown in t h i s 

o o 

f igure a r e n u m e r o u s s m a l l loop f e a t u r e s v a r y i n g f r o m 150 A to 550 A 
a c r o s s . F e a t u r e s of s i m i l a r a p p e a r a n c e to t h e s e h a v e been r e p o r t e d by 
B a s s e t t , M e n t e r and P a s h l e y ( l O ) in s i n g l e - c r y s t a l go ld f i l m s . It w a s f i r s t 
thought tha t t h e y w e r e d i s l o a t i o n l o o p s , but th i s i d e a w a s l a t e r d i s c r e d i t e d , 
s ince f u r t h e r e x p e r i m e n t s showed tha t t h e y a p p e a r a s a r e s u l t of e l e c t r o n 
b o m b a r d m e n t ; B a s s e t t et a l . , h a v e c o n s i d e r e d the p o s s i b i l i t y tha t the do t 
l ike f e a t u r e s could be a s s o c i a t e d wi th the a g g r e g a t i o n of g a s a n d / o r v a c a n 
c i e s in the f i lm, the e l e c t r o n b e a m being the agen t which d i s s o c i a t e s the 
i m p u r i t y m o l e c u l e s and so ef fects t h e i r ab i l i t y to di f fuse , p e r h a p s in a s s o 
c ia t ion -with a v a c a n c y . 

X6000 

E l e c t r o n s i l h o u e t t e of 
d i a s p o r e n e e d l e s p r o 
t r u d i n g in to the ho le of 
the dis c shown in F ig . 1 9 . 

T h e s e loop f e a t u r e s in F i g . 22 did to a c e r t a i n ex ten t b e c o m e 
m o b i l e unde r m o r e i n t e n s i v e e l e c t r o n i r r a d i a t i o n , wi th the r e s u l t tha t the 
a r e a sho-wn in t h i s f igu re a p p e a r e d to a c t a s a s ink for t h e m . It i s t e n t a 
t i ve ly s u g g e s t e d tha t t h e s e f e a t u r e s m a y a r i s e f r o m the e n t r a p m e n t of 
e i t h e r gas o r w a t e r d u r i n g f i lm g r o w t h . 



Figure 21 . 

Outcropping on X80 01 alloy 
disc after corros ion for 5 mm 
at 350°C. 

100283 X16,000 

100296 X80,000 

Figure 22. Oxide platelet on X8001 alloy disc after 
corros ion for 10 mm at 350°C, showing 
"loops." 



Unfortunately, this specimen was dest royed by the e lectron 
beam before it could be de termined whether or not these "loops" could be 
made to conglomerate under e lectron i r rad ia t ion . 

Several -whiskers in the L / D - 20 range were a lso observed on 
10-minute spec imens . 

After the cor ros ion t ime had been extended to 200 minutes , the 
oxide surface was found to consist mainly of oxide blocks [see Fig. 13(c)] 
which were opaque to the e lect ron beam. The occur rence of chunky out
crops was very r a r e but eight whiskers were m e a s u r e d in the 
L/D = 20 range . 

After 24 hours the profile of the outer oxide surface was s imi 
lar to that recorded for specimens which had been examined after 
200-minute cor ros ion . All the surfaces examined were free of large out
crops and no whiskers were observed. Electron diffraction examination 
was run on samples of this oxide after it had been gently scraped from the 
specimen onto a carbon support film. One such par t ic le is shown in 
Fig. 23(a) and the corresponding diffraction pat tern in F ig . 23(b) This pat 
tern cor responds to boehmite and the par t ic le is or iented -with the b-axis 
beam. 

Observat ions made on specimens after 32-day corros ion were 
s imi lar to those a l ready repor ted for A255 alloy spec imens . 

100647 (a) X20,000 100645 (b) 

Figure 23. (a) Oxide par t ic le removed from X8001 alloy disc after c o r r o 
sion for 24 hr at 350°C. (b) Electron diffraction pat tern from 
par t ic le shown in (a). 



DISCUSSION 

When a l u m i n u m and a l u m i n u m - n i c k e l a l l oys a r e c o r r o d e d in w a t e r 
a t h igh t e m p e r a t u r e s , the c o r r o s i o n p r o d u c t s bu i l t up on the s u r f a c e a p p e a r 
in a n u m b e r of d i f fe ren t f o r m s . The p r e s e n t s tudy shows tha t oxide g r o w t h 
does not a d v a n c e on a u n i f o r m f ron t , but , to the c o n t r a r y , the advanc ing s u r 
face h a s b e e n found to con ta in m a n y o u t c r o p s which a s s u m e v a r i o u s f o r m s . 
With the m a t e r i a l s i n v e s t i g a t e d t h e s e o u t c r o p s w e r e th in p l a t e l e t s , chunky 
o u t c r o p s , and w h i s k e r s . 

In add i t ion to o u t c r o p s on t h e s u r f a c e , s e c t i o n i n g h a s shown tha t the 
bulk f o r m of t h e s e f i l m s i s not h o m o g e n e o u s . T y p i c a l l y , the m e t a l c a r r i e s 
two d i s t i n c t l a y e r s of f i lm m a t e r i a l , the i n n e r l a y e r be ing of s m a l l c r y s t a l 
s i z e and " g l a s s y " in a p p e a r a n c e , w h e r e a s the o u t e r l a y e r c o n s i s t s of w e l l -
d e v e l o p e d c r y s t a l l i t e s -which a p p e a r to p r e f e r g r o w t h in the o u t w a r d 
d i r e c t i o n . 

T h e s e g r o w t h p r o c e s s e s s u g g e s t t ha t m o r e t han one type of c r y s t a l 
l i z a t i o n m e c h a n i s m i s o p e r a t i v e d u r i n g f i lm b u i l d u p . The g e n e r a l bu i ldup 
of f i lm on the m e t a l s u r f a c e by d i r e c t r e a c t i o n b e t w e e n the m e t a l and the 
c o r r o s i v e e n v i r o n m e n t can be c l a s s i f i e d a s the p r i m a r y c r y s t a l l i z a t i o n 
p r o c e s s . In t h i s p r i m a r y p r o c e s s the in f luence of the m e t a l i t s e l f i s a l l 
i m p o r t a n t , and i t s i m m e d i a t e p r e s e n c e a t the s e a t of r e a c t i o n will d i r e c t l y 
in f luence f i lm g r o w t h . 

The f o r m a t i o n of o u t c r o p s and the v a r i o u s o t h e r g r o w t h f o r m s which 
h a v e b e e n o b s e r v e d can be c o n s i d e r e d a s due to a s e c o n d a r y c r y s t a l l i z a t i o n 
p r o c e s s . A good e x a m p l e of s e c o n d a r y c r y s t a l l i z a t i o n i s t he f o r m a t i o n of 
d i a s p o r e n e e d l e s on the o u t e r s u r f a c e of the b o e h m i t e f i lm . The e x p e r i 
m e n t a l e v i d e n c e s u g g e s t s t ha t the d i a s p o r e c r y s t a l l i z e s f r o m so lu t ion . Work 
of Dillon^ ' h a s shown t h a t the s o l u b i l i t y of a l u m i n u m c o r r o s i o n p r o d u c t 
(as AI2O3 in g / L ) in w a t e r a t 250°C and 350°C i s 1 - 9 x 1 0 - * and 2 . 8 x 10"^, 
r e s p e c t i v e l y . T h u s it i s to be e x p e c t e d tha t t h e r e a r e suff ic ient a l u m i n u m 
ions in so lu t ion i m m e d i a t e l y a d j a c e n t to the o u t e r oxide s u r f a c e to a l low 
s u p e r s a t u r a t i o n to o c c u r , wi th t h e r e s u l t a n t c r y s t a l l i z i n g out of d i a s p o r e . 
P r o v i d i n g th i s whole p r o c e s s t a k e s p l ace in the i m m e d i a t e v i c i n i t y of the 
s u r f a c e , v e r y l i t t l e m a t t e r wi l l be c a r r i e d away f r o m the s u r f a c e , even in 
r e p l e n i s h e d s y s t e m s , b e c a u s e of the g e n e r a l flow p a t t e r n of l i qu id s o v e r 
s u r f a c e s . A n o t h e r p r o c e s s not to be o v e r l o o k e d i s the c r y s t a l l i z a t i o n of 
d i a s p o r e f r o m a l u m i n a g e l . 

The e x p e r i m e n t a l c o n d i t i o n s u s e d when d i a s p o r e w a s o b s e r v e d a r e in 
a g r e e m e n t wi th the e q u i l i b r i u m d i a g r a m for the Al203 'H20 s y s t e m given by 
E r v i n and O s b o r n . w j 

Al though the g r o w t h of ox ide w h i s k e r s h a s b e e n r e p o r t e d n u m e r o u s 
t i m e s o v e r t h e p a s t few y e a r s , d e t a i l e d e x p l a n a t i o n of t h e i r o r i g i n i s s t i l l 
l a c k i n g . B e c a u s e t h e r a t e i s m u c h m o r e r a p i d t han tha t for " n o r m a l " ox ide . 
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t h e i r g r o w t h p r o c e s s m u s t invo lve a m e c h a n i s m h a v i n g an a b n o r m a l l y low 
a c t i v a t i o n e n e r g y . T h i s cou ld c o m e about t h r o u g h s o m e c o m b i n a t i o n of a 
d e c r e a s e in the e n e r g y l e v e l of the a c t i v a t i o n c o m p l e x and t h r o u g h a h igh 
l o c a l e n e r g y . The l a t t e r h a s r e c e i v e d s o m e w h a t m o r e c o n s i d e r a t i o n . E v i 
dence to d a t e a p p e a r s to s u p p o r t the t h e o r y t h a t w h i s k e r s g r o w f r o m h igh ly 
i m p e r f e c t m a t e r i a l . A l s o , w h i s k e r g r o w t h h a s b e e n a s s o c i a t e d with p r e s 
s u r e , wh ich can a c c e l e r a t e g r o w t h by a s m u c h a s 10 ,000 . The t e n d e n c y for 
m o r e w h i s k e r s to be p r o d u c e d a t the h i g h e r t e m p e r a t u r e m a y have b e e n i n 
f luenced by p r e s s u r e (Z400 p s i in the p r e s e n t i n v e s t i g a t i o n ) . H o w e v e r , i t i s 
difficult to v i s u a l i z e how s u i t a b l e e x p e r i m e n t s could be p e r f o r m e d u n d e r the 
p r e s e n t e x p e r i m e n t a l c o n d i t i o n s to a s c e r t a i n the r o l e of p r e s s u r e in the p r o 
duc t ion of oxide w h i s k e r s . 

Yet a n o t h e r r e a s o n for w h i s k e r g r o w t h on c o r r o d i n g a l u m i n u m s u r 
f a c e s m a y be a n i s o t r o p i c t h e r m a l s t r e s s e s a n d / o r t h o s e d e r i v e d f r o m m i s 
fit b e t w e e n m e t a l and g r o w i n g o x i d e . 

E x p e r i m e n t a l e v i d e n c e h a s b e e n p r e s e n t e d h e r e to show tha t w h i s k e r s , 
a s wel l a s the o t h e r f o r m s of o u t c r o p s , g r o w out f r o m what i s e s s e n t i a l l y a 
" s e m i p o r o u s " s u b s t r a t e , i . e . , the g e n e r a l ox ide f i l m . F r o m t h i s s u b s t r a t e 
t h e i r g r o w t h i s in one of s e v e r a l p r e f e r r e d d i r e c t i o n s , and the w h i s k e r s a r e 
e s s e n t i a l l y r e g u l a r in c r o s s s e c t i o n . W h e t h e r t h e y g r o w f r o m the b a s e o r 
the t ip h a s not b e e n e s t a b l i s h e d , and a l s o no d i r e c t e v i d e n c e h a s b e e n o b 
t a i n e d to show^ t h a t t h e s e w h i s k e r s a r e in a n y way a s s o c i a t e d wi th 
d i s l o c a t i o n s . 
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