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CORROSION OF AN ALUMINUM-NICKEL 

ALLOY IN A REACTOR TEST LOOP 

By 

Emil L. Mart inec 

INTRODUCTION 

F o r a number of y e a r s , Argonne National Labora to ry has been in­
vest igat ing the use of a luminum or aluminum alloys as construct ion m a t e ­
r i a l s for power r e a c t o r s . The advantages of a luminum over other me ta l s 
a r e i ts excellent nuc lear p r o p e r t i e s , abundance, and ease of fabricat ion. 

Ea r ly r e s e a r c h on p rope r t i e s of re la t ively pure aluminum was at 
re la t ive ly low t e m p e r a t u r e s (approximately 300°F or lower) , where the 
s t ruc tu ra l and co r ros ion p rope r t i e s of a luminum a r e very good. Lit t le was 
known, however, of the effects of elevated t e m p e r a t u r e s (say, in the range 
of 400*F to 600°F). With the advent of nuc lear power, r e s e a r c h was ex­
tended to include these effects. 

The major disadvantages of pure aluminum at high t e m p e r a t u r e s 
a r e i ts high cor ros ion ra te and low s t ruc tu ra l s t rength . 

An alloy of a luminum which will withstand the high t e m p e r a t u r e s 
r equ i red for the operat ion of boiling water r e a c t o r s is des i rab le . Initial 
s tudies of Draley and Rutherl'*) into the c o r r o s i o n - r e s i s t a n t p rope r t i e s 
of a luminum alloys indicated that the m o s t p romis ing were the a luminum-
nickel a l loys. 

PURPOSE OF THE STUDY 

This project was s t a r t ed to determiine the co r ros ion r e s i s t ance of 
var ious a luminum-nickel alloys \mder conditions s imulat ing r eac to r ope ra ­
tion and to find the alloy with the bes t pe r fo rmance . 

Up to this t ime the re had been ve ry l i t t le i r rad ia t ion of a luminum 
alloy spec imens under dynamic conditions. The major i ty of the spec imens 
examined had been s ta t ical ly i r r ad i a t ed to de te rmine the effects on the 
physical p roper t i e s of alxiininum. 

Prev ious i r r ad ia t ions of a luminum-nickel al loys had been per formed 
in the Argonne National Labora to ry h i g h - p r e s s u r e water loop at the Mate­
r i a l s Test ing Reactor for shor t t e r m s . The r e su l t s of these t e s t s were 

Numbers in pa ren thes i s re fe r to the bibl iography. 
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inconclusive and will be d i scussed l a te r . A long - t e rm i r rad ia t ion with a 
close control of all va r iab les was des i rab le . This l ong - t e rm i r rad ia t ion 
is the bas i s for the p resen t work. 

LITERATURE SURVEY AND BACKGROUND 

One of the f i r s t r epo r t s on the co r ros ion of high-pur i ty a luminum 
in water at t e m p e r a t u r e s from. 200^F to 500 'F was wr i t ten by Draley and 
Ruther. l^) Their r epo r t d i scusses the formation of the oxide l ayer on the 
a luminum surface and p re sen t s the co r ro s ion r a t e s at va r ious t e m p e r a ­
t u r e s . Their data was substant ia ted by other invest igators ,(1 '2,& o) 

In the i r r e s e a r c h Draley and Ruther(^) found that a luminum-nickel 
alloys offered the bes t co r ros ion protect ion of the alloys invest igated b e ­
cause the nickel provided local cathodic co r ros ion protect ion at grain 
boundar ies . Huddle and Wilkins'^^ co r robora t ed the co r ros ion t e s t s of 
Dra ley and Ruther on a luminum-nickel a l loys , invest igat ing vary ing p e r ­
centages of nickel as alloying e lement . 

An aluminum alloy containing 1% nickel has shown improved co r ­
ros ion r e s i s t ance over pure a luminum in s ta t ic t e s t s and the re fore was 
se lec ted for t e s t s to de te rmine i ts co r ro s ion r e s i s t a n c e under s imulated 
r eac to r operat ing conditions. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Apparatus 

In o rde r to invest igate the effect of i r rad ia t ion on fuel e lements and 
s t ruc tu ra l m a t e r i a l , Argonne cons t ruc ted a h i g h - p r e s s u r e wate r loop at the 
Mater ia l s Test ing Reactor at the National Reac tor Test ing Station in Idaho. 
The appara tus and i ts operat ion is desc r ibed in an a r t i c l e t i t led " P r e s s u r ­
ized Water Test Loop at MTR," which appeared in the Apr i l , 1957 i s sue of 
"Nucleonics" (Vol. 15, No. 4, P g s . 73-77). 

Exper imenta l P r o c e d u r e 

The purpose of this study was to de te rmine the co r ro s ion ra t e of an 
a luminum-nickel alloy under radia t ion. In o rde r to de te rmine the i n c r e a s e 
of co r ros ion with r e spec t to t ime , a t e s t sect ion was devised which would 
pe rmi t the rep lacement of por t ions of the section at var ious in t e rva l s . The 
design for such a t e s t sect ion was taken from a previous t e s t sect ion which 
was used in this manne r . 



Figure 1 is a photograph of the or iginal t es t section and the two r e ­
placement sections which were inse r t ed into the r e a c t o r tube of the high-
p r e s s u r e loop. The i r rad ia t ion per iod involved nine cycles at the MTR. 
Sections 1, 2, and 3 consti tuted the or iginal inser t ion . Section 4 was the 
f i r s t rep lacement , made after a t h r ee -cyc l e per iod and replacing Section 3. 
Section 5 was the second rep lacement , made after a s ix-cyc le per iod and 
replacing Sections 2 and 4. Sections 1 and 5 were removed after the end of 
nine cyc les . 

An identical se t of t e s t sect ions and the i r r ep lacements were i n s e r ­
ted in the out-of-pi le or ex terna l tube of the loop. These t e s t sect ions were 
control specimens and were subjected to the s ame t r ea tmen t except for i r ­
radiat ion, as the s ame water flowed past the r eac to r tube specimens and the 
control spec imens . 

This method of per iodica l ly replacing port ions of the tes t sect ions 
p e r m i t s the determinat ion of the co r ros ion r a t e over a long per iod of t ime . 
It also enables the de terminat ion of any difference in co r ros ion ra t e due to 
the i r rad ia t ion of the t e s t spec imens . 

The t e s t sect ions consis ted of rec tangula r , s ta in less s teel enclo­
s u r e s for holding the t e s t spec imens . The t e s t spec imens were mounted in 
the t e s t sect ions between combs or s p a c e r s of the s ame m a t e r i a l as the 
tes t spec imens . 

There were four to s ix t e s t spec imens m a row in each t e s t section. 
Each tes t spec imen was one-eighth inch thick, n ine-s ix teenth inch wide, and 
two and one-half inches long, and each was made of Aluminum Company of 
A m e r i c a alloy M-388, which is 1% nickel in Type 1100 a luminum. 

Constant flow (approximately sixteen feet pe r second) was ma in ­
tained past the s ample s . 

The acidity or pH and the res i s t iv i ty of the loop water flowing past 
the samples were mainta ined by the ion-exchange sys t em. The ion-exchange 
r e s in bed was a Rohm and Haas MB-1 monobed r e s in to naaintain the pH of 
the sys tem water between s ix and eight and to control the res i s t iv i ty of the 
water to a range of one to t h r ee m e g o h m - c e n t i m e t e r s . 

The water t e m p e r a t u r e was to be mainta ined between 470 and 485 F 
for the length of the exposure t ime . Difficulty was encountered in reaching 
this t e m p e r a t u r e range due to the lack of adequate line hea te r capacity. By 
c i rcula t ing through the su rge tank which main ta ins the sys tera p r e s s u r e , 
enough additional heating capaci ty was obtained to mainta in the wate r t e m ­
p e r a t u r e in the requ i red range for a major i ty of the exposure t ime . F o r an 
analys is of the amount of t ime spent at each t e m p e r a t u r e range for each 
t e s t sect ion, see Table 1. 
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During the r eac to r refueling per iods the loop water t e m p e r a t u r e 
was reduced to 300''F due to the inabili ty to mainta in the r equ i r ed t e s t 
t e m p e r a t u r e with the p r e sen t inadequate l ine hea te r capaci ty and without 
the r eac to r heating. The r eason for the t e m p e r a t u r e reduction is to main­
tain ranges at all t i m e s . F a i l u r e to reduce the loop water t e m p e r a t u r e to 
a stable range during a r e a c t o r shutdown would pe rmi t the osci l la t ion of 
water t e m p e r a t u r e and enhance the difficulty of drawing conclusion from 
the data. 

The amount of dissolved gases in the loop water was kept at a min ­
imum. F o r the mos t pa r t , the dissolved gases were e i ther hydrogen or 
oxygen caused by the dissocia t ion of water or by impure m a k e - u p water . 
Continual venting of the surge tank pe rmi t t ed the d i scharge of a port ion of 
these gases from the sys tem. 

After removal from the loop, the spec imens were s t r ipped of the 
scale by an e lect rolyt ic p r o c e s s in a s a tu ra t ed bor ic acid solution. The 
specimens were then cleaned in a hot ch romic -phosphor ic acid bath with 
cathodic protect ion of the spec imens . F i g u r e s 2 and 3 a r e typical photo­
graphs of the samples before and af ter the oxide film was removed from 
the surface of the specimen. 

After cleaning, the spec imens were weighed for weight l o s s 
de terminat ion . 

PRESENTATION OF DATA 

The data obtained during this t e s t a r e given in Tables 1 to 4. Ta ­
bles 1, 2, and 3 compile the data on t e m p e r a t u r e , neutron exposure , and 
water conditions exper ienced by each t e s t sect ion during i ts exposure to 
the tes t conditions. Table 4 is a compilat ion of the sample init ial weights , 
final or s t r ipped weights (the sample weight after r emova l of the oxide film 
on the surface) , differences between init ial and s t r ipped weights , and the 
weight l o s s e s per square cen t ime te r of spec imen surface a r e a . 

Table 1 is a tabulation of the t ime in hours which was spent by each 
t e s t section at var ious t e m p e r a t u r e leve ls during exposure . The var ia t ion 
in t e m p e r a t u r e throughout the exposure of the samples is due to r eac to r 
shutdown t ime for refueling, r e a c t o r and exper iment opera t ional difficulties, 
and t e m p e r a t u r e reduct ions r equ i red for changing the t e s t sect ions in the 
r eac to r tube and out-of-pi le sect ion. 

Table 2 indicates the neutron exposure rece ived by the samples in 
the r eac to r tube and the pe r cent of the exposure t ime spent in the t e m ­
p e r a t u r e range of 470°F to 485*'F. The only r ea son for not maintaining a 
higher percentage of t ime at the r e q u i r e d t e m p e r a t u r e range was the lack 
of sufficient l ine hea te r capaci ty. 



t 8 

Table 3 s u m m a r i z e s the water conditions which preva i led during the 
exposure of each t e s t sect ion. Approximately 90% of the exposure t ime was 
spent with a water res i s t iv i ty above one megohm.-cent imeter . The lower va l ­
ues of res i s t iv i ty o c c u r r e d only at t imes when the t e s t sect ions were changed, 
which requ i red the draining and refil l ing of the r e a c t o r tube and out-of-pi le 
sect ions with f resh water . 

As s ta ted previous ly , the pH of the s y s t e m was mainta ined at a range 
of s ix to eight by a monobed ion-exchange sys t em. Minor var ia t ions above 
and below these l imi ts were encountered, but the average value of the pH was 
consis tent ly c lose to a neu t ra l value of seven. 

The concentra t ion of dissolved oxygen in the water was kept as low 
as poss ib le . The wate r was continually c i rcu la ted through the su rge tank to 
purge any gases f rom the wa te r , and the surge tank was vented to the a t m o s ­
phere per iodical ly . All make -up wate r was de-oxygenated by passage through 
a sulfite de-oxygenating r e s in . Evidently the r e s m de te r io ra t ed , because , as 
make-up wate r was added during a cycle , the amount of dissolved oxygen in 
the water i nc reased The r e s in was a lmos t completely spent toward the end 
of the cyc les , when the dissolved oxygen content of the water r eached a peak 
of t h r ee and two-tenths p a r t s per mil l ion. This high oxygen concentra t ion 
was not de t r imenta l . Draley and Ruther(^) had previous ly found in e a r l i e r 
r e s e a r c h that oxygen-sa tura ted water actual ly reduced the co r ros ion of 
alumin\im. As the water was far f rom being oxygen sa tura ted , it is bel ieved 
that this fact had l i t t le effect upon the r e su l t s of the exper iment . 

Table 4 indicates the weight l o s s of each sample . In the in-pi le s a m ­
p le s , the las t num.eral in the sample num.ber indicates the re la t ionship of the 
sample to the r e a c t o r co re . Number one is the sample c loses t to the r e a c t o r 
c o r e . 

DISCUSSION AND CONCLUSIONS 

The r e su l t s of the co r ro s ion study a r e i l l u s t r a t ed in F igu re 4, which 
is a plot of the weight loss of the a luminum-nicke l samples with r e spec t to 
the t ime at t e s t t e m p e r a t u r e s of 470°F to 485°F. The co r ros ion ra te de t e r ­
mined by this t es t indicates that the weight loss per unit t i m e is the s ame 
for both the in-pi le i r r a d i a t e d spec imens and the out-of-pi le control spec i -
m.ens which did not have any neut ron exposure , except that the out-of-pi le 
spec imens had a higher init ial ra te of co r ros ion which elevated the curve 
above that of the in-p i le spec imens . 

This c o r r o b o r a t e s , to some extent, the r e s u l t s of N. R. Grantl^) in 
his previous s h o r t - t e r m study of the co r ros ion of a luminum-nickel a l loys . 
Gran t ' s t e s t was inconclusive due to poor opera t ing conditions during the 
t e s t , but is useful in explaining some of the r e s u l t s obtained from this t e s t . 
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The average co r ros ion r a t e of Gran t ' s out-of-pi le spec imens is 

identical with that of the out-of-pi le spec imens in this t e s t . The in-pi le 
spec imens of both Grant and this t es t had a lower cor ros ion r a t e . The 
var ia t ion in the position of the cor ros ion curves on the graph is due to 
the difference in initial r a t e s of co r ros ion . A possible reason for this 
difference in initial co r ros ion r a t e s is the prevalence of different water 
conditions during this co r ros ion per iod. The sl ightly lower pH average 
of the water during the init ial co r ros ion per iod of Gran t ' s t e s t could a c ­
count for this difference. 

The difference in water condit ions, which govern the initial co r ­
rosion r a t e , would also account for different weight l o s se s of the r ep l ace ­
ment specinaens. The high pH and low res i s t iv i ty of the water during the 
initial co r ros ion per iod of the rep lacement spec imens in Gran t ' s t e s t 
would account for the i nc r ea sed weight l o s s e s of those spec imens above 
the or iginal spec imens . The difference in pH of the water at the t ime of 
inser t ion of the rep lacement specimens for this t es t would also account 
for the var ia t ion in weight l o s s e s . 

It is evident that the var ia t ion of water pur i ty , after completion 
of the init ial co r ros ion and es tab l i shment of the re la t ively impervious 
layer of co r ros ion product , has l i t t le effect upon the co r ros ion r a t e of 
a luminum. It is another m a t t e r whether this supposit ion will a lso hold 
t rue for the var ia t ion of pH after the init ial c o r r o s i o n is completed. 

It would be in te res t ing to de te rmine whether much var ia t ion in 
cor ros ion ra t e would be found if the pH of the water were r a i sed , after 
the es tabl i shment of the ini t ial co r ro s ion product at pH 6. 

Another in te res t ing i t em which should be noted is the d e c r e a s e 
in weight loss of the in-pi le spec imens with i nc r ea se of dis tance from 
the r eac to r co re . This was not noted in the out-of-pi le spec imens and 
could be a t t r ibuted only to an effect of exposure to radiat ion. The same 
effect was noted by N. R. Grant in previous t e s t s of this na tu re . No cause 
for this effect has been de te rmined . 

The co r ros ion ra t e obtained from the samples is g r e a t e r than that 
obtained by s imi l a r t e s t s but may be due to e ros ion . Inspection of the 
samples after s t r ipping of the co r ros ion product indicated that m o r e 
meta l loss occu r r ed in the a r e a of the retaining c lamps than was observed 
m any other a r e a . There is an i nc r ea sed velocity in these a r e a s which 
may cause a g r ea t e r breakdown of the protect ive co r ros ion product than 
normal ly found under lower flow velocity conditions. 

In conclusion, it may be s ta ted that the alloy of 1% nickel in 
Type 1100 aluminum has shown fair ly good co r ros ion r e s i s t ance in this 
t es t with water conditions of high t e m p e r a t u r e (470°F to 485°F), high 
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puri ty (over one megohm-cen t ime te r res i s t iv i ty ) , and neu t ra l pH. P e r h a p s 
be t te r co r ros ion r e s i s t ance could be demons t ra ted if the water could be 
maintained at a slightly acid condition. 

Although this alloy exhibits be t t e r co r ros ion r e s i s t ance than 2S alu-
ininum at high t e m p e r a t u r e s , it does not exhibit any inc reased s t ruc tura l 
s t rength , which is a l so a m a t t e r to be cons idered in r eac to r construct ion. 

The confirmed ability of this alloy to r e s i s t co r ros ion at higher water 
t e m p e r a t u r e s than have ever been used before on an a luminum alloy should 
be taken into considerat ion by nuc lear engineers when designing r eac to r com­
ponents and fuel e lement claddings for use in low-power-producing r e a c t o r s . 
Its light weight makes it suitable for the const ruct ion of r eac to r components 
for the package type r e a c t o r s that a r e to be t r anspo r t ed into r emote reg ions . 

It is bel ieved that fur ther r e s e a r c h in aluminum alloys will br ing 
forth an alloy which will be highly competi t ive with other m a t e r i a l s in 
co r ros ion r e s i s t ance and s t rength in high t e m p e r a t u r e wa te r -coo led nuclear 
r e a c t o r s . 
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Table 1 

TIME AT VARIOUS TEMPERATURES 

Section 

1 
2 
3 
4 
5 

T ime, Hours 

Below 20Q''F 

410 
230 
121 
109 
180 

SOOT - 320°F 

760 
527 
260 
267 
233 

400^F - 470**F 

529 
429 
240 
189 
100 

470°F - 485*F 

2362 
1439 

657 
782 
923 

Table 2 

NEUTRON EXPOSURE 

Section 

1 
2 
3 
4 
5 

Time at 
T e m p e r a t u r e of 

470°F - 485*^ (hr) 

2362 
1439 

637 
782 
923 

P e r Cent of 
Neutron Exp.Tim.e 
at 470°F - 485**F 

78 
72.8 
69 
77.3 
86.6 

Neutron Exposure 
F a s t , The rma l , 

nv X 10"^' nv x 10"̂ ® 

26.2 26.2 
17 17 

8.21 8.21 
8.76 8.76 
9.28 9.28 

Table 3 

WATER CONDITIONS 

Section 

1 

2 
3 
4 
5 

Resis t iv i ty , 
m e g o h m - c m 

0.2 - 3.5 
0.2 - 3.0 
0.2 - 3.0 
0.25- 3.0 
0.25- 3.5 

pH Range 

4.8 - 9.6 
4.8 - 9.6 
5.6 - 8.6 
4.8 - 9.6 
6.1 - 8.5 

Avg. pH 

7.03 
6.84 
6.78 
6.9 
7.43 

Oxygen 
Concentrat ion, 

ppm 

0.05 - 3.2 
0.05 - 1.95 
0.05 - 1.95 
0.6 - 1.4 
0.8 - 3.2 
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Table 4 

SAMPLE WEIGHT LOSS 

IN-PILE SAMPLES 

Sample 
Ntimber 

A51 
A52 
A53 
A54 
A31 
A32 
A33 
A34 
A35 
A l l 
A12 
A13 
A14 
A15 
A16 
A21 
A22 
A23 
A24 
A25 
A26 
A l 
A2 
A 3 
A4 
A5 
A41 
A42 
A43 
A44 
A45 

Original 
Weight (gxn) 

7.9677 
7.8778 
7.8376 
7.9735 
7.8844 
7.8727 
7.8888 
7.8916 
7.8763 
7.8919 
7.8970 
7.8805 
7.9027 
7.8875 
7.8959 
7.8776 
7.8954 
7.8801 
7.8687 
7.9004 
7.9050 
7.8934 
7.8834 
7.8949 
7.8350 
7.8731 
7.8997 
7.8903 
7.8747 
7.8754 
7.8840 

Str ipped 
Weight (gm) 

7.1449 
7.0359 
7.0973 
7.2717 
7.2223 
7.2208 
7.2739 
7.3578 
7.3901 
7.5914 
7.6212 
7.5998 
7.5954 
7.6276 
7.6708 
7.5296 
7.5187 
7.5519 
7.5330 
7.5861 
7.6197 
7.4984 
7.6310 
7.6601 
7.5969 
7.6080 
7.5625 
7.6407 

i 7.6464 
7.6264 
7.6093 

Difference (gna) 

0.8228 
0.8419 
0.7503 
0.7018 
0.6621 
0.6519 
0.6149 
0.5338 
0.4862 
0.3005 
0.2758 
0.2807 
0.3073 
0.2429 
0.2251 
0.3480 
0.3767 
0.3282 
0.3357 
0.3143 
0.2853 
0.3950 
0.2524 
0.2348 
0.2381 
0.2651 
0,.3372 
0.2496 
0.2283 
0.2490 
0.2747 

Wt. l o s s , 
m.g/cm.^ 

35.6 
36.4 
32.5 
30.4 
28.7 
28.2 
26.6 
23.1 
21.0 
13.0 
11.9 
12.1 
13.3 
10.5 

9.7 
15.1 
16.3 
14.2 
14.5 
13.6 
12.4 
17.1 
10.9 
10.2 
10.3 
11.5 
14.6 
10.8 

9.9 
10.8 
11.9 
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Table 4 

SAMPLE WEIGHT LOSS 

O U T - O F - P I L E SAMPLES 

Sample 
Number 

B51 
B52 
B 5 3 
B54 
B31 
B32 
B 3 3 
B34 
B35 
B l l 
B12 
B 1 3 
B14 
B15 
B16 
B21 
B22 
B23 
B24 
B25 
B26 
B l 
B2 
B3 
B4 
B5 
B41 
B42 
B43 
B44 
B45 

Original 
Weight (gm) 

7.8939 
7.9406 
7.8869 
7.9690 
7.9532 
7.8485 
7.9483 
7.9482 
7.8771 
7.9017 
7.8404 
7.8892 
7.8912 
7.8848 
7.8765 
7.8795 
7.8564 
7.8394 
7.8477 
7.8885 
7.8382 
7.8803 
7.8776 
7.8829 
7.8812 
7.8915 
7.9489 
7.8722 
7.8686 
7.9455 
7.8940 

Stripped 
Weight (gm) 

6.8871 
6.9371 
6.9047 
6.8943 
7.2843 
7.1604 
7.2597 
7.2209 
7.1954 
7.4168 
7.3560 
7.4068 
7.3975 
7.4353 
7.4586 
7.5856 
7.5670 
7.5448 
7.5398 
Lost 

7.5467 
7.5109 
7.5111 
7.5128 
Los t 

7.5311 
7.5744 
7,5056 
7.4949 
7.5791 
7.5185 

Difference (gm.) 

1,0068 
1.0035 
0.9922 
1.0747 
0.6689 
0.6881 
0.6886 
0.7273 
0.6817 
0.4849 
0.4844 
0.4824 
0.4937 
0.4495 
0.4179 
0.2939 
0.2894 
0.2946 
0.3079 

0.2915 
0.3694 
0.3665 
0.3701 

0.3604 
0.3745 
0.3666 
0.3737 
0.3664 
0.3755 

Wt. l o s s , 
mg/cm^ 1 

43.6 1 
43.4 
43.0 
46.5 
29.0 
29.8 
29.8 
31.5 
29.5 
21.0 
21.0 
20.9 
21.4 
19.5 
18.1 
12.7 
12.5 
12.7 
13.3 

12.6 
16.0 
15.9 
16.0 

15.6 
16.2 
15.9 
16.2 
15.9 
16.3 
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Figure 2 

IN-PILE SPECIMENS A51 TO A54 AND A31 TO A35 
BEFORE AND AFTER REMOVAL OF OXIDE FILM 
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Figure 3 

OUT-OF-PILE SPECIMENS B51 TO B54 AND B31 TO B35 
BEFORE AND AFTER REMOVAL OF OXIDE FILM 
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FIGURE 4 

CORROSION RATE OF ALUMINUM ALLOY M~ 388 
IN HIGH-TEMPERATURE WATER 
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