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cladding temperaturea and longer core lifetimes. Sufficient "in-reactorn corrosion 

experience ( i.e. EBWR, Stl) has been accumulated for a nickel bearing aluminum 

sUcy (X8001) to engender confidence in its corrosion safety in high temperature, 
. . . . 

low flow velocity reactors with modest heat fluxes.. The high temperature (above 

about 315O~) corrosion resistances. of the newer nickel bearing alloys have been sig- .. 

nif icantly impr&ed', over BOO1 by careful control of the impurities, particularly 

silicon and these alloys should prove superior to X8001 in reactor applicationa 

af this type. 

Unfortunatelyfremthe designers1 viewpoint, the dynamic corrosion of all of. 

the aluminum alloystried has proven to be particularly sensitive to testing para- 

meters in the 200-325°C temperature range. Frequently it is difficult to reproduce.. ' . 

corrosion date in a given dynamic test loop, while variations from laboratocyto 

laboratory have shown rate factors of 25 or more for the same nominal conditions of 

temperature and velocity. 

Several hyyotheses have now been proposed to account for these variations. 

(1) 
Dillon and his associates first suggestedthat the protective aluminum oxide 

,was dissolved in a 3ywmic qltream. Calculating the corrosion rate becomes a matter 
7 

of knowing the equilibrium concentration of oxide in the water and the effective 
. . . . 

rate of oxide removal. by such .mean. as refreshment streams and temperature induced . 
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( 2 )  Recently we have proposed a modified hypothesis in which it is ss~umed ,that 

s,.. . 
the corrosion .r&e is strongly influenced by the availability of a precipitatihg 

colloid.at the outer wface of the corroding aluminum. The colloids in question 

are not necessarily restricted to forms of aluminum oiide and the hypothesis can 

be used to explain other observed peculiarities of dynamic aluminum corrosion. 

In this paper an attempt will be made to examine some potential research reac- 

tor corrosion problems in terms of hypotheses1 predictions. The effect of the 

high level of radiation encountered in such react0rs.i~ an unknown factor and only 

a f'ull scale "in-reactoru test can provide. final answers. 

Refreshment or Clean-up Rate 

A very practica1,problem is how much and what kind of clean-up of the primary 

stream is required for minimum cladding corrosion? The two hypotheses predict 

quite differently as shown in Figure 1, 

The reasoning in Figure 1A is straightforward: the more solu3le aluminum ox id^ 

removed, the greater the driving force for the dissolution of the protective oxide 

and hence corrosion, The colloid prediction ia slightly mre devious. At very low 

refreshment rates, stable oxide particles can grow in the stream and these prticles 

act as a 1arge.wea sink for the freshly formed colloid in competition with the 

(3)  aluminum surface. The possibility of the fine suspension of stable particles 

acting as ti "liquid honey; should not be overlooked. 

At very high refreshment rates significant quantities of the Preshly formed 

colloids are physically removed before they 'have an. opportunity to beneficially 

.q 
deposit on the aluminum surface. A . h i %  5- value of corrosion rate, correspond- 

ing to colloid F r e e  water, would be appro&hed.:on the high side. The minimum corro- 

sion rate would be a f'unction of the physical characteristics of the particular 
. . 

equipment, 

r. ,- (., I ; !  JJ I L.,. 



- Re f reshment  Rate Refreshment  Rate 

OXIDE DISSOLUTION COLLOID PRECIPITATION 
HYPOTHES I S  HY POTHES I S 

. F igure  1. PREDICTIONS OF THE RELATIONSHIP BETWEEN CORROS ION RATE 
.AND REFRESHMENT RATE 



The type of refreshment is alno important. The typical  ion exchange system 

-',I 

encourages very f ine part iculate  growth while a "bleed and feed" or high tempera- 

tu re  d i s t i l l i n g  system effect ively removes the sol id material a s  well as ionic 

constituents. 

Experimental verif icat ion of the prediction of e i ther  hypothesis on a single 
I 

t e s t  loop has not been completed so it is necessary to piece together data f'rom 

several. sources. Corrosion penetration.has been observed t o  remain essent ial ly  

constant o r  (more typical ly)  increase when ion exchange streams have been reduced 

or  valved off (4' 5' 6'71 as predicted by the colloid hypotheeis. 

The corrosion r a t e  has a lso  been observed t o  increase by a factor of only 

two(2) as the refreshment r a t e  was increased by a factor of about 35 i n  an iso- 

thermal. loop refreshed by a "bleed and feed" method. ( ~ i r n e  fo r  one water change 

decreased from 7 hours t o  0.2 hour). The re la t ive ly  small increase i n  corrosion 

with a large increase i n  refreshment also tends t o  favor the colloid hypothesis. 

Exposed Aluminum Area - Temperature Differentials 

Some designers have been comforted by the low dynamic aluminum corrosion ra t e s  

typically obtained i n  an isothermal loop charged with suff icient  ex t ra  aluminum 

area. The extra  area is usually calculated t o  bring the r a t i o  of aluminum surface 

t o  water volume t o  t h a t  equivalent t o  an operating reactor. Both hypotheses sug- 

~ gest  caution i n  applying re su l t s  of t h i s  type tes t ing  t o  reactor design, but for  

fundamentally different  reasons. 

The oxide dissolution W o t h e s  is emphasizes the difference i n  equilibrium 

oxide so lubi l i ty  (higher at high& temperatures) betwe& t h e h o t  fue l  metal clad- 

ding-oxide interface and the re la t ive ly  cool heat exchanger. This is considered ( 1  

t o  be equivalent t o  a large refreshment r a t e  as far a4 removal of soluble oxide is 

1 



ma 
concernedfis predicted. to imrease the aluminum corrosion. 

The colloid hypothesis is more concerned wi-1;' a1 of the factors contributing I 
to the loss of colloid which otherwise could' ,precipitate .on the aldnum cladding. I 
Increased path time (length), more changes in velocity and direction, m d  as a sec- 

. ondary matter, temperature differentials, would be expected to deplete the colloid 

concentration. in a reactor compared with- a . t ~ i c d .  test loop. . 

One possible practical difference in predictions. that might be considered I 
is the role of a sacrificial laree area aluminum structure just upstream of a reac- I 
tor core. Oxide dissolution does not predict a significant beneficial effect be- I 
cause the main corrosion driving force (oxide solubility difference between fuel 

plate temperature at the metal-oxide 'interface and incoming stream temperature) 

would still exist: The colloid hy-gothesis does suggest a beneficial effect. 

The authors m e  not~awrse~~of''~~~~~ rc?.ctor test of th$se predictions: 

If such a sacrificial structure were contemplated, it ~ould be advantageous 

to know the distance dowhstream (or time) through which the precipitation would' 
. - 

be heavy enough'to be effective.. Some estimate of the,distance can be derived from 

a recent loop experiment in which coiled buhdles of corroded. staihless steel were 

used as collectors of the prec$pitated corrosion product released by corroding 

aluminum s&mp1es. The schematic of the test is shown in Figure 2. 

The increase in weight is given as a function of time in Table 1. During 
I ,  ! 

the initial corrosion, the deposition falls off very rapidly with distance down- 

stream, Subsequent to one week the continuing deposition is nearly uniform over 

the entire small circuit. This suggests that in order to be effective during 

the start-up period in a reactor .a sacrificial structure would neces&rily be!.! 

' immediately upstream from the'reactor core. 
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Figure 2. SCHEMATIC OF DYNAMIC TEST FOR MEASURING ALUMINUM 
CORROS l ON PRODUCT DEPOS IT'ION 

ALUMINUM AREA 680 cm2 

STA l NLESS STEEL AREAS 
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1 0,900 cm2 
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- Deposition of Corrosion Produe-I; k.0~ Aluminum Samples 

.. . 

Time, Days 
Collector 7,O 14.0 28.0 

1 - Immediately downstream 35 9 44.4 55.2 mg 

2 - Downstream 23.0 33.0 44.7 

3 - Downstream 16.6 28.0 40.7 

4 - Immediately upstrem 6.6 16.0 26.2 

Colloid Addit ions - 
Another possible mode of protection if the colloid mothesis is correct would 

consist of injecting e, colloid of the correct precipit,ation characteristic directly 

into the..taater. To date we have unsuccessrully tried this approach with graphite 

(purified ~ c p ~ a d a g )  asd purified ferric hydroxide and aluminum oxide colloids st 

the 1 and 4 ppm levels. One difficulty appears to be associated with securing the 

cksired precipitation cha~cteristics. A more reliable source of the colloid 

appears to be corroding uterials such as aluminum scrap or fresh stainless steel (8) 

I in the loop. At present other possible somes are being investigated. 

Pcswder Products - 
High flux research reactors typically- .require narrow, dimensionally stable cool- 

ent channels. Unfortunately the creep resistance of wrought aluminum products is 
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poor, particularly above 250eC, causing serious design limitatio&. Products 

fabricated from some t-reated aluminum powders have excellent high temperature creep 

resistance but securing adequate corrosion resistance t o  high- temperatLire aqueous 

environments has been diff icult .  

Although there a m  numerous variations, the flow diagram shown in  Figure 3 

represents a typical practice. Each step, while simple in concept, turns out 

t o  3e  a f'unction of interrelated varisbles. Consistant good results  are difficulL 

t o  achieve, since only a few of the,variables are controlled i n  the usual cornmer- 

cia1 operation. 

Our group has comeion  tested numerous aluminum puwder products based on 

corrosion resistant.  alloy compositions. Samp1e.s have been supplied by Alcoa, 

Argonne, Armour Research Foundation, AIAG (swiss.) and Torrance Brass Company. The 

kr ros ion  resul ts  have been chsracterized by. a lack :.of reproducibility, not only 

from one extrmsion t o  the next, but sometimes within .the.length of a given extru- 

sion. Some samples have equalled or  bettered the corros,ion resistance of .wrought 

products while others have fai led in  short tests .  

Catastrophic fai lures of powder products in short (several days) t e s t s  have 

occurred only for  s w l e s  produced f'rm PoQders tre&.ed ';to, ,greatly decrease the 

interoxide spacing as compared with atomized powder. In American practice t h i s  

occurs i n  the ba l l  milling step ( ~ i g u r e  3,)'. It is believed that a kneading action 

in the m i l l  entraps milling lubricant (typically a steazic acid so1ution)so that 

it cannot be effectively removed by the subsequent wrypng , . operation. The remnants 

of t h i s  lubricant are then incorporgted idto t h & - e v d e d  product, possibly as 

an aluminum-carbon cempound and hydrogen gas. me quainum-carbon compound is sus- 

pected in catastrophic corrosion. A new type milling lubricant or a fresh approah 
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FIGURE 3. PRODUCTION STEPS I N  ONE METHOD OF FABRICATING ALUMINUM POWDER PRODUCTS 



to the problem of reducing the interoxide spacing may be required to secure corro- . 
sion resistant powder products with mechanical. properties approaching those of the 

better SAP products. 

E4uamination of the microstructure of two products produced by ARF illustrates 

I that porosity is' one of the common reasons' for mediocre to poor corrosion resis- 

I tance ' (~igure 4). Samples of the rod were corroded in water for 270 days at 290"~ 

and were in excellent condition at that time. The tube samples were badly blistered 

at about 90 days and showed corrosion swelling of cut edges, 8 common mode of 

corrosion failure for powder products. The problem of porosity, as illustrated , , 

by this example, is ur;lually traced to moisture contamination of the powder, although 

decomposition of trapped milling lubricant may sometimes be partially responsible. 

During exposure to hot water a portion of the corrosion produced hydrogen enters 

the metal, auguments,the hydrogen in the voids, and raises blisters. The process 

is accelerating since the blister locally breaks the exterior protective oxide, 

~ causing more corrosion. Encouraging results on the prevention of porosity have 

been obtained recently by the Montecatini Company in Italy through vacuum degassing 

of the extrusion.: billet and' extreme precautions in powder handling. 

Figure 5 illuitr&es the current state of the art for the creep resistance of 

adequately corrosion resdstant tubing. These tubes, about 0.kn OD with a 1/32'' 

wall, were extruded by ARF through a bridge die. To put the values in" perspective, 

one of the best high temperature wrpught alloys, X.2219, crept about 5k in one week 
Y 

under these conditions. 

Distribution 
1-5 ' H. D. .:Young TID 
6 ~sogram,lo.l.lg : 
7 ANL-1.8 
8 Rutwr' @bl.ishing File 

, \  

9 ,- Publishing File . 
10 s . "&eenberg . . 

11 H e  H. Chiswik 
12 R. E. Macherey 
13 W. E. Ruther 
14 J. E. Draley ' 

15 .. ~eading File - 



Rod 2Q-1 - As Received 3 w l o  S i02  Tubing G - As Received "As 
in A288 A l u m i n u m  (Excellent Cor- Atomized" A288 A l u m i n u m  
ros ion Resistance to  2900C Water) (Poor Long Term Corrosion 

Resistance to  2900C Water) 

F igure 4. POROSITY I N  ALUMINUM POWDER PRODUCTS 



I o3 
TI ME, minutes 

Figure 5. CREEP OF ALUMINUM POWDER PRODUCT TUBING AT 4000 PSI, 290°C 
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