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J. C. Griess, H. C.  Savage, T. H. Mauney, and J. L. English 

ABSTRACT 

An experiment designed t o  determine the effect  of heat 
f lux on the corrosion of 1100 aluminum by water under condi- 
t ions simulating those tha t  w i l l  exis t  i n  the High-Flux 
Isotope Reactor has been carried out. 
a-c current through the t e s t  specimen heated the specimen, 
and a flow of water from a bypass l ine  of'a pump-loop pro- 
vided cooling, 
channel i n  the specimen a t  155°F &d was heated t o  192°F on 
passing through the specimen. 
1.62--x-106 Btu/hr*ft2 on different par ts  of tkie Speci.6-en 
were -cons%&' during the 10-day t e s t  . The eH..---.-3- formation of 
adherent - corrosion-pgoots on ~ _ c o o l ~ ~ ~ ~ ~ a r = e ~ ~ ~ ~ ~ e d  
&n i n c r e a s i ~ - ~ ~ ~ ~ _ ~ - ~ ~ . ~ ~ e s t  progressed. 
During the 10-day t e s t  the maxhum temperature increase 
occurred-at the' coolant out le t  and- amounted t o  189"~. 
t h i s  region an adherent, nearly transparent, corkosion- 
product layer about 0.002 in. thick formed; the aluminum 
was penetrated t o  a depth of 0.007 in., 0.005 in. of which 
w a s  intergranular i n  nature. 

The passage of--= 

Water flowing at 33 fps entered a coolant 

Heat fluxes of 0.50 x lo6 and 

In 

The resu l t s  of this  t e s t  indicate that the temperature 
of the aluminum cladding on the fue l  elements of the High- 
Flux Isotope Reactor w i l l  be higher than calculated, assuming 
clean aluminum surfaces, and tha t  the extent of corrosion 
must be reduced ei ther  by the addition of inhibitors t o  the 
w a t e r  or by the use of an alloy more cormsion resis tant  
than ll00 aluminum. 

INTRODUCTION 

sively investigated, and many papers concerning the i r  corrosion res i s t -  

ance appear i n  the 

reported on the effect  of heat f l u  on the corrosion of' aJ.uminum i n  

However, only a few studies have been 
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aqueous  system^.^'^ From the existing data it -appears that the major 

effect of heat f lux on the corrosion of aluminum i s  t o  ra i se  the surface 

terrrperature, which causes an increase i n  corrosion rate.  A s  corrosion 

proceeds, the formation of a surface layer of corrosion pmducts of low 

thermal conductivity results i n  an additional increase i n  the aluminum 

temperature and a fur ther  increase i n  corrosion rate.  

Aluminum-clad fue l  elements have been used successfully f o r  years 

i n  water-cooled research reactors, but i n  these cases the water tempera- 

tu re  and heat f lux are so low that the  surface temperature of the aluminum 

remains relat ively low, and corrosion is  not a major problem. A t  very 

high heat fluxes, even with low coolant temperature, the surface tempera- 

tu re  of the aluminum can become high enough so t h a t  corrosion can be of 

major concern. 

Reactor which i s  currently being designed at Oak Ridge National Laboratory. 

Such high heat fluxes wi l l  ex is t  i n  the High-Flux Isotope 

The High-Flux Isotope Reactor has as i ts  objective the production of 

transplutonium elements. A preliminary design report has been written, 

and the reader is  referred t o  th i s  report for design details. 

purpose of this  report it i s  sufficient t o  note tha t  t h in  fue l  plates  

For the 

with a 0.010-in. clad of aluminum w i l l  be used and that heat fluxes as 

high as 1.5 x lo6 Btu/hr*ft* w i l l  exis t .  The fue l  w i l l  consist of a 

uranium-aluminum a l loy  and/or a dispersion of U308 i n  aluminum. 

coolant channels between the plates  w i l l  be 0.050 in. 

enter the reactor core at  120°F and w i l l  leave a t  190°F a t  a flow ra t e  

of 40 fps. Considering hot-spot and hot-channel factors, and assuming 

no corrosion products on the aluminum, a maximum surface temperature of 

3 8 8 " ~  i s  calculated. 

The 

The water w i l l  

Because of the high power density, each reactor 
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fuel loading will last only 10 days, and as a result corrosion rates 

much higher than could be considered in research or power reactors can 

be tolerated. 

In a reactor utilizing thin fuel plates with high heat fluxes and 

high-velocity water flowing past them, the mechanical strength of the 

plates becomes a problem. 

which has low strength even at room temperature and which loses its 

This fact is especially true trith aluminum, 

strength rapidly as the temperature increases. For example, the yield 

strength of U O O  aluminum is nominally 5000 psi at room temperature and 

only 2000 psi at 5 0 0 ' ~ .  Thus, apart from corrosion, it is necessary to 

know the temperature of the fuel plates for design purposes. 

It is the purpose of this report to describe the equipment used to 

conduct experiments on the effect of heat flux on the corrosion of alumi- 

num and to present the results of the first test. 

discussion on the effect of heat transfer on corrosion can be made on 

the basis of one test, but the preliminary results appear significant 

enough to justify presentation at this time. 

Obviously no complete 

TEST EQUIE'IvENT AND CONDITIONS 

The determination of the effect of heat flux on the corrosion of a 

materid requires a means of supplying heat to the test material and a 

means of continuously removing the heat. For the test described here, 

an electric current was passed through the test specimen to generate 

heat, and a conventional test loop was used to provide a flow of cooling 

water fo r  heat removal. The aluminum test specimen, which contained a 

coolant channel, was mounted in a bypass line of a pump loop, and water 

flowing through the channel removed the heat. The test equipment was 
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designed so that corrosion could be studied at heat fluxes of at least 

1.5 x lo6 Btu/hr-ft2. 
The following sections describe the equipment and test conditions. 

While these conditions are specific for the test described here, it 

should be noted that the equipment is capable of operation over wide 

ranges of specimen heat fluxes and coolant temperature, pressure, and 

flow rates. 

Test Specimen 

A photograph of the corrosion test specimen and diagrams of its 

cross-sectional areas are shown in Fig. 1. 

specimen was 8.5 in.; a 1-in. length at each end was used to weld the 

specimen to the electrodes, leaving a heated length of 6.5 in. 

The over-all length of the 

The 

dkensions of the rectangular-shaped coolant channel were 0.500 in. by 

0.050 in. The 0.050-in. dimension was designed to be the same as that 

of the cooling channel between fuel plates in the High-Flux Isotope 

Reactor. 

internal pressure expanded the  channel gap to 0.058 in. during the test. 

The cross-sectional. metal area of the 6.5-in.-iong heated portion was 

designed so that 8@ of the total electric-resistance heat would be gen- 

erated in the O.lOO-in.-thick x 0.300-in.-wide center sections and 2 6  

in the 0.025-in.-thick side sections. With these dimensions the ratio 

of heat flux across the surface under the O.lOO-in.-thick surface to 

that under the 0.025-in.-thick surface is 3.3.  The heating load was 

distributed in this manner to prevent burnout at the extremities of the 

flow channel where it was expected that heat-transfer coefficients 

might be low.  

Due to improper fit of the backup plates (described later), 

- -  
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Aluminum rod stock of type 1100 aluminum was used t o  fabricate the 

i n i t i a l  specimen. 

shown i n  Table 1. 

The chemical composition of the aluminum used i s  

Table 1. Chemical Composition of the 

Aluminum Test Specimens 

Element : C r  cu Fe M g  N i  S i  Sn Al 

I J t  5 ~ 0 . 0 5  0.m-  0.50* <o.oi <0.02 0.1 <0.02 3 9  

* Chemically determined; others spectrographically determined. 

After the rod was bored and reamed t o  dimensions suitable fo r  f i n a l  shap- 

ing, it was annealed f o r  1 h r  a t  6 5 0 0 ~ .  The approximate dimensions of 

the flow channel were obtained by pressing the tube onto a mandrel, and 

the f i n a l  dimensions were obtained by drawing a sizing die through the 

t e s t  piece. The specimen w a s  then machined t o  provide the 0.025-in.- 

thick webs on each side. After forming, the specimen w a s  degreased i n  

acetone. No other cleaning operations were performed. 

The aluminum t e s t  specimen was welded into the massive electrodes 

as shown i n  Fig. 2. 

attachment of the power leads and t o  make leak-tight connections t o  

flanges i n  the loop bypass l ine.  

electrodes. 

couples were spot-welded t o  the outer surface of the specimen so tha t  

temperatures along the length could be measured during the test (see 

Fig. 6 f o r  thermocouple locations). 

The large electrodes were necessary both fo r  the 

Four stay bol ts  r igidly supported the 

After the specimen was welded t o  the electrodes, 12 thermo- 
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With the thermocouples attached, close-f itting Kycalex (bonded mica 

and glass) pieces, which provided electrical. and thermal insulation, were 

placed around the specimen. Stainless steel backup plates were bolted 

around the blycalex'so that internal pressures as high as 1000 psi could 

be used with the relatively thin aluminum test specimen. 

complete test assembly w e  shown in Fig. 3 .  

Details of the 

Electrical resistance of the 6.5-in.-iong heated portion of the 

specimen between the electrodes was 1.10 x LOo4 ohm (room temperature), 

a value which compares favorably with the design v&ue of 1.00 x lo-" ohm. 

It was calculated that the resistance of the test piece would increase 

sufficiently, at an assumed average aluminum temperature of 170°C during 

operation, to produce the desired heat flux when 10,000 amps of current 

were passed through the specimen. 

The metal cross-section& area of the specimen was 5.20 x lom4 ft" 

(4.16 x loW4 ft2 for the O.lOO-in.-thick center section and 1.04 x lom4 ft" 

f o r  the 0.025-in.-thick edges). Corresponding cooling surface area for 

the 6.5-in.-iong heated portion was 0.0496 ft2, of which 0.0271 ft2 was 

under the thick high-heat-flux section and 0.0225 ft2 was under the 

edges (low heat flux) . 
. .  Electrical Power Supply 

A water-cooled transformer, with taps for step-wise adjustment ' 

of output, was used to supply approximately 10,000 amps of a-c current 

for specimen heating. At 10,000 amps current flow, and for the resist- 

ance of the specimen at an estimated average temperature of 170°C, 

16.0 kw of heat would be generated in the test specimen; this is equiva- 

lent to 55,000 Btu/hr. Resultant heat fluxes across the water-cooled 
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TEST SPECIMEN BACKUP P L A T E S  

Top V i e w  
[No S c a l e )  

BACKUP 
PLATES TEST SPECIMEN 

MYCALEX THERMAL 
AND ELECTRICAL 
IN SU LATlON 

FLOW CHANNEL 

Sect ion  at  A - A  
(Fu l l  S i r e )  

F i g .  3 .  S k e t c h  o f  C o m p l e t e  T e s t  A p p a r a t u s  Assembly.  
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heat-transfer surface were calculated to be .approximately 1.6 x lo6 Btu/hr- 

ft2 for the center section and approximately 0.50 x lo6 Btu/hr*ft2 for the 

edges. 

Pump Loop 

The pump loop in which the test specimen assembly was installed was 

designed for operation at temperatures to 300°C and pressures to 1500 psi. 

Temperature and pressure of the coolant can be individudy controlled, 

as can the flow rate of the coolant through the specimen. 

pressure was regulated by means of a letdown valve and feed pump. 

The system 

Coolant 

flow through the test section was controlled by a throttling valve, and 

a,n indicator-recorder continuously monitors this flow rate. 

a O.13-gph bypass stream from the loop was cooled and passed through a 

In this test 

mixed-bed ion exchanger to control the coolant-water purity. The loop 

is also equipped with sampling stations so that representative samples 

of the water may be removed fron the main loop stream and from the dis- 

charge of.the ion-exchange column. 

Figure 4 is a schematic diagram of the pump loop, and Fig. 5 is a 

photograph of the test assembly as installed in the loop bypass line. 

The loop is constructed throughout of type 347 stainless steel and 

has a volume of 5.8 gal. 

circulating water is 15.5 ft2. 

area exposed to the water was approximately 0.07 ft2. 

Stainless steel surface area exposed to the 

In this test the total aluminum surface 

Operation Procedure and Test Conditions 

After the specimen was installed, the system was filled with dis- 

tilled water and hydrostatically pressure-tested at 500 psi to verify 

leak-tightness. The system pressure was adjusted to 300 psig by means 



DIFFERENTIAL 
PRESSURE C E L L  

METERING ORIFICE 
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of a high-pressure diaphragm feed pmp and letdown valve, and the main 

loop circulating pump was turned on. 

specimen was adjusted by means of the regulating valve. 

Then the flow rate through the test 

Water let down 

from the loop was cooled and routed to a stainless steel tank, from which 

it was returned to the loop by means of the feed pump. This tank was 

continuously sparged with nitrogen to reduce the dissolved oxygen content 

of the water. 

After the loop operating temperature was reached and after the con- 

ductivity and pH of the water indicated that the water purity was satis- 

factory, the power supply to the test specimen was turned on. 

of minor adjustments required on the loop and power-supply circuit in 

Because 

this initial experiment, some 2 hr were required before steady-state 

temperatures were reached in the loop main stream and in the test 

.I- 

- specimen. 

Throughout the course of the 240-hr run  the inlet and outlet temper- 

atures of the coolant water and the temperatures on the outside metal 

surface of the test specimen were continuously recorded. 

water were also regularly removed for examination. 

Samples of the 

Operating conditions for this initial test are surmnarized in 

Table 2. The test operartion was continuous for 10 days (240 hr), which 

corresponds to the expected life of each fuel loading of the High-Flux 

Isotope Reactor, 
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Table 2. Smnary of Test Conditions 

Flow Rate . . . . . . . . . . . . .  blain loop stream 80 glpn 
Test-specimen cooling channel . . . . . .  2.95 a m  (33 fps) 

0.26 gpm 
Ion-exchange column 0.13 a h  
Letdown and feed . . . . . . . . . . . . .  . . . . . . . . . . .  

Pressures 
Specimen inlet . . . . . . . . . . . . . .  370-420 psia* 
Pressure drop through specimen . . . . . .  25 psi 

Temperatures 
~ o p . . . . . . . . . . . . . . . . . . .  155 "F 
Specimen inlet cooling water 15 5 -157 OF 
Specimen outlet cooling water . . . . . .  191-193"F 
Average cooling water At 37 O F  

. . . . . . .  
. . . . . . . . .  

Heat Generation- 
Specimen total . . . . . . . . . . . . . .  55,000 Btu/hr (16 kw) 

(190 x lo6 Btu/hr-ft3 - or  2.0 kw/cm3) 

In 0.10-in.-thick center sectlon . . .  
In 0.025-in0-thick edges . . . . . . .  44,000 Btu/hr 

ll,OOO Btu/hr 

Heat Flux 
Flow-channel surface under 

Flow-channel surface at edges 
0.100-in.-thick section . . . . . . . .  1.62 x LO6 Btu/hr*ft2 

(0.025-in.-thick section) . . . . . . .  0.50 x lo6 Btu/hr.ft2 

* The pressure remained constant during the run. An uncertainty in 
the accuracy of the pressure gage is the reason for the range. 

Total heat generated in the specimen as calculated from measurements 
of current flow and voltage drop and that calculated from a heat 
balance of the cooling water (flow rate and temperature use) 
usually agreed to within +5$. - 
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RESULTS 

Pertinent results were obtained both during the course of the test 

and upon examination of the specimen at the conclusion of the test. To 

facilitate reporting of the data, the results are divided into two sec- 

tions: (1) observations made during the test and (2) postrun examination 

of the test specimen. 

Data Acquired During the Test 

Specimen Temperature 

Throughout the test the temperatures at several locations on the 

outside of the specimen were continuously recorded. All thermocouples 

that functioned properly indicated that the temperature of the aluminum 

increased as the test progressed. Figure 6 shows the location of the 

thermocouples on the outside surface of the specimen. With the exception 

_. 

of thermocouples 3 and 5, which were located on the thin section of the 

aluminum, all were attached dong the central axis of the specimen in 

the region of high heat flux. Figures 7, 8, and 9 show how the tempera- 

._ 

ture at the thermocouple locations changed with time. Also shown on 

Fig. 9 is the temperature of the inlet and outlet water'(thermocoup1es 

1 and 2, respectively). Thermocouples 7 and 14 did not function properly, 

and their readings were not recorded. 

thermocouple readings taken from the multipoint recorder at approximately 

4-hr intervals. The fluctuations in the curves appear to be related to 

random changes in the electrical power input to the specimen, since the 

changes were reflected in all thermocouples simultaneously. The curves 

"he temperatures plotted are 

do not start from time zero because of difficulty at the start in loop 

temperature control, and as a result the inlet cooling-water temperature 
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varied during this period. 

tures after a fairly rapid initial rise continued to increase at a some- 

what reduced constant rate for the duration of the test, except those 

at thermocouple locations 8 and ll which appeared to level off at 504 

As shown in Figs. 7,  8, and 9, all tempera- 

and'561"~, respectively, near the end of the test. 

Water Chemistry 

Aliquots of the water circulating in the loop were removed periodi- 

ca l ly  f o r  pH and electrical conductivity determinations. Table 3 shows 

the water quality at various times during the run. At the start of the 

run the conductivity of the water increased, but after about a day the 

bypass ion exchanger had decreased the conductivity to near its original 

value; as the run progressed the conductivity decreased still further. 

Chemical analyses of the water were not made, and the reason for the 

increased conductivity at the s t a r t  of the run is not known. 

,Table 3. Water Conditions W i n g  

the 10-Day Test 

Time from Conductivity 
Start of Run (micromhos) PH 

(hr) 

0 
6.5 
7 .5 

23.8 
25.8 
72.3 
95 .9 

145 -5 
169.2 
192.0 
216.2 
240.0 

1.6 
4.3 
3.6 
1.5 
0 091 
1.6 
1.2 
0.98 
0.91 
0.77 
0 077 
1.6 

6.3 
7.0 
7 .2 
7.3 
6.5 
6.3 
6.2 
6.2 
6.2 
6.6 
6.5 
6.3 
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Heat Balance 

During the run the flow rate of water through the test piece, the 

inlet water temperature, and the outlet water temperature were recorded; 

all remained essentially constant'at 2.95 gpm, 155"F, and l92"F, 

respectively. 

piece was 9800 amp, and the voltage drop over the test section was 

At the start of the test the current through the test 

1.70 v. During the test there was a slight decrease in current and a 

corresponding increase in voltage drop, so that the total power genera- 

tion in the test section remained nearly constant at 55,000 Btu/hr*ft2 

(16 kw) . Table 4 shows the agreement between the measured electrical 
input and the water heat-balance determinations made during the run. 

total heat generated in the test specimen was very close to the design 

The 

value. 

the agreement between the water and electrical heat balances was excel- 

Considering the ermrs inherent in the measurements involved, 

lent, indicating that heat loss other than to the water was less than 

5% of the total heat input. 

surface area of the specimen, a heat input of' 55,000 Btu/hr-ft2 corre- 

With the particulu geometry and coolant 

sponded to a heat flux across the surface of the thicker portion of the 

specimen of 1.62 x lo6 Btulhr-ft" and to 0.50 x lo6 Btu/hr*ft2 across 

the remainder of the surface. 

Specimen Examination 

Change in Electrical liesistance 

At the conclusion of the run the test assembly was removed from the 

loop and its electrical resistance was re-measured. 

1.15 x l oW4 ohm was obtained, compared with a value of 1.10 x 

at the beginning of the test. 

A value of 

ohm 

Whether this is a significant difference 
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i s  not known, but an increase i n  e l ec t r i ca l  resistance would be expected 

as a resu l t  of corrosion. 

Table 4. Heat Generated i n  the T e s t  Specimen as 

Calculated f r o m  Electr ical  Input and from 

Loop Heat Balance 

Calculated H e a t  Input; (Btu/hr) Voltage 
Drop 

(4 Input Balance 

Time Current From From 
Electr ical  Heat (W (amp) 

4.1 9800 1.70 56,900 55,400 

53.6 9620 1.71 56,100 54,200 
78.2 9500 1.72 55,800 54,800 

29.1 9740 1.72 57,200 54,700 

102 . 2 9520 1.74 56,500 54,500 
126 .o 9380 1 .72 55,100 56,600 
150 -7 9520 1.80 58,500 53,300 

225.2 9400 1.84 59,000 55,300 
239 .2 9340 1.82 58,000 54,700 

174.0 9440 1.81 58,300 5 4,200 
198 3 9 6 0  1.83 59,100 54,800 

V i s W  Examination 

After the  electrodes were cut from the aluminum t e s t  section, the  

edges were carefully milled off so that the t e s t  section could be opened 

for examination of t he  coolant channel. Figure 10 is a photograph of 

the coolant channel showing the appearance of the  surface exposed t o  

the water. The locations of the thermocouples (except Nos. 3 and 5, 

which were located a t  mid-lengt'n on the th in  low-heat-flux sections) a re  

indicated on the photograph. The pa ra l l e l  marks, perpendicular t o  the  

I .  

length of the specimen shown i n  Fig. 10, are the  resu l t  of fabrication 

and are  not related t o  corrosion. 
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Tlie in te r ior  surfaces of both halves of the tes t  section appeared 

t o  be free of oxide except near the out le t  where some obvious attack or  

"film-stripping" had occurred. A s  shown later, the metallic appearance 

w a s  deceptive since t h i s  area did, i n  fact ,  contain a substantial oxide 

deposit. From the photograph it can be seen tha t  the length of the region 

showing the obvious attack is greater on side A than on side B. 

a direct  comparison of the readings of the thermocouples on opposite 

sides cannot be made because of different thermocouple location, an 

Although 

examination of Figs. 7, 8, and 9 shows that the temperatures were gener- 

a l l y  higher on side A (containing thermocouples U, 6, and 12), indicating 

a higher heat flux on tha t  side. 

section than side B (see Table 5)  and as a resul t  had a higher power 

Side A was s l igh t ly  larger i n  cross 

generat ion. 

The remainder of the surface appeared essentially unaffected except 

for  some localized pit t ing,  at  l ea s t  a par t  of which was attributable t o  

the fabrication procedure. Small part ic les  of an iron-containing alloy 

seemed t o  have been embedded i n  the surface during the forming operation; 

during the t e s t  these par t ic les  corroded and l e f t  pi ts ,  i n  the bottoms 

of which was  a red deposit that was probaSly iron oxide. 

Under microscopic exanination it w a s  apparent that all surfaces had 

been roughened and contained some t igh t ly  adherent, nearly transparent, 

glassy oxide; the areas near the out le t  (hot ter  end that had a "film- 

stripped" appearance) t h a t  had suffered the heaviest corrosion damage 

contained a nonuniform, white oxide on top of a t i gh t ly  adherent oxide. 

Figure 11 is  an enlarged photograph of the surface near the outlet, 

showing the irregular nature of the deposit at  t h i s  location. Figure 12 
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shows a similar enlargement of the surface directly under thermocouple 4, 

which was located mid-way between inlet and outlet. 

Fig. 13 is a photograph of the surface of an unexposed test piece fabri- 

cated in exactly the same manner as the one tested. The surface zppear- 

ance shown in Fig. 12 was typical of all the surfaces except that part 

For comparison, 

near the outlet. 

as shown later (see Table 5). 

The degree of roughening increased from inlet to outlet 

Table 5. Thickness of Each Side of the Test 

Piece and Surface Roughness at the 

End of the Test 

Distance from Thickness in. Surface 
Roughness* 
(win. 1 Side A Side B Outlet 

(in.) 

0 

1 114 
2 

4 518 

6 
6 112 

0 . 0990 

0 .io15 

0.1025 
0 .io30 

0.1032 

0 1039 

0.109 

0 .io25 
0 . 1005 

0 .lo20 

0.1035 

0.0990 rn 

50-60 0.0970 
0.0975 

0 .0970 30 

0.0965 

0.0967 
0.0970 40 

0.0970 ’ W 

20 0.0970 
0 .loo0 

* Root-mean-square values over the length 
indi.cated . 

+W Not determined. 
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T e s t  S p e c i m e n  D i r e c t l y  U n d e r  T h e r m o c o u p l e  4. M a g .  2 3 X .  
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U n e x p o s e d  S p e c i m e n .  M a g .  2 3 X .  
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Specimen Thickness and Surface Roughness 

The thickness of each half of the specimen was measured at several 

points along the length, and surface roughness determinations were made 

at several locations. All measurements were made on the specimen in the 

"as-removed'' condition. 

with a diamond stylus profilometer, calibrated to read roughness in root- 

The surface roughness measurements were made 

mean-square microinches. Table 5 shows the results. Comparison of 

column 2 with column 3 in Table 5 shows that side A was about 5% thicker 

than side B, and since the power generation is directly proportional to 

the cross section, the heat flux was approximately 54 greater on side A. 
Thus the corrected heat fluxes during the test were 1.66 x lo6 Btu/hr*fe 

on side A and 1.58 x lo6 Btu/hr.ft2 on side B, assuming no conduction 

of heat to the thin, lower-temperature side sections. 

explains why side A was hotter and corroded to a greater extent than 

side B. 

This fact probably 

Determination of Oxide Thickness 

Half of the specimen, side B, was cut into six pieces, each about 

1 in. long, as shown in Fig. 14. After carefully removing burrs and 

using steel wool to remove metal deposits at sites where thermocouples 

had been attached, the thickness was iletemined with a micrometer at the 

locations indicated on the sketch and each piece was weighed. 

was then electrolytically removed2 and the measurements were repeated. 

Table 6 shows the thickness of oxide as determined by each method. To 

The oxide 

calculate the average oxide thickness from weight-change data, the den- 

sity of the aluminum oxide was assumedg to be 4 g/cm3. The film thick- 

nesses determined by the two methods are not in close agreement. Some 
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difference in thickness values muld  be expected between the two methods 

because of the nonuniform nature of the surface deposit; however, the 

magnitude of the difference was greater than expected. 

absolute values of film thickness as determined by the two methods dis- 

Although the 

agree, both methods snow that oxide thickness increased from inlet to 

exit. 

Table 6. Thickness of Aluminum Oxide 

on Side B of Test Specimen 

Thickness of Aluminum Oxide (mils) 
By Micrometer Measurement 
Edge 1 Center Edge 2 Average for Specimen 

By Weight Change Specimen 
Designat ion 

1 2.0 3.0 1.5 0 070 
2 1.5 2.0 2.5 0 -79 
3 
4 0.5 2 00 1.0 
5 
6 1 .o 1.5 0.5 

3 *o 2 .o 1.5 0 -71 
0.54 

0.34 
3-05 1.5 1.0 0.51 

- 

A small amount of the corrosion-product oxide was carefully scraped 

from an unused portion of the specimen and subjected to x-ray diffraction 

examination. Only a.A1203.H20, boehmite, was detected. Since this is 

the same oxide observed on aluminum surfaces corroded by high-temperature 

water, the heat flux did not alter the composition of the corrosion 

product . 
Metallographic Examination 

The second half of the test section, side A, was sectioned at 1-in. 

intervals along its length, starting at 0.5 in. from the outlet end. 

These sections were mounted in Bakelite, polished, and etched for 
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metallographic examination. Figure 15 shows the type of attack observed 

a t  a distance of 0.5 in. from the out le t  i n  the region of maximum attack 

(see Fig. 10 f o r  orientation). Intergranular attack t o  a depth of 0.005 in. 

i s  clearly evident i n  the photomicrograph. 

graph of a s i m i l a r  section 1.5 in. from the out le t  i n  the region where 

the heavy attack had jus t  started. In  t h i s  region the depth of inter-  

granular attack was  only about 0.001 in.; s l igh t  surface roughening i s  

also apparent. 

Figure 16 shows the  photomicro- 

A t  both locations intergranular attack was  found only i n  

the center region of the specimen where the heat f lux was highest; the 

edge surfaces where the heat flux was lower were completely f r ee  of 

localized attack. The other four sections showed no evidence of inter-  

granular attack, regardless of heat flux, and the surface roughness of 

the m e t a l  was similar t o  that shown i n  Fig. 12. Thus only i n  the region 

Txnere "film-stripping" had occurred w a s  there evidence of intergranular 

attack. 

In the photomicrographs shown i n  Figs. 15 and 16, t h e  oxide on the 

surface i s  not discernible because of the technique used i n  printing the 

photomicrograph. However, the oxide on all surfaces i s  evident i n  

Fig. 17, which shows cross-sectional views a t  six different locations 

along the length of the t e s t  piece on side A. 

thickness and the cracks and imperfections i n  the oxide are clear ly  

The irregular oxide 

visible.  The general surface condition of the aluminum can also be 

seen. 

On each of the six sections cut from side A, the oxide thickness on 

the surface was measured across the fu l l  0.500-in. width of the specimen 

i n  the following manner: Start ing a t  one edge of the specimen, the 
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microscope was adjusted so that the diameter of the field of vision was 

1 mm. 

measured. 

were made in the next 1-mm field and so on across the piece. 

In this field the minimum and maximum oxide thicknesses were 

The specimen was then moved so that the same measurements 

Since the 

width of the specimen was approximately 12 mm, 12 minimum and maximum 

thicknesses were determined on each of the six cross sections. The 

results are shown in Fig. 18, where the average maximum and average 

minimum thicknesses are plotted against the distance from the outlet. 

At each region examined, there were no significant differences in oxide 

thicknesses across the specimen, although the heat flux on the edges was 

0.50 x lo6 Btu/hr*ft2, whereas that in the center was 1.66 x lo6 Btu/hr*ft2. 
Thus at each location the thickness of oxide was independent of the heat 

flux. 

Table 6, which shows the oxide deposit to be thicker on the surface sub- 

jected to the higher heat flux. 

most cases the area covered by the thicker oxide is much greater than 

This observation is in disagreement with the data reported in 

It is apparent from Fig. 17 that in 

that covered by the thin oxide so that an average oxide thickness would 

not be an average of the minimum and maximum values in Fig. 18 but would 

. be much closer to the maximum curve. 

Because of the manner of fabrication of the test section, weight- 

loss data or absolute changes in thickness of aluminum could not be 

obtained. Therefore a determination of the amount of aluminum oxidized 

per unit area could not be made. From unreported isothermal data obtained 

by the authors, it was estimated that the extent of uniform corrosion 

under the conditions of test would be 1 to 2 mils. From the above photo- 

graphs it is apparent that intergranular penetration amounted to a 

- 1  
- I  - -  I 
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maximum of 5 m i l s .  

attack,-7 mils i s  obtained as the  best estimate of the maximum t o t a l  pene- 

t r a t ion  of the aluminum during the 10-day test. 

If 2 mils of general attack i s  added t o  the  localized 

DISCUSSION 

The equipment used i n  t h i s  experiment functioned w e l l .  Temperatures 

were eas i ly  maintained within +1 t o  +2"F of the  desired value, and varia- - - 
t ions i n  flow ra tes  and pressure were negligible. A s  already shown, the 

heat input t o  the t e s t  specimen was constant within about +3$ during the  

10-day t e s t .  

r e l i a b i l i t y  indicate that the equipment will be most useful i n  investi-  

gating the e f fec t  of heat f lux on the  corrosion of aluminum o r  other 

metals over wide ranges of variables. 

- 
The v e r s a t i l i t y  designed in to  the system and the demonstrated 

The results of t h i s  first tes t  indicate tha t  the use of 1100 aluminum 

as cladding f o r  fue l  elements or f o r  heat-transfer surfaces i n  general 

can, under cer ta in  circumstances, lead t o  aluminum temperatures higher 

than might normally be expected. Certainly the formation of an insulating 

layer of corrosion products on the aluminum surface, as w a s  observed i n  

t h i s  t e s t ,  would produce an effect ive barrier t o  heat t ransfer  and lead 

t o  increased aluminum temperatures. 

layer  would adhere and t o  wha t  thickness it would grow was, and s t i l l  is, 

But how w e l l  the  corrosion-product 

d i f f i cu l t  t o  predict. 

t o  a maximum thickness of about 0.002 in.  

In t h i s  par t icular  t e s t  aluminum oxide increased 

It was interesting t o  note 

.- 

a .  

* .  

t h a t  at  the  hot ter  end of the t e s t  specimen the  adherent oxide film may 

have reached a l imiting thickness since some rather loose oxide was 

present on top of the adherent oxide, and i n  t h i s  region there  was 
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at least an indication that the aluminum temperature was approaching a 

steady-state value. 

In view of the temperature of the aluminum and the "film-stripped" 

appearance of both sides near the exit, a question might be raised as to 

vhether or not boiling contributed to the "stripping." The highest 

temperatures recorded on the outside of the specimen were 561O~ on 

side A (thermocouple ll) and 504°F on side B (thermocouple 8). The cal- 

culated temperature drop through the aluminum was 51°F for side B a.nd 

57°F for side A, the difference being due to slightly different thick- 

nesses and heat fluxes on the two sides. 

the oxide through cracks or pores, it would come in contact with aluminum 

Thus, if water could penetrate 

at 504°F on side A and 453°F on side B. 

sponding to these temperatures are 705 psia and 436 psia, respectively. 

Since the pressure at the exit of the test specimen was constant between 

The saturation pressures corre- 

345 and 395 psia (uncertainty in accuracy of pressure gage), it is pos- 

sible that boiling could have occurred if water penetrated to the 

aluminum - aluminum oxide interface during the latter stages of the 
test and that boiling might have influenced the stripping. Future 

experiments w i l l  be conducted to see if "film-stripping" is related to 

boiling. 

Only in the "film-stripped" region did the aluminum show evidence 

of intergranular attack. The presence of this type of attack was un- 

expected, since the highest possible temperature of the aluminum in 

contact with water was 504OF (at thermocouple 11). Several unreported 

isothermal tests conducted at 500°F, during which 1100 aluminum was 

exposed to water at flow rates of 20 to 65 fps fo r  10-day periods, 
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indicated no intergranular attack. Why the aluminum suffered intergranu- 

lar attack in this test where the time in contact with 500°F water was 

only 2 to 3 days and whether this attack was attributable to an effect 

of heat flux cannot be answered at this time. 

If it is assumed that the amount of oxide on the surface of the 

aluminum at the start of the test was insignificant, it is possible to 

calculate a temperature for any point on the test specimen. 

lations were carried out for each of the thermocouple locations, and the 

calculated temperatures are compared with the observed temperatures in 

Table 7. The water film coefficient at each location was calculated by 

means of the Sieder-Tate equation, and the temperature drop through the 

metal was calculated considering uniform heat generation throughout the 

metal and heat removal from one side. 

These calcu- 

The agreement between calculated and observed temperatures is good, 

except at thermocouple locations 3 and 5 which were in the area of low 

heat flux (thin edges). 

locations were substantially higher than calculated was because of the 

conduction of heat from the adjoining high-temperature region. 

heat flux on the thin cross section may have been somewhat higher than 

calculated and that on the O.lOO-in.-thick section, somewhat lower. 

Apparently the reason the temperatures at these 

Thus the 

In the present test the specimen had been used during calibration 

of the loop and electrical system prior to the beginning of the test 

during which time some corrosion products undoubtedly formed on the 

aluminum. 

higher than those calculated on the assumption that the aluminum surface 

This fact could have caused the measured temperatures to be 

.- 

vas free of oxide. 



-41- 

- -. 

Table 7. Comparison of Calculated and Observed 
Temperatures on the Outside of the Aluminum 

Test Specimen at the Beginning 
of the Test 

Calculated* Observed 
Thermocouple Temperature Temperature 

( OF) (OF) 

7 343 
12 350 338 
13 ' 345 336 
10 345 340 
4 349 345 
6 35 4 360 

347 9 354 
14  356 
ll 360 378 
8 355 368 

213 257 
266 

3 
5 213 

Number 

-x- 

** 

. *  

-. 

* The calculated temperatures take into 
account the slight variation in wall 
thickness and consequently heat flux 
between the two sides. 

H- Not measured. 

The thermal conductivity of the oxide film may be calculated f r o m  

the measured oxide thickness and the temperature increase during the test. 

Table 8 shows the thermal conductivity values obtained at the three 

thermocouple locations on side A, using both the minimum and maximum 

oxide 

ature 

oxide 

OF/I"t 

thicknesses determind metallographicaJly (Fig. 18) and the temper- 

rise observed during the 10-day test (Fig. 7). 

thickness of Fig. 18, values ranging between 0.5 and 1.0 Btu/hr.ft2* 

Using the minimum 

are obtained; using the maximum oxide thickness, values between 

1.4 and 2.4 are obtained. 

to question, but the values are of the order of mgnitude expected. 

The reliability of these values may be subject 



Table 8. Thermal Conductivity of the Corrosion-Product 

Oxide Calculated from Temperature Difference Across 

the 0xide.and Measured Oxide Thicknesses 

Measured h L  A.-2 I - \  Thermal Conductivity 

blax . Min . 

11 378 567 189 1.9 0.7 1.4 0.5 

6 360 469 log 1.8 1.0 2.3 1.3  

12 338 388 50 0.9 0.4 2.4 1.0 
-~ ~ 

* Taken fromthe upper curve in Fig. 18. 
Jtlc Taken from the lower curve in Fig. 18. 

Although the results of only one test are always subject to question, 

the data obtained under conditions simulating those proposed for the fuel 

region of the High-Flux Isotope Reactor indicate that the corrosion of 

1100 aluminum is severe and that undesirably high temperatures can be 

expected in the fuel elements unless some means can be found to reduce 

the quantity of oxide formed on the heat-transfer surface. 

quantity of oxide formed is proportional to the corrosion of aluminum, 

inhibiting the corrosion of aluminun should result in a decrease in metal . 
temperature. Future tests will be concerned with determining the effec- 

tiveness of inhibitors compatible with the rest of the High-Flux Isotope 

Reactor system and with a determination of the corrosion resistance of 

other aluminum alloys. 

Since the 

r -  
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