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EFFECT OF HEAT FLUX ON THE CORROSION OF ALUMINUM BY WATER.

PART IV. TESTS RELATIVE TO THE ADVANCED TEST REACTOR

AND CORRELATION WITH PREVIOUS RESULTS

J. C. Griess H. C. Savage J. L. English

ABSTRACT

The corrosion of 6061 and X-8001 aluminum alloys and the resultant formation
of an adherent corrosion product on the corroding surface were investigated under
conditions (except radiation) comparable to those that will exist on the surface of
fuel-element cladding during operation of the Advanced Test Reactor. Since pre
vious experiments indicated that corrosion penetration of the aluminum clad was
unlikely during a reactor cycle provided the water chemistry is properly controlled,
most of the studies in this investigation were concerned with the effect of varia
bles on the rate of formation of corrosion-product films. These films have low
thermal conductivity and can be a major factor in producing high fuel-element tem
peratures which lead to fuel-plate instabilities. The experimental procedures
were the same as used in a similar study for the High Flux Isotope Reactor, but
the ranges of variables investigated were greater than in previous studies.

The 6061 and X-8001 alloys corroded to the same extent under the same test
conditions until the corrosion product (boehmite) that formed on the surface be- I
came thick enough to spall spontaneously from the surface, usually about 2 mils
thick. Spallation from the surface of the 6061 alloy was always accompanied by
localized attack of the underlying metal, whereas only uniform attack was ob
served with the X-8001 alloy under all conditions. Previously it was shown that
the 1100 aluminum alloy behaved like the 6061 alloy in all respects.

All three alloys developed corrosion-product coatings at the same rate when
tested under the same conditions. The thermal conductivity of the corrosion
product was determined to be 1.3 Btu hr~ x if1 (°F)~ 1. The pH of the water was
an important variable in determining the rate of corrosion-product buildup on alu
minum. Under the same conditions the rate of oxide formation was 2.7 times

greater when the pH of the water was 5.7 to 7.0 than when the pH was 5.0 (with
nitric acid); pH was not a significant variable within the former range. Changes
in pH during a test resulted in abrupt changes in the rate of oxide formation and
presumably also in corrosion. The data indicated that up to the point of film
spallation about 70% of the aluminum that was oxidized remained on the surface
as boehmite regardless of test conditions; the rest was lost to the water.

The rate of oxide formation on the specimens decreased with exposure time
and increased as the surface temperature increased. The controlling temperature
was that at the aluminum oxide—water interface (surface temperature). Considering
only the data acquired with the water at a coolant pH of 5.0 and at heat fluxes
between 1 and 2 x 10 6 Btu hr~ 1 ft- 2, the thickness of oxide built up on the cor
roding surface was described reasonably well by the empirical equation

. 778 /-4600
X= 44300-778 expf

where X is corrosion-product thickness in mils, 6 is time in hours, and K is sur
face temperature in degrees Kelvin. With pH values between 5.7 and 7.0 the same
relation applied except that the first coefficient in the above equation was 1200



instead of 443. Within the range of 1 to 2 x 106 Btu hr~ 1 ft-2, heat flux was un
important except in the manner in which it influenced surface temperatures. Be
low 1 x 106 Btu hr_1 ft-2, heat flux per se was a significant variable; consider
ably lower oxide thicknesses were observed than calculated by the above correla
tion.

The results of the experimental program indicate that the 6061 aluminum alloy,
which has mechanical strength superior to either 1100 or X-8001, will have ade
quate corrosion resistance for use as cladding for both the Advanced Test Reactor
and the High Flux Isotope Reactor fuel plates, provided the pH of the water is
maintained at 5.0 with nitric acid. However, the increase in fuel-plate tempera
tures resulting from the buildup of the corrosion-product layer must be evaluated
carefully to determine its effect of the mechanical and irradiation behavior of in
dividual fuel plates and on the overall fuel-element stability.

INTRODUCTION

Two very high-performance reactors, the Advanced Test Reactor (ATR) and the High Flux Iso

tope Reactor (HFIR), are presently being built. The design parameters and the operating condi

tions for both reactors have been reported.1/2 Both will use thin aluminum-clad, plate-type fuel

elements which will be cooled by water flowing at rates of 40 to 45 fps through narrow coolant

channels. High power densities can result in hot-spot heat fluxes as high as 2 x 106 Btu hr-1

ft-2. Although the temperature of the bulk cooling water will be less than 200°F, the high heat

fluxes across the cladding will produce surface temperatures high enough to make corrosion a po

tential problem.

Because of the high power densities in the reactor cores, the lives of the fuel elements will

be short (10 to 15 days for the HFIR and 17 days for the ATR), and therefore corrosion rates

higher than could be tolerated in pool-type research reactors or conventional power reactors are

permissible. However, the corrosion of aluminum leads to the formation of a more or less adherent

layer of corrosion product (boehmite) which by virtue of its low thermal conductivity presents a

significant barrier to the transfer of heat across the cladding. Thus, as an aluminum-clad fuel

element corrodes at constant heat flux, the fuel-plate temperature rises as the thickness of the

corrosion product increases. Since aluminum has low mechanical strength which decreases rap

idly as the temperature increases, and since in both reactors the aluminum cladding provides me

chanical stability to the fuel plates, the insulation provided by the corrosion-product film can be

more of a limitation on the use of aluminum-clad fuel elements in high flux reactors than is cor

rosion damage per se. In both reactors the fuel plates are separated by narrow cooling channels

(50 or 78 mils) and any mechanical deflection or creep of the plates will significantly restrict

the flow of coolant and, in the worst cases, lead to burnout of part of the fuel plates. Preliminary

1D. R. De Boisblanc et al., Advanced Test Reactor —ATR Final Conceptual Desifri, IDO-16667 (Nov.
1, 1960).

2J. R. McWherter and T. G. Chapman, "Mechanical Design of the HFIR," Book 1, pp 99-111 in Re
search Reactor Fuel Element Conference, Gatlinburg, Tenn., September 17—19, 1962, TID-7642.



data indicated that with proper water treatment corrosion damage of the aluminum cladding is not

likely to be severe in either reactor but that fuel plate temperatures would be high enough to make

careful fuel-element design essential.3 Elevated-temperature creep data on 6061 and X-8001 alu

minum alloys show that both materials suffer significant loss in creep resistance at temperatures

much above 400°F.4 To preserve mechanical stability, therefore, fuel-plate temperatures over any

appreciable area should be limited to 400°F.5 In the present investigation, most of the effort has

been directed to determining the effect of variables on oxide formation and fuel-plate temperatures.

Previously, results were reported on the effect of heat flux on the corrosion of aluminum under

conditions that will exist during operation of the HFIR.3 The corrosion resistance of only two

aluminum alloys, 6061 and 1100, was explored. In the present report, data obtained under sponsor

ship of theAdvanced Test Reactor Program are reported. In this investigation, 6061 and X-8001

aluminum alloys were used; and, in general, the ranges of variables were extended beyond those

examined in the previous work. In addition all data acquired at ORNL concerning the effect of

heat flux on the corrosion of aluminum were evaluated, and a correlation was developed that makes

possible reasonable predictions of corrosion-product buildup on aluminum surfaces under condi

tions comparable to those that will exist in the ATR and HFIR.

EXPERIMENTAL PROCEDURES

The experimental techniques used to obtain the results presented in this report have been de

scribed in detail6 and only a brief resume is given here. In all tests a 6.5-in.-long specimen that

contained a center rectangular flow channel 0.078 in. by 0.500 in. was used. A sketch of the

specimen is shown in Fig. 1. The 0.078-in. dimension is the same as the width of the coolant

channels between plates in the ATR. In previous tests this dimension was 0.050 in., which is the

fuel plate spacing in the HFIR. Each specimen was madein two axial halves which were welded

together along the sides. Welded to each end of the specimen were aluminum electrodes to which

the transformer leads were connected and by means of which the specimen was flanged into a by

pass line of a stainless steel pump loop. As indicated in Fig. 1, eight thermocouples were spot-

welded to the outside of the specimen which was insulated with close-fitting Mycalex plates so

that all heat generated in the specimen was removed by the coolant flowing through the central

channel. The Mycalex plates were surrounded with stainless steel plates so that the specimen

could withstand internal pressures as high as 1000 psi.

3J. C. Griess et al., Effect of Heat Flux on the Corrosion of Aluminum by Water. Part III. Final Report
on Tests Relative to the High-Flux Isotope Reactor, ORNL-3230 (Dec. 5, 1961).

4W. R. Martin and J. R. Weir, Mechanical Properties of X-8001 and 6061 Aluminum Alloys and Aluminum
Base Fuel Dispersions, to be published.

R. J. Beaver, private communication.

6J. C. Griess er al., Effect of Heat Flux on the Corrosion of Aluminum by Water. Part I. Experimental
Equipment and Preliminary Test Results, ORNL-2939 (Apr. 29, 1960).
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Fig. 1. Sketch of Specimen Showing Thermocouple Locations and Cross-Sectional View.

The same heat of each alloy was used in all heat-flux—corrosion tests. The actual composi

tion of the alloys (including the 1100 alloy used in past tests) is shown in Table 1.

Heat was generated in the specimen by passage of 60-cycle ac current along the length of the

specimen. The cross section of the aluminum was such that 78% of the heat was generated in the

center, 0.100-in.-thick section and 22% in the corner regions. (With a 0.050-in.-thick channel, 80%

of the heat was generated in the center section.) Considering the relative areas available for heat

transfer the heat flux was 3.4 times greater across the surface under the 0.100-in.-thick region

than in the corner areas. All values of heat flux given in this report refer to those across the

water interface under the thicker part of the specimen. All oxide thickness and corrosion meas

urements were also made on the same area.

The power generated in the specimen was determined from the flow rate and the temperature

increase of water passing through the central channel. The temperature increase was determined

from thermocouples attached to the stainless steel pipes immediately upstream and downstream

from the specimen. The flow rate was determined from the pressure drop across a calibrated ori

fice located in the bypass line containing the specimen.

Two different type 347 stainless steel loops were used to obtain the results discussed in this

report. One was the same loop used to obtain the data already reported. 3 The second was a



Table 1. Composition of Aluminum Alloys

Element (wt %)

Alloy
Ni Fe Mg Si Cu Cr Zn Al

X-8001 1.14 0.55 0.03 Balance

6061 0.41 1.15 0.39 0.24 0.18 0.03 Balance

1100 0.45 0.04 0.11 Balance

newly constructed loop utilizing the same type of components as the first except the loop piping

was arranged in a slightly different manner. The first four tests in the new loop produced lower

corrosion rates and lower rates of oxide buildup on the aluminum surfaces than were observed in

duplicate tests conducted in the old loop. In all four cases the aluminum oxide deposit was

covered with a very thin reddish-brown film which was shown by spectrographic analysis to con

tain mostly iron. Following these runs, the loop was treated with water containing 500 ppm ox

ygen at 285°C for four days to develop a relatively heavy ferric-chromic oxide film on the stain

less steel surface. After the high-temperature water treatment, the two loops yielded the same

results and were used interchangeably; also the reddish-brown deposit was no longer found on the

specimens from the new loop. Asimilar "new loop" effect has been reported by Draley. 7
During the test, the desired water quality was maintained by passing a 2- to 3-liter/hr side

stream through an ion exchange resin bed. If deionized water was the coolant, a mixed-bed de-

ionizer (Illco-way) was used and the specific resistivity of the water during test remained at about

a million ohm-cm. If the pH of the coolant was to be less than 7, the proper amount of nitric acid

was added to the water and a cation exchanger (Amberlite IR-120) in the hydrogen form constituted

the resin bed. By this method the pH of the coolant was maintained within ±0.1 pH unit of the

desired value. The volume of each loop was 25 liters.

At the end of a test the specimen was cut from the electrodes and the edges were milled off to

expose the water-cooled surfaces. In most cases three small sections were cut from each speci

men, mounted in Bakelite, metallographically polished, and examined microscopically to determine

the thickness of the corrosion-product layer and the type of metal attack. The depth of penetra

tion (metal loss) was determined by measuring the thickness of each half of the specimen at sev

eral points in the transverse center before the two halves were welded together and then measuring

the thickness in the same locations after removal of the corrosion product. All of the specimen

except that used for metallographic examination was electrolytically descaled as described by

7J. E. Draley and W. E. Ruther, "The Corrosion of Aluminum Alloys in High Temperature Water," pp
477_95 in Conference on Corrosion of Reactor Materials, vol 1, International Atomic Energy Agency, Vienna,
1962.



Draley.8 Although this method of determining the extent of corrosion was not highly accurate, it

was the best available under the circumstances.

All procedures used for determining point heat fluxes, water interfacial temperatures, thermal

conductivities, heat balance, etc. were the same as those described in a prior report. 3

EXPERIMENTAL RESULTS

Tests Conducted with X-8001 Aluminum

Since the fuel elements to be used in the ATR will be subjected to somewhat higher tempera

tures than those in the HFIR, tests were conducted with X-8001 aluminum, an alloy more resistant

to attack than either 1100 or 6061 in high-temperature water.9 Identical tests with X-8001 and

6061 were run at coolant pH values of 5.0 and 6.0 (adjusted with HNO ). In all cases the heat

flux was 1.5 x 106 Btu hr-1 ft-2 and the flow rate was 42 to 45 fps. Figure 2 shows how the tem

perature at an equivalent location on each specimen increased with time. It should be noted that

J. E. Draley and W. E. Ruther, "Aqueous Corrosion of Aluminum, Part II," Corrosion 12, 480t—90t
(1956).

g
J. L. English, L. Rice, and J. C. Griess, The Corrosion of Aluminum Alloys in High-Velocity Water at

170 to 290°C, ORNL-3063 (June 1, 1961).

670
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Fig. 2. Temperature Increase Observed on Aluminum Alloys Corroding at a Heat Flux of 1.5 x 10

Btu hr-1 ft"2.
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the temperature increase for both alloys was much higher at a coolant pH of 6.0 than 5.0, an obser

vation in agreement with previously reported data. 3

Since the operating conditions during the test were essentially constant, the increase in tem

perature measured on the outside of the specimen was proportional to the thickness of the cor

rosion product retained on the water-cooled surface. The time-temperature curves obtained at a pH

value of 5.0 show about the same rate of oxide buildup on the 6061 and the X-8001 specimens. At

any given time the temperature of the 6061 specimen was slightly higher than that observed on the

X-8001 specimen because the thermal conductivity of the 6061 alloy is less than that of the X-8001

alloy.3 Under the conditions of these tests, the temperature drop through the 0.100-in.-thick sec

tion was 58°F for 6061 aluminum and 50°F for X-8001 aluminum.

At pH 6.0 the two alloys also exhibited essentially the same behavior for the first 120 hr of

test, at which time the temperature of the 6061 specimen began to decrease. After about 210 hr

the temperature of the X-8001 specimen also decreased. This behavior was brought about by a

spontaneous spallation of part of the oxide from the specimen. No significance is attached to the

fact that the X-8001 specimen reached a higher temperature than the 6061 before spallation began.

It was noted in other tests that spallation usually did not occur until oxide thicknesses in the

range of 2 mils had developed and that there was no way of predicting exactly when spallation

would occur after that. With the 6061 specimen the temperature increase indicated that an oxide

thickness of 2.2 mils formed before some oxide was lost, and with the X-8001 specimen the corre

sponding thickness was 2.8 mils. As indicated by the final temperatures shown in Fig. 2, a sub

stantial amount of oxide remained on the surface after spallation.

One significant difference between the two specimens tested at pH 6.0 was the fact that se

vere localized attack in the form of subsurface voids was observed on the 6061 aluminum alloy

whereas very uniform attack was observed on the X-8001 alloy. In several other tests conducted

at a pH of 5.0 with X-8001 aluminum specimens partial film spallation was also observed after

about 2 mils of oxide had formed, but in all cases only uniform and rather minor corrosion was

found. On the other hand, whenever film stripping occurred with either the 6061 or the 1100 alu

minum alloy, at least some localized attack of the alloy was observed.

X-ray diffraction patterns from the oxide formed on X-8001 showed lines characteristic of only

boehmite (a-Al O -H O) as was the case with the 6061 and 1100 alloys.3 Chemical analysis
v 2 3 2 '

showed that the oxide from X-8001 specimens contained small amounts of iron and nickel, but the

levels were too low to be observable in the x-ray diffraction patterns. Photomicrographs of cross

sections through specimens with the oxide in place showed the oxide to be of a single phase on

the 6061 and 1100 alloys; the oxide formed on X-8001 specimens contained a small amount of a

metallic phase, presumed to be an iron-nickel intermetallic. Figure 3 shows photomicrographs of

cross sections through 6061 and X-8001 specimens as removed from two tests. The small par

ticles of the metallic phase are clearly visible in the oxide on the X-8001 specimen.
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Fig. 3. Appearance of Corrosion Product on 6061 and X-8001 Aluminum Alloy Specimens.
(a) 6061 aluminum alloy after exposure. Note that oxide contains only one phase, (b) X-8001

aluminum alloy after exposure. Note presence of metallic phase in oxide.



An examination of the results from all tests showed that under comparable test conditions

1100, 6061, and X-8001 aluminum behaved the same except when film stripping or spallation oc

curred. In the present investigation, X-8001 and 6061 specimens were used interchangeably, and

in correlating all the data (see later sections) no distinction was made among the three alloys.

Tests Simulating an ATR Cycle

Nuclear design calculations of the ATR core indicate that during a 17-day ATR cycle the heat

flux across the aluminum fuel-element cladding will decrease as will the temperature of the cool

ant. To simulate this condition several tests were run in which both the coolant temperature and

heat flux were periodically decreased, as shown in Fig. 4. In this figure the dotted lines show

calculated changes in heat flux and coolant temperature,10 whereas the solid lines show how the

two variables were actually changed during 17-day tests. Tests were conducted with nominal

starting surface temperatures (specimen-water interface temperatures) of 340, 360, and 380°F and

coolant pH values of 5.0. Also two tests were conducted at 300°F with coolant pH values of 6.0.

(As discussed later, the temperature at the water interface controls the rate of oxide accumulation.)

The starting surface temperature was arrived at by fixing the initial heat flux and the flow rate

and adjusting the coolant temperature until the two thermocouples located on the outside of the

specimen at the axial midpoint indicated the desired surface temperature plus the calculated tem

perature drop through the specimen wall. During the test the heat flux and coolant temperature

were changed in accordance with the schedules shown in Fig. 4. In all cases the coolant velocity

was 45 fps. Duplicate tests were conducted under each set of conditions, and the average tem

perature indicated by the two thermocouples located at the midpoint of each specimen was recorded

at frequent intervals. *7

The results obtained with starting surface temperature/of 360 and 380°F are shown in Fig. 5,
and those obtained with starting temperatures of 340 and 300°F are shown in Fig. 6. Only the

temperatures attained immediately before reducing either the bulk coolant temperature or the heat

flux are plotted and straight lines connect the points.

The two tests conducted at the highest temperature agreed well when one considers that film

spallation occurred on both specimens. The lower of the two curves was obtained using an X-8001
specimen, and the lower temperature at the start reflects the greater thermal conductivity of the
X-8001 alloy. As in all other cases where film spallation occurred the 6061 specimen showed lo

calized attack whereas the X-8001 specimen did not.

Poor agreement wasobserved between the duplicate runs at a starting surface temperature of

360°F. Both specimens were 6061 aluminum and at the end of the test both were covered with a

smooth, tightly adhering oxide film. Film spallation was not evident. No explanation for the poor

agreement is available, and lack of time prevented running a third test under these conditions.

10Letter from G. R. Thomas, ATR Project, Babcock and Wilcox Company to G. C. Robinson, Materials
Section, Babcock and Wilcox Company, Aug. 23, 1961.
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Fig. 4. Calculated Heat Flux and Coolant Temperature Change During ATR

Cycle and Changes Made During Simulated Tests.

At the 340°F starting temperature the degree of reproducibility was not good but it was some

what better than at 360°F. Both specimens were made of 6061 aluminum and neither showed evi

dence of film spallation.

The tests at 300°F were conducted primarily to determine the fuel-plate temperatures that

could be expected if the pH of the ATR coolant were 6.0 and fuel-element surface temperatures

could be held as low as 300°F. These two runs agreed well and indicated that if the ATR were

operated with a coolant pH of 6.0 and if the initial surface temperature of the fuel plates were

300°F, final fuel-element temperatures would be as high as if the starting surface temperature

were 360°F and the pH were 5.0. In addition these two experiments again illustrate that there is
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Fig. 5. Temperature of Aluminum Specimens During Tests with Decreasing Heat Flux and Coolant

Temperature.

580

UNCLASSIFIED

ORNL DWG. 63-6854

^
«f304

200 300

Time (hours)

Starting Temp 340° F •
pH = 6.0

Starting Temp 340° F
pH - 5.0

500

Fig. 6. Temperature of Aluminum Specimens During Tests with Decreasing Heat Flux and Coolant

Temperature.
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no difference in the rate of oxide accumulation on the 6061 and X-8001 alloys when the test con

ditions are the same.

For the individual fuel plates to retain sufficient strength to prevent changes in plate spacings

within a fuel element during a cycle, plate temperatures should not exceed about 400°F. The re

sults of the above series of tests show that if the pH of the coolant is 5.0, starting fuel-element

surface temperatures should be limited to 340°F or less over the major area of the fuel plates. If

the pH of the coolant is 6.0, unrealistically low starting surface temperatures, substantially less

than 300°F, would be necessary.

Effect of Thermal Cycling on the Spoiling of Oxide

During the course of this program a few experiments were inadvertently interrupted by power

failures. In these cases the power was stopped instantly; and, after necessary repairs, the power

usually was again supplied to the specimen instantly. It was noted that if the specimen had more

than about 1 mil of oxide on its surface, some of the thermocouples frequently showed lower tem

peratures after the power interruption. Inspection of the surfaces of such specimens showed that

as a result of the thermal cycle some of the oxide had become detached; the surface appearance

indicated that small flakes of oxide had spalled randomly from the otherwise adherent oxide. On

the other hand, if the corrosion product was less than about 1 mil thick, oxide was never lost

during a thermal cycle; and, on resumption of power, the thermocouples indicated the same tem

perature as before the transient.

The loss of oxide was shown to result from the heating rather than the cooling part of the

cycle by the following: On several occasions when a specimen had between 1 and 2 mils of

oxide on its surface, the power was cut off. The full power was then gradually restored to the

specimen over a period of a few minutes rather than instantly, and in all cases temperatures along

the specimen returned to the values before the power was turned off.

In all the above instances the specimen underwent a single temperature cycle. It was of in

terest to determine if relatively thin oxides would spall as a result of many thermal cycles. For

this experiment an aluminum specimen was subjected to a heat flux of 2 x 10 Btu hr- ft- and

cooled with water adjusted to a pH of 5.0 and flowing at 45 fps. The specimen was given 30

thermal cycles after each of the following average oxide thicknesses had developed (determined

from temperature increase, heat flux, and thermal conductivity of oxide): 0.41, 0.61, 1.11, and

1.30 mils. Each cycle consisted of turning the power on and off as fast as possible. The first

two periods of cycling (after 0.41 and 0.61 mil) resulted in no permanent temperature change as

indicated by the thermocouples attached to the specimen. Cycling after an oxide thickness of 1.11

mils had developed resulted in one thermocouple showing a permanent temperature loss of 15°F

whereas the other six returned to their original values. When the specimen was cycled with an

oxide thickness of 1.30 mils, one thermocouple, different from the one previously indicating the
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partial loss of oxide, also showed a permanent temperature loss of 18°F while all others returned

to their original temperature.

Examination of the specimen after the test showed some small chips, roughly 1/32 to V16 in. in
diameter, randomly missing from the surface of the adherent oxide. Apparently the two low thermo

couple readings were caused by such chipping or spalling of the oxide on the surface immediately

under the respective thermocouples.

The temperature indicated by one of the thermocouples attached to the above specimen was

recorded on a Sanborn high-speed recorder to determine the rate of heating and cooling of the spec

imen during a thermal cycle. Figure 7 illustrates the heating and cooling rate when the oxide

thickness was 1.11 mils. The total temperature change (AT) of about 260°F represents the com

bined temperature drop over the fluid film, oxide film, and the metal wall.

0.6 0.8' l 0

Time (seconds)

UNCLASSIFIED

ORNL DWG. 63-6855

0.4 0.6

Fig. 7. Rate of Heating and Cooling of a Specimen with 1.11 mils Oxide

Subjected to a Heat Flux of 2 X 106 Btu hr"1 ft-2.
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Effect of Pretreatment

The effect of three different types of pretreatment on the buildup of corrosion products on alu

minum specimens was investigated. One specimen was exposed to a 0.5% sodium dichromate so

lution at 300°F for 30 hr, a second specimen was "alodized,"11 and three specimens were anod-

ized.

Both the "alodized" specimen and that treated in the sodium dichromate solution had very

thin, yellowish-brown films after pretreatment. Both were tested under the following conditions:

heat flux, 1.5 x 106 Btu hr-1 ft-2; coolant pH, 5.0; flow rate, 45 fps; and temperature at the spec

imen-water interface, 360°F. During exposure under heat transfer conditions, the rate of tempera

ture rise indicated by the thermocouples was essentially equal to that observed on newly machined

specimens exposed under the same conditions. At the end of the tests, both specimens had devel

oped dark uniform oxides with only an occasional faint trace of the original yellow color. Thus

the results of these two tests showed that pretreatment in a dilute dichromate solution and "alo-

dizing" produced neither a beneficial nor a detrimental effect on the rate of oxide accumulation.

The first anodized specimen was prepared locally and had an estimated oxide thickness of 0.3

mil. However in this case the two halves of the specimen were welded together before anodizing

and the assumption was made that the same thickness of oxide was formed in the interior flow

channel as on a flat specimen treated in the same manner. The test conditions were identical to

those described above. The rate of oxide growth appeared to be unaffected by the anodized coat

ing; essentially the same rate of temperature increase was observed as was experienced with the

chromate pretreated and "alodized" specimens. In addition, cross-sectional views of the exposed

specimen showed only one layer of oxide that looked identical to that formed on untreated speci

mens.

Two additional tests were carried out on anodized specimens. In these cases the two halves

of an X-8001 and those of a 6061 specimen were anodized by the Sylcor Division of the Sylvania

Electric Company to produce relatively thick, hard coatings. Before welding the halves together

a small section removed from the end of one of the halves of each specimen was metallograph

ically mounted and polished,and the oxide thickness was measured microscopically. The thick

ness on the X-8001 specimen was 2.00 mils, that on the 6061 specimen was 2.84 mils.

The purpose of these two tests was to simulate conditions under which ATR test fuel plates

were exposed in a lattice position in the Engineering Test Reactor (ETR). The anodized layer

was placed on the fuel plates to cause higher temperatures than would have been possible without

the insulating layer. Since the fuel plates did not contain thermocouples, it was hoped that the

results of these tests, carried out under the same conditions as those in the ETR (except for ra

diation), would give an indication of the fuel-plate temperatures.

X1N. P. Gentieu, "Alodizing Aluminum," Industrial Finishing 23, 34-36, 40, 42, 44, 46 (1947).
12V. A. Walker, ATR Fuel Sample Platelets, Irradiation-Experiment Design, PTR-641, July 1963.
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Both specimens were exposed under the same conditions: heat flux, 1.5 x 106 Btu hr-1 ft-2;

flow rate, 27.5 fps; coolant pH, 5.5; and temperatures at the water interface at the specimen mid

point, 275°F. Since there was some uncertainty about the thermal conductivity of the anodized

film, it was necessary to arrive at the 275°F surface temperature experimentally in the following

manner. A newly machined specimen (oxide free) was installed in a loop; and with the flow rate

and heat flux at 27.5 fps and 1.5 x 106 Btu hr-1 ft-2, respectively, the inlet water temperature

was adjusted so that the thermocouples in the middle of the specimen indicated 275°F plus the

temperature drop through the specimen wall. Assuming a constant fluid film heat-transfer coeffi

cient, the anodized specimens were then tested using the same inlet and outlet bulk water tem

peratures, which resulted in a water interfacial temperature of 275°F at the axial midpoint. Be

cause of the relatively thick oxide originally on the specimens, the specimens were brought to full

power gradually over a period of a few minutes to minimize the possibility of the oxide spalling.

The test with the 6061 specimen was terminated after 5 days because of an oil leak in the dia

phragm of the feed pump which severely contaminated the entire system at that time. However,

during the first few hours of the test it appeared that some of the oxide was lost from the surface

of the specimen since temperature decreases of as much as 20°F were observed. Based on a

thermal conductivity of 1.3 Btu hr-1 ft-1 (°F)_1, the 20°F decrease corresponded to 0.2 mil of

oxide. For the next few days no significant temperature changes were observed. However, as the

cooling water became contaminated with oil, all specimen temperatures rose sharply and the test

was discontinued.

The X-8001 specimen was exposed in the loop for 19 days. During this time the average tem

perature of the specimen increased slowly as shown in Fig. 8 for three different thermocouple lo

cations. The middle curve represents the temperature at the specimen midpoint where the water

interfacial temperature was calculated to be 275°F. The corresponding surface temperatures for

the other two curves were 286°F for the upper curve and 270°F for the lower one. The peculiar

shape of the curves was probably caused by slight fluctuations in heat flux. Because of the thick

coating on the specimen, the calculated temperature drop across the aluminum wall and oxide [as

suming 2.00 mils of oxide with a thermal conductivity of 1.3 Btu hr- 1 ft-1 (°F)-1] was 240°F at

a heat flux of 1.5 x 106 Btu hr-1 ft-2. Thus even a ±2% variation in the electrical power supply

to the specimen (directly proportional to heat flux) would produce a spread of 10°F which could

account for the irregularities in the curves.

The indicated temperature increases from the beginning to the end of the test were 58, 49, and

41°F for the upper, middle, and lower curves respectively. With a heat flux of 1.5 x 106 Btu hr-1

ft-2 and an assumed thermal conductivity of the oxide of 1.3 Btu hr-1 ft-1 (°F)_1, the tempera

ture increases correspond to increases in oxide thickness of 0.60, 0.51, and 0.43 mil at the three

locations. The measured oxide thickness increases at the same locations were 0.95, 0.88, and

0.67 mil. Perhaps some of the poor agreement between the measured and calculated thicknesses,

in addition to that possibly caused by slight variations in power input, may have resulted from a

change in the anodized film as a result of the test exposure. Figure 9 shows a cross section of
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Fig. 8. Temperature at Three Locations on an X-8001 Aluminum Alloy Specimen Which Had Been
Anodized to Produce a 2-mil-thick Oxide Coating Before Test.
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Fig. 9. Cross-Sectional View of X-8001 Specimen Before Test Showing Anodized

Film. Note the two distinct layers in film.
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the oxide before the test, and Fig. 10 shows a similar cross section taken from the middle of the

specimen at the conclusion of the test. The original oxide was composed of two distinct layers.

After exposure the oxide still appeared to contain two layers but there was no sharp interface be

tween them. It is possible that during the test the thermal conductivity of the original anodized

film increased and caused the calculated oxide thickness (based on temperature increase) to be

less than actually observed. The possibility that such occurred was indicated by examination of

the oxide on the specimens after exposure. The initial surfaces were very hard; after the test the

surfaces were relatively soft, and the oxide could easily be removed by light scraping with a

sharp object. Prior to exposure a reflection electron diffraction pattern indicated only an amor

phous product on the surface. After the test a similar pattern indicated boehmite, which was the

corrosion product found on all untreated specimens.

If the 19-day test conducted out-of-pile was representative of the ETR exposure, the tempera

ture of the in-pile fuel plates at the aluminum-aluminum oxide interface was 395°F at the start of

the cycle and 444°F after 19 days. No evidence of localized attack was observed on the X-8001

test specimen. The results of the ETR test program have not been reported at this time.

ALUMINUM

UNCLASSIFIED
Y-52029
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o
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X

o
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m

Fig. 10. Cross-Sectional View of Same Specimen Shown in Fig. 9 After Test. Note

changes in appearance of oxide as a result of test.
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Thermal Conductivity of Corrosion Product Film

Additional measurements of the thermal conductivity of the corrosion product (boehmite) were

madeusing the procedure previously described.3 As was reported, the average value of the thermal

conductivity derived from 56 sets of data was 1.5 Btu hr-1 ft-1 (°F)_1 with a standard deviation

of +0.4. In 21 of the 56 cases the temperature drop across the oxide film equalled or exceeded

the temperature drop across the fluid film, a condition which improves the accuracy of the determi

nation. Considering the 21 sets as being the most reliable, a value of 1.3 Btu hr-1 ft-1 (°F)_1

with a standard deviation of ±0.2 was obtained.

Since the above data were reported, an additional 80 measurements of the thermal conductivity

of the oxide were made. Of this number, 59 measurements were made under conditions where the

temperature drop across the oxide equalled or exceeded that across the fluid film. Thus a total of

136 measurements were made, 80 of which were made under the most favorable conditions. The

average value of the thermal conductivity considering all determinations was 1.4 Btu hr- ft-

(°F)_1 with a standard deviation of ±0.3. The average value for the 80 selected determinations

was 1.3 Btu hr-1 ft-1 (°F)_1 with a standard deviation of ±0.2.

The additional measurements confirm the value of the thermal conductivity of the corrosion

product determined earlier. As was noted at that time the value of the thermal conductivity was

independent of temperature, heat flux, pH of coolant, and alloy on which the oxide formed within

the ranges investigated. The same conclusion applies to the present data.

Effect of Time and Temperature on Oxide Formation

It was reported previously that under constant conditions the specimen temperature increased

approximately linearly with exposure time, and the data were treated in that manner. The above

conclusion was based on tests of short duration, usually about 10 days, at relatively low tem

peratures. Tests conducted for the ATR frequently lasted longer and for the most part were carried

out at higher surface temperatures. The results of these tests clearly indicated that the oxide did

not accumulate at a constant rate but that the rate decreased with exposure time. Reexamination

of the results from all tests indicate that the data are best described by an equation of the form

T- TQ = AT = mdp ,

where T is the temperature indicated by a thermocouple at the start of the test, T is the tempera

ture at the same location at time 6, and m and p are constants. The data acquired from the indi

vidual thermocouple readings in all runs in which the conditions were held constant and where film

spallation did not occur were analyzed by the least-squares method to determine the value of p.

From 270 separate sets of data the average value of p was 0.76 with a standard deviation of 0.06.

For reasons to be discussed later, a better value of p appears to be 0.778.
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The value of p was independent of heat flux, pH, or temperature. This fact is illustrated in

Fig. 11 where the temperatures indicated by one thermocouple from several runs made under dif

ferent conditions are plotted vs time to the 0.778 power. In each case a straight line fits the data

points well.

The value of the proportionality constant, m, as determined from AT's and exposure times was

dependent on temperature, pH, and to a lesser extent on heat flux. The fact that the individual

temperature-(time)0,778 curves were of constant slope even though the temperature at the metal-
metal oxide interface increased very substantially indicated that the controlling temperature was

that at the water interface which was essentially constant during most runs.

An approximately linear relation existed between the log of m(normalized to a common heat

flux and obtained at a fixed pH) and the reciprocal of the absolute temperature at the specimen-

water interface when heat fluxes were in the range of 1 to 2 x 106 Btu hr-1 ft-2 (see Fig. 12).

The water interfacial temperature was determined at the beginning of a run by assuming no oxide

on the specimen at that time and subtracting the temperature drop through the wall from the ther

mocouple reading at that point. The temperature drop through the wall was calculated from the

point heat flux and thermal conductivity. Since all conditions remained constant during a given

run, it was assumed that the water interfacial temperature also remained constant.

640
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Fig. 11. Examples of Linear Relation Between Specimen Temperature and Exposed Time to the 0.778
Power.
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2.50

12. Rate of Temperature Rise of Aluminum Test Specimens Corroding at Heat Fluxes

1 and 2 X 106 Btu hr-1 ft-2. All values have been normalized to 1.5 x 10 Btu hr- ft~ .

The above correlations (AT with time and m with temperature) provide a convenient way of ex

trapolating the data and of illustrating the effect of variables on oxide formation.

Effect of Heat Transfer Rate

Since this program was conducted to determine the extent of corrosion and corrosion-product

buildup on ATR and HFIR fuel plates under the most severe conditions, heat fluxes in the range

of 1 to 2 x 106 Btu hr-1 ft-2 were employed in most tests. It was reported previously3 that in

this range heat flux per se did not appear to be a significant variable although only a very few

tests were conducted with heat fluxes other than 1.5 x 106 Btu hr-1 ft-2. The data indicated that

the rate of oxide accumulation was a function of the temperature at the specimen-water interface

and the pH of the coolant.

In order to extend the investigation of the effect of heat flux additional tests were conducted.

In this series of tests the coolant pH and flow rate were maintained at 5.0 and 45 fps respectively.

The temperature of the coolant was constant in any one run but was changed from run to run so

that the temperature at the specimen-water interface at the axial midpoint of the specimen was

(403 ± 4)°F regardless of heat flux. All tests except two lasted for 142 hr. At the end of the

tests the specimens were sectioned across the midpoint and the oxide thicknesses were measured.

Table 2 shows the results.
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The two runs at the highest heat flux were inadvertently stopped too soon. However by ex

trapolating the times to 142 hr, an oxide thickness of 1.65 mils would have been expected in the

first case and 1.27 mils in the second. With the exception of the value of 1.65, the results indi

cate no significant effect of heat flux in the range 1 to 2 x 106 Btu hr-1 ft-2 so long as the tem

perature at the specimen-water interface was constant. The data show, however, that significantly

lower oxide thicknesses developed at the 0.7 and 0.5 x 106 Btu hr-1 ft-2 level than at higher heat

fluxes.

Table 2. The Effect of Heat Flux on the

Formation of Corrosion Product

on Aluminum

Heat Flux Oxide Thickness

(Btu hr-1 ft-2) (mils)

X 106

1.94 1.16b

1.92 0.84c

1.47 1.28

0.99 1.36

0.70 1.15

0.51 0.75

0.48 0.75

aIn all tests coolant flow rate and pH
were 45 fps and 5.0, the specimen-water
interfacial temperature was 403 F, and ex
cept in two cases the exposure time was
142 hr.

feTest lasted 92 hr.
cTest lasted 84 hr.

Effect of pH

One of the most important variables in determining the extent of corrosion and the rate of oxide

accumulation on aluminum surfaces was the pH of the coolant. Qualitative data showing this fact

were presented in two earlier reports.3,13 Additional experiments combined with the use of the

correlation presented in a previous section have resulted in a clearer picture of the effect of pH

than previously existed.

13J. C. Griess et al., Effectof Heat Flux on the Corrosion of Aluminum by Water. Part II. Influence of
Water Temperature, Velocity and pH on Corrosion Product Formation, ORNL-3056 (Feb. 10, 1961).
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In addition to the many tests conducted with the coolant at a pH of 5.0, several tests were

conducted in deionized water and in water with the pH adjusted to 5.3, 5.7, or 6.0 with nitric acid.

Using only those tests in which the heat flux was between 1 and 2 x 106 Btu hr-1 ft-2, the value
of the proportionality constant, m, was determined bydividing the temperature rise indicated by

each thermocouple by the exposure time to the 0.76 power. In those cases where oxide spallation

occurred or where the conditions were changed during the run, only the data acquired before

change or spallation were used. Figure 12 shows a plot of the log of m vs the reciprocal of the

absolute temperature at the specimen-water interface. Since the temperature rise was directly pro

portional to heat flux, all mvalues were normalized to a common heat flux of 1.5 x 106 Btu hr-

ft-2.

The data points generally fall into two groups. Those scattered around the lower curve were

obtained when the pH of the coolant was 5.0 ± 0.1; those around the upper curve, which was drawn

parallel to the lower one, were obtained at all higher pH values. There was no discernible differ

ence among the data obtained when the pH was in the range of 5.7 to 7.0. Most of the data points

derived from the tests in which the pH was 5.3 fall close to the upper curve but are generally be

low it.

Although there is considerable scatter of the points around the line drawn through the pH 5.0

data, there is little doubt that a straight line relation exists between the log of m and the recip

rocal of the absolute temperature. When one considers that the tests from which the data were de

rived were conducted over a 3-yr period in two different loobs the fit of the points to the line is

satisfactory.

The scatter of the points around the upper curve is comparable to that around the lower curve.

Perhaps another straight line of slightly different slope would describe the data better than the

line shown; however, considering that there are fewer data points on this curve and that the runs

were usually of short duration before film spallation began, drawing the line parallel to that at the

lower pH appeared reasonable. If one accepts the lines as drawn to be correct, Fig. 12 shows

that the rate of oxide buildup is 2.7 times greater in the pH range of 5.7 to 7.0 than at a pH of 5.0.

Only two brief tests were completed in which the pH of the coolant was 4.7. In both cases the

flow rate was 45 fps and the heat flux was 1.5 x 106 Btu hr-1 ft-2. In one case the water-speci

men interfacial temperatures were in the range of 330°F and in the other, 400°F. In both cases

calculated m values were such that when plotted as were the other data the individual points (not

shown in Fig. 12) all fell within the scatter band of the lower curve, indicating the same rate of

oxide growth at a pH of 4.7 as at 5.0.

Three separate tests were conducted to determine how the rate of temperature rise changed

when the pH of the coolant was changed during a run. In two of the tests the pH of the coolant

was 5.0 at the start of the run, after some period was changed to 6.0, and later was changed back

to 5.0. In the other case the initial pH of the coolant was 6.0 which was changed to 5.0 and later

back to 6.0. In all three runs other operating conditions were held constant during each run.

In all three tests the temperature-(time)0-778 curves obtained at all thermocouple locations

showed abrupt changes in slope when the pH was changed. This is illustrated in Fig. 13 which



23

UNCLASSIFIED

ORNL DWG. 63-6858

Fig. 13. Effect of Changing pH onthe Shape of Time-Temperature Curves.

shows two typical curves, one with a starting pH of 5.0 and the other with a starting pH of 6.0.
The change in slope upon changing the pH is clearly evident.

Effect of Flow Rate

Since in both the ATR and the HFIR the flow rate of the coolant past the fuel plates will be

40 to 45 fps, most testing was carried out in that velocity range. However one test was conducted
at a flow rate of 25 fps and another at 33 fps. In both cases the results were in agreement with

those obtained at the higher flow rates under otherwise comparable conditions; that is, the rate of

oxide formation was the same as observed at higher flow rates.
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Thus the data indicate that in the range of 25 to 45 fps, flow rate is not an important variable

in determining the rate of oxide buildup. Similar observations concerning the effect of velocity on

the corrosion of aluminum in isothermal tests have been made at other installations.I4

Correlation of Oxide Buildup with Exposure Time and Temperature

The ability of the empirical equation

AT = mdp

to describe the experimental time-temperature relation has already been demonstrated. Further

more it is evident from Fig. 12 that in the heat-flux range of 1 to 2 x 106 Btu hr-1 ft-2 and at a

fixed pH, the value of m depends on the temperature at the water interface in the following manner:

(~bm = a exp

\ K

where a and b are constants and K is the absolute temperature. Substituting in the first equation,

' ~bs
AT = adp exp

K

Since the temperature increase is proportional to the oxide thickness (at constant heat flux), it

follows that

l-b
X = adp exp I

where X is the oxide thickness and the value of the constant a is different from that in the pre

ceding equation.

Using the above model and 83 separate sets of data obtained at a pH of 5.0 each of which in

volved an oxide thickness measurement and a known surface temperature and exposure time, the

best values of a, p, and b were determined by a linear regression analysis. The values of a, p,

and b calculated by this means were 443, 0.778, and 4600 with X expressed in mils, d in hours,

and temperature in degrees Kelvin. With the Rankine temperature scale, the value of b is 8290.

Figure 14 which is a plot of measured oxide thickness vs oxide thickness calculated from the

equation indicates that the correlation is generally satisfactory.

To compute confidence limits for X, one needs the variance of X which is a function not only

of the variances and covariances of the estimates of a, p, and b but also of the values of 0 and K

for which the prediction of X is desired. Table 3 gives estimates of oxide thicknesses at the 95%

confidence limits at several exposure times and temperatures.

It should be emphasized that the above correlation is valid only when the pH of the coolant is

5.0 and heat flux is in the range of 1 to 2 x 106 Btu hr-1 ft-2. It has been noted that at heat

R. J. Lobsinger, Summary Report on the Corrosion of Aluminum in High Temperature Dynamic Water
Systems, HW-59778 REV (Feb. 1, 1961).
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Fig. 14. Comparison of Measured and Calculated Oxide Thicknesses.

fluxes less than 1 x 106 Btu hr-1 ft-2 lower rates of oxide formation are observed than predicted

by the equation (see Table 2).

Insufficient oxide thickness measurements were made on specimens exposed at pH values

greater than 5.0 to obtain a meaningful analysis by the above means. However noting that the

oxide formed in proportion to the same exponential power of the exposure time as at a pH of 5.0

and that the temperature dependence was independent of pH, it follows that the same relation de

scribing the data at a pH of 5.0 is applicable except that the initial coefficient should be 2.7

times greater than at pH of 5.0. Hence in the pH range of 5.7 to 7.0 the equation should be

-4600\
X = 12000°-778 exp

IT

To calculate the total oxide accumulated under conditions where the water-oxide interfacial

temperature changes, as during a reactor cycle (see Fig. 4), one must proceed as follows. The
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Table 3. Predicted Oxide Thicknesses and Upper and Lower Limits at the 95% Confidence Level

Surface Lower Predicted Upper

Temperature Time
Limit Thickness Limit

(°F) (hr) (mils) (mils) (mils)

250 100 0.117 0.135 0.154

200 0.212 0.231 0.252

300 0.294 0.316 0.340

400 0.367 0.395 0.426

300 100 0.262 0.290 0.321

200 0.473 0.497 0.523

300 0.652 0.682 0.713

400 0.805 0.853 0.904

350 100 0.522 0.569 0.620

200 0.932 0.976 1.022

300 1.265 1.337 1.414

400 1.552 1.673 1.804

400 100 0.945 1.032 1.127

200 1.649 1.769 1.898

300 2.227 2.426 2.642

400 2.734 3.034 3.367

oxide formed during the interval at the first temperature is calculated directly from the equation.

The oxide formed during the first and second intervals is calculated using in the equation the time

that would have been required to produce the oxide formed during the first interval had it been at

the second temperature plus the time actually at the second temperature. For all subsequent tem

perature intervals a similar procedure must be used. This is illustrated in Fig. 15 where the

dotted lines Tv T , and T represent the rate of oxide buildup at three different temperatures and

the solid lines represent oxide growth as the surface temperature is changed from T to T to T .

The 6>'s shown on the graph in Fig. 15 must be converted to time when used in the equations.

The adequacy of the above procedure for calculating oxide thickness when the surface tem

perature is changed is illustrated in Figs. 16 and 17. Figure 16 represents a run in which the

heat flux, flow rate, and coolant pH were held constant at 1.5 x 106 Btu hr-1 ft-2, 45 fps, and

5.0, respectively, but the coolant temperature was twice increased by 50°F during the run. The

surface temperatures were, in order, 300°F, 350°F, and400°F. The initial temperature of 300°F

was determined by subtracting the wall drop from the thermocouple reading at that location. The

subsequent surface temperatures were obtained by adding the increase in bulk water temperature

to the original temperature, a procedure that assumed no change in fluid film coefficient. In Fig.

16 the solid line represents the calculated temperature increase (AT) as a function of time where

as the points are actual experimental data. The calculated oxide thicknesses were converted to
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Fig. 15. Schematic Representation of Oxide Growth as Temperature Is
Changed.

AT values from the equation

QX
AT = — ,

k

where Q is heat flux, X is oxide thickness, and k is thermal conductivity of the oxide.15 The

agreement between the calculated and experimental AT values is within the expected range (see

Fig. 12 and Table 3).

Figure 17 represents a run in which both the heat flux and coolant temperature were changed

several times during the run according to the schedule shown in Fig. 4. The flow rate and pH

were held constant at 45 fps and 5.0 respectively. The calculations were carried out in the above

15W. H. McAdams, Heat Transmission, p 12, McGraw-Hill, New York, 1954.
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ture Increases.

manner by personnel at Babcock and Wilcoxx 6 using only the actual starting surface temperature

and the schedule shown in Fig. 4 as a basis for calculation. The solid circles represent the ex

perimentally determined temperatures immediately before a change in heat flux or coolant tempera

ture and the open circles represent the corresponding calculated temperatures. As in the first

example, the agreement between calculation and experiment is satisfactory.

16

1963.
Private communication from G. C. Robinson, Babcock and Wilcox Company to J. C. Griess, July 1,
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tures from a Test in Which Heat Flux and Coolant Temperature were Changed
Several Times.

As indicated previously the extent of corrosion was determined as the difference between the

original wall thickness and the wall thickness at the end of the test (after removal of the corrosion

product). This method had the inherent disadvantage of relying on a small difference between two

relatively large numbers to determine corrosion penetration, and consequently the determinations

were not highly accurate. In addition there was always the possibility that during assembly or

disassembly of the specimen the soft aluminum surface could be deformed or scratched which

would lead to further inaccuracies.

In spite of the above disadvantages all test specimens were measured before and after the test

to determine total uniform penetration. The maximum uniform penetration observed on any speci

men was 2.4 mils when the pH of the coolant was 5.0. This value was obtained with an X-8001

specimen exposed under the following conditions: heat flux, 1.5 x 106 Btu hr-1 ft-2; flow rate,

45 fps; average temperature at specimen-water interface, 360°F; and time, 737 hr. These condi

tions were comparable to those expected to exist in parts of the ATR except for the exposure time
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which was almost twice the length of a fuel cycle. In all other tests conducted at a pH of 5.0,

penetrations were less than 2 mils. Thus the corrosion data indicate that uniform corrosion pene

tration of the aluminum fuel-element cladding (10 mils) is highly unlikely if the pH of the coolant

is maintained at 5.0.

When the pH of the coolant was 5.7 to 7.0, the deepest penetration observed in this investiga

tion was that which occurred on the 6061 specimen whose temperature behavior is shown in Fig. 2.

The pH of the coolant was 6.0 and the test lasted for 315 hr. In this case, uniform penetration

amounted to 2 to 3 mils and localized penetration extended into the metal an additional 2 to 3 mils.

This observation combined with previously reported data3 lead to the conclusion that penetration

of either 6061 or 1100 cladding at hot spots is a distinct possibility in both the ATR and the HFIR

at the pH levels much above 5.0. With the X-8001 alloy penetration of the clad would probably not

occur, but the fast rate of oxide buildup at the higher pH levels would result in excessive fuel-

plate temperatures.

In cases where film spallation did not occur, only very uniform corrosion was observed (see

Fig. 3 for example); there was never any evidence of pitting or other kinds of localized attack.

Under the same conditions the extent of corrosion as well as the rate of corrosion-product buildup

was the same for all three alloys. When oxide films became so thick that spallation occurred, the

6061 and 1100 alloy specimens always suffered localized attack in the form of subsurface voids

as illustrated in Fig. 18. The depth of the localized attack depended on the duration of test after

film stripping started. In contrast to the 1100 and 6061 alloys, the X-8001 alloy corroded uni

formly even in those cases where extensive film spallation occurred.

Since the depth of metal corroded depended on micrometer measurements, the relation of this

penetration to the thickness of oxide on the specimen at the end of the test could not be deter

mined with high precision. However, in general the ratio of the oxide thickness (measured metal

lographically) to the depth of uniform metal penetration was about 1.4 for all runs in which film

stripping did not occur. Furthermore the value of this ratio appeared to be independent of pH. The

average value of the ratio was 1.45 for the runs in which the pH was 5.0 and 1.38 for the runs in

which the pH was 5.3 or higher. In both cases the spread in the individual ratios was large, a

fact which reflects the uncertainty in the determination of the metal loss. Unfortunately no useful

data were obtained when the pH of the coolant was 4.7. The outside surfaces of both specimens

were scratched during assembly or disassembly, and measurements of the amount of metal corroded

were meaningless. However, based on the fact that the rate of oxide accumulation was the same

as at a pH of 5.0, it is probable that the relation between oxide buildup and corrosion penetration

was the same at the two pH values.

The results generally indicate that the greater the corrosion the greater the thickness of oxide

on the aluminum at the end of the test, regardless of pH. Thus as a first approximation the equa

tion that related oxide thickness to exposure time and temperature could be used to estimate the

extent of uniform corrosion. On the average, the depth of corrosion penetration was about 70% of

the oxide thickness. Obviously this relation is not valid when oxide spallation occurs.
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Fig. 18. Localized Attack of a 6061 Aluminum Alloy Specimen. Note voids below corroding

surface.

If the ratio of oxide thickness to metal penetration is taken to be 1.4 and if the density of the

corrosion product is 3.02 g/cm3 as reported by Ervin and Osborn for boehmite,17 it can be shown

that about 70% of the aluminum that corroded remained on the specimen as an adherent corrosive

product and 30% was lost to the coolant.

CONCLUSION AND SUMMARY

The results of the corrosion tests under conditions of high heat flux conducted at ORNL indi

cate that any of the three aluminum alloys investigated, 1100, 6061, and X-8001, has adequate

corrosion resistance to be used as cladding material for the ATR and HFIR fuel plates, provided

the pH of the cooling water is adjusted to 5.0 with nitric acid. The maximum penetration observed

under more stringent conditions than expected to exist during the operation of either reactor was

2.4 mils which is less than 25% of the minimum design cladding thickness for either reactor. In

deionized water, and even at pH values only slightly above 5.3, the corrosion of aluminum was 2.7

times greater than at 5.0 and under these conditions the failure of 1100- or 6061-clad fuel ele

ments is much more likely. After corrosion-product films about 2 mils thick developed, sponta

neous spallation of corrosion product from all three alloys was probable and spallation was always

17G. Ervin, Jr., and E. F. Osborn, "The System AljOg-HjO," /• Geology 59, 381-94 (1951).
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accompanied by localized attack in the form of subsurface voids penetrating into the 6061 and

1100 aluminum alloys; only uniform attack, however, was observed on the X-8001 alloy regardless

of the test conditions or the degree of film spallation. Since the corrosion-product thickness is

directly proportional to corrosion, lowering the pH of the cooling water to 5.0 substantially less

ens the likelihood of clad failure.

If corrosion damage of the cladding were the only concern, the X-8001 alloy would be preferred

over the other two. However in addition to the direct effect of corrosion damage, the indirect ef

fect, that is the formation of an insulating layer of corrosion products on the aluminum surface

which causes high fuel-plate temperatures, must be considered. As corrosion of a fuel plate pro

ceeds the plate temperature increases and its mechanical strength decreases. If the plate is un

able to withstand the forces acting on it, deformation and partial blockage of a coolant channel

could occur and burnout of part of the fuel plates is possible. Therefore the increase in fuel-plate

temperatures resulting from the formation of a corrosion-product layer must be considered carefully

in the design of the fuel elements. Based on the results of this experimental program and the me

chanical properties study of Martin and Weir4 only the 6061 alloy has adequate creep resistance to

be used as fuel-plate cladding if the pH of the coolant is 5.0; with the cooling water at a higher

: pH, even the 6061 alloy would be inadequate.
1

It is concluded from this investigation that the 6061 aluminum alloy will be a satisfactory

cladding material for both the ATR and HFIR fuel elements. Under the expected operating condi

tions, penetration of the clad by corrosion is very improbable assuming no adverse effects of radi

ation. The long-term successful use of aluminum-clad fuel elements in the Materials Test Reactor

and the Engineering Test Reactor indicates such an assumption is justified.

A summary of the major experimental results obtained during the course of this program is

given below:

1. Three aluminum alloys (1100, 6061, and X-8001) were subjected to corrosion tests under

conditions where the heat transfer rate across the corroding surfaces was in the range of 0.5 to

2 x 106 Btu hr-1 ft-2. Under the same exposure conditions all alloys corroded to the same extent

until corrosion-product films thick enough to spall spontaneously had developed (in the range of 2

mils). After spallation the 1100 and 6061 alloys always showed localized attack of the aluminum,

whereas the X-8001 alloy showed only very uniform attack under all conditions.

2.' The rate at which an insulating layer of corrosion product accumulated on the water-

cooled surfaces was the same for all alloys and was independent of coolant flow rate in the range

of 25 to 45 fps.

3. The thermal conductivity of the corrosion-product layer (boehmite) was determined to be

1.3 Btu hr-1 ft"1 (°F)_1 with a standard deviation of ±0.2.

4. The rate at which oxide built up on a specimen was dependent on pH. Other conditions

; being the same, oxide formed 2.7 times faster when the pH of the coolant was 5.7 to 7.0 than when

I the pH was 5.0. At a pH of 5.3 the rate appeared to be only slightly less than at higher pH's.

Based on only two brief tests, the rate at a pH of 4.7 was the same as at 5.0.
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5. Temperature was an important variable in determining the rate of oxide formation. The

controlling temperature was that at the aluminum oxide—water interface (surface temperature).

6. Heat flux in the range of 1 to 2 x 106 Btu hr-1 ft-2 was not a significant variable; essen

tially the same rate of oxide buildup was observed in this range so long as the surface tempera

ture and pH were the same. On the other hand, heat flux was important in the range of 0.5 to 1 x

106 Btu hr-1 ft-2. At 0.5 x 106 Btu hr-1 ft-2 the rate of oxide formation was about half that ob

served at heat fluxes of 1 to 2 x 106 Btu hr-1 ft-2, other conditions being the same.

7. Under constant operating conditions, oxide accumulated on the test specimens in propor

tion to exposure time to the 0.778 power. This relation existed regardless of heat flux, pH, flow >

rate, or surface temperature.

8. The proportionality constant relating oxide thickness and exposure time to the 0.778

power was dependent on pH and surface temperature and to a lesser extent on heat flux. At a

fixed pH a plot of the log of the proportionality constant (actually rate constant since it was ob

tained by dividing oxide thickness by time to the 0.778 power) vs the reciprocal of the absolute

temperature yielded a straight line.

9. The oxide formed on test specimens was related to exposure time and temperature by an

equation of the form

b
X = adp exp [ -

where X is thickness, 8 is time, K is surface temperature, and a, p, and b are constants. Con

sidering only the data obtained in the heat flux range of 1 to 2 x 106 Btu hr-1 ft-2 and with the

coolant at a pH of 5.0, the best values of a, p, and b were determined by a linear regression anal

ysis to be 443, 0.778, and 4600, respectively, when thickness is expressed in mils, time in hours,

and temperature in degrees Kelvin. Under the same conditions except with the coolant pH in the

range of 5.7 to 7.0, all constants were the same except the constant a which was 1200 instead of

443. In both pH ranges the above correlation predicted oxide thicknesses considerably higher than

were observed when the heat flux was less than 1 x 106 Btu hr"-1 ft-2.

10. The extent of corrosion was closely related to the thickness of oxide on the surface. As

a first approximation the extent of uniform corrosion was about 70% of the oxide thickness regard

less of pH, heat flux, or surface temperature so long as film stripping did not occur. Thus the

correlation given above can be used to estimate corrosive penetration of the aluminum.
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