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THE CORROSION OF ALUMINUM ALLOYS IN HIGH-VELOCITY

WATER AT 170 TO 290°C

Jd. L. English, L. Rice, and J. C. Griess

ABSTRACT

Short-term corrosion tests with types 1100, 5154, 6061, and
X8001 aluminum alloys were conducted in water at flow rates ranging
between 20 and 107 fps and at temperatures between 170 and 290°C.
Corrosion of the alloys was less dependent on flow rate in the range
of 20 to 67 fps than at higher velocities. At temperatures as high
as 230°C no evidence of localized attack except for random shallow
pitting was exhibited by these alloys, and all had comparable corro-
sion rates. At 260 and 290°C all alloys except X800l showed exten-
sive subsurface attack. At 260°C and at velocities up to 67 fps,
the corrosion rate of X800l aluminum was high during the early part
of & run and then decreased to rates of between 5 and 15 mpy; at
the highest velocity, the corrosion rate was constant at 200 mpy.

Tests with X800l aluminum at 260°C showed that mechanically
polished specimens corroded at about the same rate as those with a
machine finish, A significant improvement in corrosion resistance
at 20 to 67 fps was accomplished, however, by exposing the specimens
to water at 250 or 300°C in an autoclave for 24 hr prior to exposure
in the loop. At higher flow rates the pretreatment was ineffective.

Several experimental alloys containing various amounts of iron,
nickel, and silicon were tested at 42 fps and 260°C for 10 days.
Although the alloys contained different ratios of iron to nickel
and some of the alloys had a very low silicon content, all corroded
at the same rate and showed no improvement over X800l.

INTRODUCTION

The corrosion of aluminum and its alloys by high-temperature, flowing water
has been the subject of a number of investigations for the purpose of determining
the suitability of aluminum alloys as cladding for uranium-bearing fuel elements
in power reactors. Tests have usually been conducted under conditions of moderate
flow rate, 15 to %0 fps, and high temperature, 250 to 360°C. For most reactors
the rate of fuel burnup is such that fuel elements remain in a reactor for rela-
tively long periods of time; consequently low corrosion rates must be achieved if
thin aluminum cladding is to retain its integrity.

The results of previcus investigations have shown that aluminum and most of
the commercially available alloys suffer heavy corrosion damage in high-purity
water at temperatures of 200°C and above.?’2 Alloying aluminum with many differ-
ent elements has little, if any, effect in reducing the rate of attack.® However,
the addition of small amounts of nickel to aluminum substantially increases its
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corrosion resistance, and the addition of a small amount of iron to the above

alloy produces a further beneficial effect.* An alloy containing about l% nickel
and O.S% iron is commercially available and is designated X8001. Recent data have
shown that the presence of silicon in the alloy is detrimental to its corrosion
resistance in high-temperature water, and by reducing the silicon content of the
alloy to very low values a further lowering of the corrosion rate can be achieved.®
The beneficial effect of the low silicon content, however, is only significant at
temperatures of %00°C and above;® in the range of 250°C all alloys of this class
show comparable corrosion rates. The alloys with very low silicon content are not
commercially available, and little or no data exist on their mechanical properties.

The corrosion tests described in this report were carried out as the first
phase of a program to determine whether commercially available aluminum alloys
could be used to clad fuel elements for the High-Flux Isotope Reactor which will
be built at Osk Ridge National Laboratory to produce transplutonium elements. The
details of the reactor have been presented in design reports.”’® To achieve the
high neutron fluxes necessary to produce significant amounts of the transplutonium
elements, a small integral core which will operate at high power density and con-
tain a flux trap will be used. Because of the very high power density, each fuel
loading will last only about 10 days and corrosion rates considerably in excess
of those suitable for conventional power reactors could be tolerated.

At the time the work to be reported here was started, two different types of
fuel elements were considered. One type of fuel assembly consisted of a bundle
of small-diameter tubes, the walls of which contained the fuel and the insides of
which contained a twisted aluminum ribbon to produce swirl flow through the tubes.
With this design, cooling-water flow rates in the range of 100 fps would be re-
quired. The second type of assembly would be made up of thin, involute plates,
and with this type, coolant-flow rates of about 4o fps would be required to remove
the heat. The latter type fuel assembly has since been selected, at least for
the first few reactor loadings.

Light water will serve as the coolant for the reactor. The nominal water
temperatures will be 49°C at the inlet and 88°C at the outlet of the reactor.
However, because of the very high heat fluxes (as high as 1.5 x 10%® Btu/nr-ft2)
that will exist during reactor operation, relatively high aluminum temperatures
will prevail. The aluminum temperature is further increased by the fact that cor-
rosion products which adhere, at least partially, to the surface have low thermal
conductivity. Since it has been shown that under conditions of heat transfer it
is either the temperature at the oxide-metal interface or some mean temperature
in the corrosion-product film that determines the corrosion rate,g’lo meaningful
isothermal tests must be conducted at temperatures expected to exist in the
corrosion-product scale. Thus the tests described in this report were conducted
in the temperature range of 170 to 290°C, temperatures considerably higher than
those of the bulk coolant.

Since data on the behavior of aluminum alloys in high-velocity water under
conditions simulating those expected in the High-Flux Isotope Reactor 4id not
exist, the experiments described in this report were necessary. Corrosion tests
with aluminum specimens subjected to very high heat fluxes constitute another
part of the program. The preliminary results from the heat-flux tests have
already been reported,l?’12
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EXPERIMENTAL

The greatest number of tests were carried out with types 1100, 515k, 6061,
and X8001 aluminum; a few additionel glloys were investigated less extensively.
The compositions of the commercially available alloys that were tested are shown
in Table 1.

Table 1. Composition of Commercially Available
Aluminum Alloy Test Materials

Alloy Composition* (wt %)

Designation Fe Si Cu Mn Zn Mg Cr Ti Ni Al
1100 (1.0 Fe + Si) 0.20 0.05 0.10 - - - - 99 ., O0**
515kh (0.45 Fe + 81) 0.10 0.10 0.20 3.1- 0.15- 0.20 - bal.

, 3.9  0.35
6061 0.7 0.40- 0.15- 0.15 0.25 0.15 0.15- 0.15 - bal.
0.80 0.40 0.35
X8001 0.45- 0.17 0.15 - - - - 0.9- bal.
0.70 1.3

*Maximum unless shown as range.
**¥Minimum,

All specimens, except in one experiment where l/l6—in.—thick rolled sheet
was used, were machined from 1/L-in. plate to the following dimensions: 1,400 by
1.385 by 0.200 in. After machining, the specimens were degreased and weighed.
The surface roughness of the specimens was 32 pin. rms or less, Except for a few
cases to be discussed separately, no further surface preparation was performed.
The specimens were mounted in a titanium holder, and to eliminate any possibility
of galvanic action between the aluminum and titanium, the sides of each specimen
were wrapped with Teflon tape. The holders were fabricated in two halves and
accommodated 10 specimens. The upper part of Fig. 1 shows a holder with the
specimens in place and shows the location of the Teflon insulation. Practically
no attack occurred under the Teflon, and in calculating corrosion rates from
welght losses only the area of aluminum exposed to the flowing water was con-
sidered. In all cases this area was 12.5 cm®. The lower part of Fig. 1 shows a
holder loaded with specimens and clamped together prior to insertion into a test
loop. The channel dimensions were the same on both sides of the specimens. For
most of the tests the channels had a venturi-type taper with minimum clearance
between specimens and holder occurring in the axial center.

With the holder shown in Fig. 1, a velocity gradient existed over each speci-
men. Figure 2 shows how the velocity varied along the channel of the holder when
fitted with 10 specimens and with a total of 30 gpm flowing through the two chan-
nels of the holder. Because of the symmetry of the velocity over the first five
and last five specimens, two different alloys were frequently tested in the same
holder. Preliminary tests indicated that duplicate specimens exposed in the same
velocity range either upstream or downstream from the center of the holder showed
no significant difference in weight loss in a given test.
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A few tests were run in a similar holder except that the flow channels were
of constant dimensions; in this case all specimens were exposed at the same ve-
locity. For the tests run in this type holder the specimens had the same dimen-
sions as the other specimens except they were l/l6-in. thick,

Type 347 stainless steel loops equipped with 100-gpm pumps were used to cir-
culate water past the specimens. This type of loop has been previously described,*®
and no discussion of it will be made here other than to mention that the loops are
capable of operation at high temperatures and pressures and that by use of bypass
lines and suitable restrictor plates flow rates past the specimens can be varied
over wide ranges. The specimens contained in assemblies as shown in Fig. 1 were
exposed in the loop bypass lines.

Two different loops were used for the tests to be described. The loops were
similar except for the geometry of the piping system and the manner in which the
water quality was maintained. In one case the total loop volume was 22.5 liters,
and the water quality was maintained by continuous feed and letdown of distilled
water at a rate of 3 to k4 liters/hr. The average specific resistance of the
water was O.4t to 0.7 x 10° ohm-cm; the ratio of aluminum surface area to water
volume was 11 cm®/liter. The second loop had a total volume of 22 liters and
was operated with 17 liters of water (measured at room temperature). The quality
of the water was maintained by continuously diverting a cooled side stream of
water through a mixed-bed ion exchanger. The demineralization rate was about
3 liters/hr, and the average specific resistance of the water in the loop was 0.7
to 0.9 x 10° ohm-cm. In this loop the ratio of aluminum surface area to water
volume was approximately 12 cm?/liter. Identical tests carried out in the two
loops showed that there was no significant difference in results, and in the
following section no differentiation between results obtained in the two loops
is made. In all cases the water was thoroughly sparged with nitrogen before add-
ing it to the loop to reduce the oxygen content to a very low value.

Since this testing program was conducted in support of the High-Flux Isotope
Reactor, in which each fuel loading will last only about 10 days, most tests
were of only 1l0-day duration. However, a few tests of both shorter and longer
duration were conducted.

At the completion of a test the Teflon insulation was removed and the speci-
mens were scrubbed with a soft brush, dried at 100°C, and weighed. The oxide scale
on all specimens was then removed by an a-c electrolysis in saturated boric acid
solution followed by cathodic treatment in a chromic-phosphoric acid solution as
recommended by Draley.? The specimens were then reweighed. This procedure allowed
a determination of the quantity of oxide on the specimen as well as the amount of
metal actually corroded. In several cases the extent and nature of attack was such
that the above procedure did not remove all of the corrosion product. When this
occurred, the specimens had usually corroded so severely that it was pointless to
attempt to determine the amount of metal corroded.

RESULTS

Effect of Temperature and Flow Rate. A number of loop runs was made in which
1100, 6061 (T6 condition), XB0Ol, and in a few cases, 515k aluminum specimens were
exposed to water at temperatures between 170 and 290°C for 10-day periods. Table 2
shows the results obtained at 170°C where only one run was made.

It is apparent from Table 2 that there were no major differences among the
three alloys under the conditions of test and that corrosion rates increased with
increasing flow rate. All specimens showed random pitting ranging from 0.0005 to
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0.002 in. in depth. There was no evidence of intergranular attack on any of
the specimens.

Table 2. Average 10-Day Corrosion Rates of Aluminum
Alloys in Flowing Water at 170°C

Velocity Corrosion Rate (mpy)
(fps) 1100 6061L-T6 X8001
20-31 3% 28 38
31-bL 53 33 33
Lh-67 68 61 52
67-95 102 82 78
95-107 125 120 100

Two 10-day loop runs were made at 200°C. Five specimens each of 1100 and
6061-T6 aluminum were exposed in each run and in one run five specimens of 5154
were exposed. Ten X800l aluminum specimens were exposed in one run and five in
the other. Except for the temperature, the conditions of these runs were identi-
cal to those of the first run. The average corrosion rates observed on all
specimens during the 10-day tests are shown in Table 3.

Table 3. Average 10-Day Corrosion Rates of Aluminum Alloys in
Flowing Water at 200°C

Velocity Corrosion Rate (mpy)
Range
(fps) 1100 5154 6061-T6 X8001
20-31 5k, 28 32 27, 57 25, 36, L6
31-Lk b1, 33 L8 35, 67 68, 56, L9
Lh-67 5L, 56 rat 62, T2 61, 9k, 57
67-95 98, 117 86 103, 108 95, 110, 117
95-107 118, 196 100 127, 130 139, 192, 192

As was the case at 170°C, there appeared to be no significant difference
among the alloys, and generally the higher the flow rate of water past the speci-
mens the greater the corrosion rate. In all cases random pitting attack was
observed, but clear-cut evidence of intergranular attack was not found. Figure 3
shows examples of the pits that were observed upon sectioning several of the
specimens.

One loop run in which duplicate sets of 1100 and X800l aluminum were exposed
to water at 23%0°C for 10 days was made. The corrosion rates calculated from
specimen weight losses are shown in Table L,
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Table 4. Average 10-Day Corrosion Rates of Types 1100 and X8001
Aluminum in Flowing Water at 230°C

Velocity Corrosion Rate {mpy)

Range

(fps) 1100 X8001
20-31 35 66 o7 27
31-LkL 62 67 55 ho
Lh-67 78 86 T4 56
67-95 106 132 1h9 126
95-107 210 229 272 252

Comparison of Table U4 with Tables 2 and 3 shows that relatively little dif-
ference in behavior was observed with 1100 and X8001 over the temperature range
of 170 to 230°C. As with all other specimens, occasional pitting to a maximum
depth of about 0.002 in. was observed, but no evidence of intergranular or sub-
surface attack was found. All specimens exposed at temperatures up to and in-
cluding 230°C were descaled satisfactorily.

A relatively large number of runs was made at 260°C with types 1100, 6061,
and X8001 aluminum specimens, and in one run type 5154 specimens were exposed.
With 1100 aluminum the descaling procedure employed was not completely satis-
factory, and complete removal of oxide from the specimens was not always obtained.
Figure L shows typical examples of the corroded surface of the 1100 aluminum at
the highest and lowest flow rates. The apparent voids in the metal were filled
with corrosion products which could not be removed by the descaling procedure.
At the highest flow rates fewer volds were present than at the lower flow rates
and reasonably good values were probably obtained for the corrosion rate. In
some runs at 260°C relatively few voids were apparent and in other runs many
volds were visible upon sectioning the test specimen, Thus the results showed
large variations.

Type 5154 aluminum specimens were so extensively corroded at 260°C that
descaling was pointless.

Specimens of 6061 aluminum exposed to water at 260°C showed much void forma-
tion in some runs and essentially none in other runs. Figure 5 shows two extreme
cases. DBecause of the inconsistent behavior, reproducibility of results from
run to run was poor.

Figure 6 shows similar photomicrographs of X800l specimens exposed at 260°C.
There was some surface irregularity on a few of the specimens exposed at low ve-
locities, but the complete absence of the type of attack seen in Figs. Lka and 5b
1s apparent. Descaling of these specimens was essentially complete.

Table 5 shows the average corrosion rates observed with 1100 aluminum at
260°C, and Table 6 shows the same data for 6061 aluminum. Corrosion rates for
those specimens which suffered severe localized attack and could not be descaled
are not shown. The corrosion rates included in the tables were obtained from
specimens which appeared to be completely descaled, but probably the corrosion
scale was not entirely removed in all cases.
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Fig. 4. Surface Condition of Type 1100 Aluminum
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at Low and High Flow Rates.
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Fig. 5. Different Types of Attack Experienced by Type
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X8001 Aluminum Specimens Exposed for 10 Days at 260°C
in Flowing Distilled Water. Etched in 1% HF. Magnification
75X.
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Table 5. Average 10-Day Corrosion Rates of 1100
Aluminum Specimens in Flowing Water at 260°C

V;locity Corrosion Rate

Y (mpy)

(fps)

20-31 T 85 92 * *
31-bb 31 32 19 * *
Lh-67 30 1L 54 * *
67-95 96 1h7 93 133 93
95-105 199 269 311 228 227

¥Descaling incomplete.

Table 6. Average 10-Day Corrosion Rates of 6061
Aluminum Specimens in Flowing Water at 260°C

V;ig;;ty Corrosion Rate
(fps) (mpy)
20-31 3k 43 28 76 *
31-Uk ho 29 29 90 31
Ly -67 L - 50 100 82
67-95 85 103 116 b2 *
95-105 190 215 267 29k *

¥Descaling incomplete.

Table 7 shows the corrosion rates of X800l aluminum specimens exposed at
260°C. The average corrosion rates and the standard deviations are also shown.
Although the reproducibility of the data is not as good as one would like, it
appears that the corrosion rate of X800l aluminum was essentially independent
of flow rate in the range of 20 to-67 fps. At higher flow rates the extent of
corrosion increased. As in all tests at lower temperatures, some random pitting
varying in depth between 0.0005 and 0.002 in. was observed.

Only one loop run was made at 290°C, and at this temperature 1100 and 6061
specimens showed very large weight gains that resulted from severe corrosion of
the alloys. Figure 7 shows the severity of attack on 1100 aluminum, and Fig. 8
shows that on 6061 aluminum. On the other hand, the X800l alloy corroded at rates
somewhat less than at 260°C, and no significant localized attack occurred.

Figure 9 shows photomicrographs of transverse sections of two specimens showing
the uniform nature of the attack., The corrosion rates observed on the X8001
specimens are given in Table 8.
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at 290°C in Distilled Water at a Flow Rate of 20 to 31 fps.
Etched in 1% HF. Magnification 150X.
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Table 7. Average 10-Day Corrosion Rates of X8001 Aluminum
Specimens in Flowing Water at 260°C

Velocity Average Standard
Range Corrosion Rate (mpy) Corrosion Rate  Deviation

(fps) (mpy) (%)

20-31 76 39 45 86 - 57 61 33
31-LL 79 L8 Ll 37 53 56 53 27
4L -67 73 63 5l 51 70 105 69 28
67-95 159 116 159 151 1kl 166 149 12
95-107 284 268 338 395 361 322 328 1L

Table 8. Corrosion of X8001 Aluminum in Flowing
Water at 290°C During a 10-Day Test

Flow rate (fps) 20-31 31-Ly Lh_67 67-95 95-107
Corrosion rate (mpy) 61 57 53 96 206

—_—

In summary, the above series of tests showed that during 10-day tests X8001
aluminum specimens suffered no localized attack except for a few relatively shallow
pits at temperatures as high as 290°C, whereas 1100, 5154, and 6061 aluminum alloys
suffered severe intergranular or subsurface attack at 260°C and above. At 230°C
and below, all four alloys showed comparable corrosion behavior. At all tempera-
tures investigated, the alloys generally corroded at a faster rate the higher the
flow rate of the water. However, at 260 and 290°C little, if any, effect of flow
rate in the range of 20 to 67 fps was observed with X800l aluminum specimens.

Corrosion-Product Retention. Since corrosion products on the surface of the
aluminum fuel-element cladding interfere with the transfer of heat, it was of
interest to examine how much of the corrosion product was retained by the speci-
mens at different flow rates and temperatures. One method of expressing the rela-
tionship between the metal corroded and the corrosion products adhering to the
aluminum is the ratio of the weight of corrosion product per unit area to the
weight of metal corroded. Complete retention of the corrosion product would be
indicated by a ratio of 2.22, assuming the corrosion product to be pure aluminum
oxide monohydrate. The results obtained by examining the data in this manner are
shown in Table 9. At any given temperature and flow rate the ratio appeared to
be independent of alloy type and at 170, 200, and 23%0°C, the average of the ratios
of all alloys and the standard deviation are shown. Because of the difficulty of
descaling all alloys except X8001 at temperatures of 260 and 290°C, only the data
obtained with X8001 specimens are included at those temperatures.

It should be noted in Table 9 that at all temperatures the ratios decreased
as the flow rate increased and that in a given velocity range similar values of
the ratio were obtained at all temperatures. It should be remembered that at any
temperature the gquantity of metal corroded increased with velocity'(see Tables 2
through 8) so that the decrease in ratio with increasing veloclty was greater than
the actual decrease 1n oxide thickness with velocity.
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Table 9. The Ratio of the Weight of Corrosion Products to
the Weight of Metal Corroded at Various
Temperatures and Flow Rates

Velocity Weight of Corrosion Products
Range Weight of Aluminum Corroded
(fps) 170°¢ 200°C 23%0°C 260°C 290°C
20-31 1.19 + 0.10 1.28 + 0.10 1.44 4+ 0.33 1.5% + 0.37 1.45
31-44 1.1k ¥ 0.16 1.24 + 0.16 1.35 ¥ 0,38 1.62 + 0.28 1.56
Lh-67 0.99 + 0.20 1.06 ¥ 0.06 0.76 + 0.27 1.36 + 0.31 1.63
67-95 0.7k ¥ 0.13 0.77 + 0.05 0.32 + 0.05 0.57 + 0.16 0.82
95-107 0.49 + 0.13  0.40+0.01  0.15 ¥ 0.05  0.20 + 0.0k  0.30

Examination of the corrosion products formed at all temperatures by x-ray
diffraction showed only boehmite, (Als0z3°Hz0, to be present as has been observed
by other investigators.t® However, water in varying amounts is usually entrapped
in the boehmite, and small concentrations of impurities are always present. Since
chemical analyses of the corrosion-product films were not obtained, the actual
amount of aluminum in the film 1s not known. As mentioned above, the ratio of
the welght of corrosion products to the weight of metal corroded would be 2.22 if
one assumed that the corrosion product were boehmite, all of which remained on the
surface of origin. If the corrosion product contained water and other impurities,
as it surely must, this ratio would be even greater. Thus from Table 9 it is seen
that at low flow no more than about 70% of the corrosion product was retained on
the surface of the aluminum, and at high flow rates 7% or less remained on the
specimens.

Effect of Time. Several loop runs of different duration were carried out to
determine the effect of time on the corrosion of 1100 and X800l aluminum alloys
by water at 260°C. Duplicate specimens were exposed in each of the five velocity
ranges. Specimens were welghed before exposure and after descaling at the conclu-
sion of each run, and the extent of corrosion was determined from the weight
losses. Tests of 13, 25, 48 (duplicate experiments), 123, 20k, 300, 360, 478,
and 504 hr duration were conducted. New specimens were used in each run.

(1) 1100 Aluminum, A light-gray, uniform film covered most exposed areas
of the specimens tested at velocities up to 67 fps for periods of 123 hr or less.
At higher velocities in the tests of 123 hr or less, the aluminum surfaces exposed
to the flowing water appeared to be nearly free of corrosion product except for
a few isolated areas which were covered with a light-gray scale. In most cases
the descaling treatment appeared to remove the corrosion product. In those few
cases where the corrosion product was not completely removed, as evidenced by the
fact that the specimens showed slight weight gains even after defilming, micro-
scopic examination failed to show serious attack. Table 10 shows the weight losses
observed on those specimens exposed for periods of 123 hr or less and the calcu-
lated corrosion rates.

In tests that lasted for more than 123 hr all specimens as removed from the
loop were covered with very heavy, grayish films. Attempts to descale these
specimens were unsuccessful, apparently because of the nature of the attack (see
Fig. 4). Thus it was not possible to obtain meaningful corrosion rates for 1100
aluminum specimens exposed for times greater than 123 hr. In all cases corrosion
damage was extensive.
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Table 10. Effect of Time on the Corrosion
of 1100 Aluminum Specimens by
Flowing Water at 260°C

Time Velocity Welght Corrosion
(hr) Range Loss Rate
(fos) (mg/ cn®) (mpy)
13 20-31 1.1, 0.8 17, 80
31-Ld 1.1, 0.9 117, 95
Ly -67 2.k, 1.9 252, 20k
67-95 2.7, 3.0 284, 31k
95-107 2.9, 3.k 307, 358
25 20-31 3.9, 3.5 205, 185
31-L4 L.o, 4.3 211, 228
Lh-67 L.o, 5.3 211, 280
67-95 5.2, 5.0 278, 267
95-107 6.1, 5.7 525, 303
L8 20-31 1.2, 3.5 31, 93
31-Ly k.o, 1.6 106, L3
Ll -67 L8, 1.9 128, 49
67-95 hor, 6.6 123, 17k
95-107 10.6, 7.3 193, 281
48 20-31 *, * -, -
31-Lh %, % - -
LL-67 0.6, * 15, -
67-95 L.g, 1.7 129, L6
95-107 6.9, 11.1 184, 296
123 20-31 5.5, ¥ 57, -
31-4b4 *, 5.4 -, 57
hi-67 1.0, 6.1 11, 65
67-95 11.3, 12.2 120, 129
95-107 30.2, 28.0 320, 297

*¥5light weight gains observed after defilming.

(2) ¥8001 Aluminum. In all tests the appearance of the X800l aluminum speci-
mens was characterized by a light-gray film distributed uniformly over the exposed
surfaces. The defilming treatment successfully removed the corrosion product from
the specimens. Table 11 shows the weight losses observed and the calculated cor-
rosion rates. Figures 10 and 11 show the weight losses of the duplicate specimens
plotted against exposure time. As shown in Fig. 10, the observed weight losses
at the three lowest-velocity ranges increased with time for about 200 hr, after
which only slight linear increases were observed. Although the data scatter con-
siderably, the slopes of the linear portion of each curve as drawn correspond to
corrosion rates of 5, 10, and 15 mpy in the velocity ranges of 20 to 30 fps,

31 to L4 fps, and Wb to 67 fps, respectively. In the two higher-velocity ranges,
weight losses increased at an appreciable rate with increased exposure time, as
shown in Fig. 11. Slopes of the linear portion of these curves indicate corrosion
rates of 60 mpy in the range of 67 to 95 fps and 220 mpy for specimens exposed at
95 to 107 fps.
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Table 11. Effect of Time on the Corrosion
of X8001 Aluminum Specimens by
Flowing Water at 260°C

Time Velocity Weight Corrosion
(hr) Range Loss Rate
(fps) (mg/cm®) (mpy)
13 20-31 0.9, 0.6 93, 62
31-Lh 0.7, 0.6 77, 62
L-67 1.3, 1.6 138, 165
67-95 2.9, 2.6 309, 275
95-107 L.z, 3.6 Lho, 386
25 20-31 L.2, 3.0 225, 161
3] -Lh Lo, b.3 oll, 226
LL-67 5.9, L.9 31L, 258
67-95 6.9, T+5 365, 399
95-107 1.7, 1.7 Lo6, Lo6
L8 20-31 3.2, 2.1 85, 56
31 -hh 3.2, 3.6 85, 96
Lh-67 L.o, k.2 105, 112
67-95 L7, 5.3 12k, 1ko
95-107 6.7, 6.1 178, 162
48 20-31 Lo, L.7 105, 125
31-kk 6.0, 3.7 158, 98
LLh-67 5.8, 6.1 15k, 162
67-95 5.9, 19 156, 210
95-107 11.4, 8.3 303, 220
123 20-31 Tk, 5.9 78, 62
31-Lb 5.9, 6.8 62, T2
Lh-67 10.2, 7.7 108, 82
67-95 11.8, 11.1 125, 117
95-107 17.%, 18.5 184, 196
20k 20-31 Wb, 9.6 89, 60
31-Lk 12.9, 11.0 8o, 68
Li-67 15.4, 12.3 96, T6
67-95 27.5, 21.3 170, 131
95-107 Lo,2, 40.6 262, 252
300 20-31 11.0, 9.3 L7, 4o
AR 10.5, 10.0 bs, 43
Lh-67 12.3, 11.6 5%, 50
67-95 18.0, 16.6 77, T
95-107 37.9, 35.1 162, 150
360 20-31 14,3 50
31 -Lh 16.0 57
b -67 27.3 96
67-95 23.3 188

95-107 83.9 296
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Table 11 (continued)

Time Velocity Weight Corrosion
(hr) Range Loss Rate
(fps) (mg/en®) (mpy)
L8 20-31 1h.5, 10.3 38, 27
31-Lk 15.0, 12.7 Lo, 34
Ly-67 17.5, 1k.8 L6, 29
67-95 334, 26,0 88, 69
95-107 54.2, 52.5 143, 139
50k 20-31 12,7, 11.0 32, 28
3L~lk 13.9, 13.5 35, 3k
Lli-67 19.3, 16.2 L8, b1
67-95 L7, 349 113, 88
95-107 85.0, 80.7 215, 20k

Effect of Surface Finish and Pretreatment. One loop run was made to deter-
mine the difference in corrosion rates among X8001 aluminum specimensg in the "as-
machined" condition, those metallographically polished, and those that had prior
exposure to static, high-temperature water. The test was carried out for 10 days
at 260°C, and all specimens were from the same plate of X800l. Five specimens of
each surface condition were exposed over the velocity range of 22 to 115 fps.

The "as-machined" specimens had a finish of 32 uin. rms or slightly less.
The metallographic polishing was accomplished by hand-polishing successively with
320-, 400-, 600-, 0-, 00-, and 000-grit papers followed by wheel-polishing on
dismond cloths having particle sizes of %0, 6, and less than 1.5 p. Two differ-
ent pretreatments were employed. In both cases, "as-machined" specimens were
exposed to deionized water in autoclaves for a 2L-hr period prior to exposure in
the loop. In one case the pretreatment-water temperature was 250°C and in the
other, 300°C. Control specimens exposed in the same autoclaves indicated that
an average of 0.04 mil of aluminum was corroded during the pretreatment at 250°C
and 0.09 mil at 300°C. This penetration was so small that it was ignored in
determining the corrosion rates of the specimens at the end of the loop run.

Table 12 shows the corrosion rates of the specimens during the 10-day loop
exposure at 260°C. Also shown in the last column are the average rates observed
for all X800l specimens exposed under the same conditions (taken from Table 7).

All specimens were subject to random pitting of 0.001 in. or less, and one
pit 0.003 in. deep was found on one of the metallographically polished specimens.
A comparison between the "as-machined" and metallographically polished specimens
suggests that the polished specimens exhibited slightly lower corrosion rates.
Actually the difference between the two is small and is possibly partly due to a
difference in true surface area between the two sets of specimens. On the other
hand, the pretreated specimens showed significantly lower corrosion rates than
the untreated specimens at the lower flow rates. Those specimens pretreated at
250°C exhibited corrosion rates only about half as high as those tested in the
"as-machined" condition up to 47 fps. Those treated at 300°C had rates only
about one third as high as the "as-machined" specimens at flow rates up to 47 fps.
At higher flow rates the pretreatment appeared to be of little value.



ol

Table 12. The Effect of Surface Condition and Pretreatment
on the Corrosion of X800L Aluminum in Water
at 260°C During a 10-Day Test

Velocity Corrosion Rate (mpy)
Range . . Pretreated* Average
(fps) As-Machined — Pollshed  Zoer™3550%F  As_Machinedwx
22-33 57 Ly 3% 18 61
33-L7 56 L3 33 18 5%
L7-73 105 52 62 L1 9
73-102 166 10% 128 91 149
102-115 322 230 211 225 328

¥Pretreated in static deionized water for 24 hr.

**Average of all X800l specimens exposed in the "as-machined"
condition at 260°C (taken from Table 7).

The Corrosion Rate of Experimental Alloys. ©Seven experimental alloys sup-
plied by the Aluminum Company of America in addition to X8001 were tested in high-
purity circulating water at 260°C for 10-day periods. Table 13 shows the alloy
designations and chemical compositions. Except for alloy X2219, all contained
nickel and iron, and some contained very low silicon contents.

Table 13. The Chemical Composition of Experimental
Aluminum Alloys

Chemical Composition (%)

Designation

Te Ni Si Cu zn T3 Al
X8001 0.43 0.84 0.0h 0.02 Balance
X8002 1.43 1.42 0.05 <0.02 <0.02 Balance
192598 0.40 2.90 <0.01 <0.02 <0.02 Balance
208678 1.50 1.40 0.01 0.02 0.02 Balance
192597 1.5k 1.2 0.0k <0.02 0.02 Balance
225053 0.50 1.00 <0.01 <0.02 <0.02 Balance
192263 1.hb 1.38 0.08 0.03 0.02 0.02 Balance
X2219% 0.21 0.10 5.87 0.09 Balance

*Contained also 0.28% Mn, 0.10% V, and 0.17% Zr.

Specimens of all the alloys except X2219 were exposed in the same loop run.
These alloys were received in the form of 1/16-in.-thick sheet from which the
specimens were cut. The specimens were tested in the "as-rolled" condition;
only cleaning in acetone and water was employed prior to test. As with all
tests, the specimens were insulated from the holder and each other with Teflon
tape.
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For this test two straight-channel specimen holders were used. The specimen
dimensions were the same as in the other tests except for the thickness. The flow
rate of the water past the specimens was 42 fps. Since the first specimen in a
holder occasionally shows greater attack than the other specimens, type X8001
specimens were placed in the first position of each holder. Three specimens of
each of the other alloys filled the remaining 18 positions in the holders.

Table 14 shows the observed corrosion rates. The results show that all
specimens, regardless of composition, corroded at practically the same rate during
the test with the exception of the X800l specimens which showed slightly higher
rates, possibly because of their location in the holder. There was no evidence of
subsurface attack as was observed with 1100, 5154, and 6061 aluminum alloys exposed
under the same conditions. A comparison of the rates for the experimental alloys
with those shown in Table 7 for X8001 aluminum in the same velocity range indicates
no major difference between X800l and the group of experimental alloys. In addi-
tion the quantity of corrosion products retained on the surface of the specimens
was approximately the same as was retained by the X8001 specimens exposed at the
same flow rate at 260°C.

Table 14. The Corrosion Rates of Experimental Aluminum
Alloys in Water at 260°C

Test time, 10 days; water flow rate, 42 fps
P 2

Alloy Specimen Corrosion Rate
Identification Number (mpy)
X8001 1 95
2 91
225059 1 T2
2 o7
3 70
192598 1 71
2 65
3 70
228678 1 73
2 67
3 67
192597 1 67
2 71
3 70
225053 1 73
2 71
3 68
192263 1 68
2 29

3 63
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Specimens of aluminum alloy X2219 were tested in two separate 10-day loop
runs at 260°C. For both tests specimen holders with tapered channels were used.
Table 15 shows the observed corrosion rates which are very similar to those ob-
served with X800L specimens tested under the same conditions. There was a small
number of shallow pits on the surface of the specimens, but no subsurface attack
was detectable.

Table 15. The Corrosion Rate of X2219 Aluminum in
Water at 260°C During 10-Day Tests

Velocity Range Corrosion Rate
(fps) (mpy)
20-31 110 L8
31-Lk 58 36
bh-67 79 67
67-95 188 195
95-107 313 320

The results obtained with the experimental alloys indicate that they have
comparable but no greater corrosion resistance than X800l under the conditions of
test. This conclusion agrees with that reached by Whatley'® as a result of tests
conducted with the same and similar alloys at 260°C and at 20 fps for considerably
longer periods of time. Since all of these alloys, including X8001, contain a
second phase, 1t appears that certain types of a second phase uniformly distributed
in the alloy are beneficial to the corrosion resistance of aluminum; however, all
additions that result in the formation of a second phase are not beneficial, as
previously shown.®

SUMMARY

The major results obtained from the work described in this report can be
summarized as follows:

1. During 10-day tests in the temperature range of 170 to 200°C, 1100, 5154,
6061, and XB001 aluminum alloys exhibited essentially the same corrosion behavior.
In the velocity range of 20 to 107 fps, corrosion rates were generally higher, the
higher the velocity.

2. At 230°C, 1100 and X8001 aluminum alloys (the only alloys tested at this
temperature) behaved alike, and at 20 to 67 fps the corrosion rates of these alloys
were nearly the same as observed at 170 and 200°C. At all temperatures up to and
including 230°C, none of the alloys showed localized attack except for occasional
shallow pits.

3. At 260°C many of the 1100 and 6061 aluminum specimens underwent signifi-
cant localized attack in the form of subsurface void formation, whereas others
showed no sign of this type of attack. It appeared that had the tests lasted
longer than 10 days all specimens of these alloys would have been seriously dam-
aged by this type of attack. On the other hand, specimens of X8001 aluminum were
completely free of localized attack except for a few shallow pits. The corrosion
rate of X800l specimens was nearly independent of flow rate between 20 and 67 fps.
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L, Of the commercially availsble alloys tested, only X800l did not suffer
catastrophic attack at 290°C. In fact, at the three highest velocities the cor-
rosion rate of X800l sluminum appeared to be slightly lower at 290°C than at 260°C.

5. At 260°C, X8001 aluminum corroded fairly rapidly during the first 100 to
200 hr of test and then proceeded to corrode at lower constant rates in the range
of 20 to 95 fps; at the highest velocity tested, the corrosion rate was constant.
The observed linear corrosion rates after the initial 100- to 200-hr period were:
5 mpy at 20 to 31 fps; 10 mpy at 31 to kb fps; 15 mpy at L4 to 67 fps; 60 mpy at
67 to 95 fps; and 200 mpy at 95 to 107 fps.

6. Highly polished specimens of X800l aluminum corroded at approximately
the same rate in water at 260°C as specimens with a machined finish, but specimens
pretreated in water at 250 or 300°C for 24 hr in an autoclave were significantly
more resistant to attack in water flowing at 20 to 47 fps than were the "as-machined"
specimens; at higher flow rates the pretreatment was not effective.

T. Several experimental alloys containing various concentrations of iron,
nickel, and silicon appeared to be nc more resistant to attack at 260°C and L2 fps
than did the X8001 alloy.

8. Based on the cbserved corrosion rate and the fact that the HFIR fuel
elements will be in the reactor only 10 days, any of the alloys tested could be
used as cladding so long as the average temperature of the oxide film.(i.e., the
temperature that controls the rate of corrosion under conditions of heat flux)
did not exceed 230°C and the flow rate of the coolant was less than 65 fps. At
higher temperatures only the X800l alloy and the experimental alloys could be
used. Regardless of temperature it seems that none of the alloys could be used
successfully at 100 fps in view of the high corrosion rate and the thinness of
fuel-element claddings.
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