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CORROSION OF ALUMINUM ALLOYS BY
FLOWING HIGH-TEMPERATURE WATER

by

J. E. Draley and W. E. Ruther

ABSTRACT

A hypothesis is proposed relating the increased cor-
rosion of aluminum alloys in rapidly flowing water (at high
temperature) to precipitating colloidal corrosion products
in the stream. Predictions based on this hypothesis have
been experimentally tested.

A series of experiments showed thatcolloidal graphite
and colloidal hydrated aluminum oxide could significantly
reduce the corrosion rate in 260°C water flowing at 7 m/sec.
Corrosion rates approximating those obtained in static tests
were achieved in the hydrated aluminum oxide colloid solution.

Complexing the soluble form of the corrosionproduct
to prevent precipitation resulted in higher corrosion rates
in adynamic systembut not inrefreshed static systems.   The
complexing agents did modify initial corrosion behavior in
static systerns.

The total corrosion for one week in flowing 260°C
water varied with small applied currents, increasing when
the sample was made the cathode and decreasing when made
the anode.

Arsenic trioxide solution gave promise of being an
effective corrosion inhibitor for high-temperature corrosion
o f  aluminum in flowing water.

A general model of aluminum-corrosion mechanism
is discussed.

INTRODUCTION

Aluminum alloys have now been developedl,2 that show good resis-
tance to corrosion by static high-temperature (63600() water; but, the
corrosion rate of these alloys rises substantially when a rapid flow of
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water is maintained past the surface. These increased rates are sensitive
to a number of test variables and have been the subject of investigations at
a number of laboratories. 3-10

Although corrosion-produced hydrogen and/or galvanic coupling
were the first variables suspected of causing these large variations in
corrosion rate, experiments testing these hypotheses gave essentially
negative results.3 The ratio of aluminum surface area to loop water
volume, however, can be qualitatively correlated with dynamic corrosion
rate for different test facilities. Dillonll suggested that dissolution of a
protective layer of corrosion product in refreshed dynamic systems left
an overlying porous, relatively nonprotective oxide. He analyzed rate data
for dynamic corrosion on the basis of a parabolic film growth and a linear
degradation process. The degradation process was shown to be a function
of refreshment rate in a stirred autoclave system. In illustration, the ex-
perimentally determined A12C)3 solubility and refreshment rates per unit
area of aluminum were used to calculate dynamic corrosion rates.

More recently Dickinson has extended and applied the concept of
oxide dissolution to the corrosion of aluminum-clad fuel elements.9

Two factors argue for a mechanism based on a beneficial substance
released by the corrosion of aluminum in rapidly flowing water:    (1)  the
often observed decrease in corrosion immediately downstream from a large
area of exposed aluminum, 4,5 and (2) the increased corrosion observed when
the rate of water refreshment is significantly increased. 10  The lack of pro-
tection observed when a large aluminum area was placed in a dynamic
steam parallel to the samples, coupled with the chemical analysis of the
flowing steam, suggests that the useful life of the beneficial substance is10

quite short and that probably only a small fraction of this substance survives
one circuit of the typical, small dynamic-test loop.

These factors cause us to believe that the beneficial substance is a

rapidly coagulating and depositing colloid. A similar suggestion has been
made by Videm. The source of this colloid is postulated to be precipi-12

tation of a soluble aluminum species as it emerges from cracks in the
oxide film. The precipitation is assumed to result from the pH change as
the species moves from the crack environment to the nearly neutral water

(-pH 5.5 at this temperature) at the exit of the crack. Under static water
conditions, most of this precipitate would coagulate and deposit, plugging
the crack and stifling the reaction at the base of the crack.

In rapidly flowing water it is postulated that the precipitate, prob-
ably of colloidal size, is swept away before it can effectively plug the mouth
of the crack. Coagulating as it moves, the precipitate reaches a critical
size and deposits in a random fashion over the wall of the test equipment
and the samples. Perhaps other colloids, such as might result from the
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corrosion of the various loop materials (i.e., steel, graphite, ion-exchange
residues), also randomly precipitate on the sample surface and help to plug
cracks. The various colors of corrosion product observed under various
conditions of dynamic corrosion suggest that this type of codepositing
occurs. Obviously, the crack-plugging process is now relatively inefficient
compared with that in static corrosion, and the corrosion rate increases,
sometimes manyfold.

Aging of the colloid, either in solution or after deposition on a sur-
face, should result in a crystalline form of hydrated aluminum oxide stable
at that temperature.  If the crystallites of this stable oxide in the water are

not removed by a suitable refreshment procedure, they provide nuclei for
effectively removing the protective colloid from the steam. Hatcher and
Rae13 indicated that, in the absence of purification, this leads to an acceler-
ating rate of turbidity formation, and, at high turbidity concentration, particle
growth becomes the primary method for removal of aluminum from the
stream. Their observations were for a lower temperature, but a similar
mechanism should also apply  at  260°C. Ion exchange  in a relatively ineffec -
tual method of removing these water-borne particles.

Although this hypothesis can explain many more of the experimental
observations than the simpler oxide-dissolution proposal, only two experi-

10mental predictions had been verified. Further experimentation aimed at
elucidating the corrosion mechanism has now been completedand is described
in this report.

EXPERIMENTAL PROCEDURE

The primary alloy chosen for this investigation was Type 8001
aluminum (0.89w/oNi, 0.48w/oFe, 0.13w/oCu, 0.1lw/oSi), although on one
occasion a similar alloy of controlled silicon content (0.93w/oNi, 0.53w/oFe,
0.1 lw/oTi, 0.003w/oSi) was used (A288).

The metal loss was measured by an eddy-current gauge developed
for this purpose. The primary advantage of such an eddy-current system14

is its ability to follow the metal loss of individual specimens nondestruc-
tively. The guage was calibrated for each test by comparing its reading
with actual values of metal loss for some specimens. The amount of
unreacted metal remaining in corroded specimens was determined by a
destructive technique. A corroded sample was weighed, and its remaining
metal dissolved in a methanol iodine solution15 (10 g of iodine per 100 ml
of CH3OH). Collecting and weighing the undissolved corrosion product
made it possible to calculate the metal weight by difference.

The test loops were constructed of stainless steel and used canned-
rotor centrifugal pumps to maintain the rapid flow of solution past the
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samples. Refreshing water was constantly pumped into the loop, usually at
about 1.5 liters/hr. The excess water left the loop through a Grove back-
pressure regulator valve.

A 260°C temperature was chosen.  It is well below the temperature

range associated with changes in kinetics due to silicon content of the Al-Ni-
Fe alloys,  and wide variations in dynamic corrosion rates have been observed
at this tenlperature.

Two slightly different flow rates were used.  For each experimental
series, a control (distilled-water) experiment was performed to insure that
some extraneous variable had not been introduced.

The hydrated aluminum oxide colloid used was prepared by the neu-
tralization of aluminum nitrate solution (0. lM) with 0.1M ammonium hydrox-
ide. The neutralization was performed at the boiling temperature with
adequate stirring. The first batches of colloid were dialyzed shortly after
precipitation. Subsequent work showed that boiling the freshly precipitated
colloid for about 6 hr before dialysis resulted in a more stable suspension.
Dialysis was accomplished with standard 41-mm dialyzing membrane tubing
about 250 cm long passing through the colloid suspension. Distilled water
flowed through the membrane tube (50 ml/min) for about a week in order to
secure adequate purification of the colloid. X-ray analysis of the dried

suspension gave strong bayerite and moderate boehmite lines.

The iron hydroxide colloid was prepared and dialyzed in a similar
fashion. Colloidal graphite was prepared by dialyzing Aquadag.  In each
case, the feed solution for the loop was made from a relatively concentrated
stock suspension. The concentration of the colloid in the stock suspension
was  determined by evaporating an aliquot portion to dryness  at  -120'C and
weighing.

•               DATA AND RESULTS

Area Effects

A previous reportio described an experiment in which the area of
aluminum exposed in parallel, rapidly flowing streams was varied by a
factor of 40 with little or no effect on the aluminum corrosion rate. Since
this experimental result was an important factor in the choice of the colloid
hypothesis over that of oxide dissolution, it seemed desirable to establish
that our dynamic test system would behave in typical8 fashion when aluminum
area was added just upstream of the corrosion specimens. Sheets of a
corrosion-resistant aluminum alloy (200 B thick) were folded into a star
pattern and inserted in the loop tubing in front of the corrosion specimens.
About 1400 cm2 of aluminum area was added in this fashion. The sample
area for the test was about 70 erna.
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As shown in Fig. 1, the expected reduction in corrosion rate oc-
-                curred. The samples from this test were slightly darker in color, and the

oxide remained in larger, less
20 brittle, fragments than usual after
18 - ADDED STAINLESS the dissolution of the underlying

STEEL AREA

16 - aluminum.  If only an A1203 H20N
E

S 14
- corrosion product is assumed

E

:12 -

./...««-CONTROL

RUN (Table I), then 78% of this product
N
2 10- was still adhering to the specimens
§ 8- / at the end of the experiment with a

 6- large area of aluminum, as comparedADDED ALUMINUM AREA

2        0----0---e---04- with 40% for the normal (small)
2- aluminum area tests. Further com-
0 l i l l I I parison of the two tests on the basis

0              5             10             15 20 25 30 35

TIME, days of published solubility datall and
the known refreshment rate indicates

Fig. 1.  Effect on Corrosion of Type 8001 Aluminum that oxide solubility can account for
at 260'C of Varying the Surface Ratio of only 6 to 14% of the actual loss of
Aluminum to Stainless Steel, 7-m/sec

corrosion product.Velocity

TABLE I. Comparison of Two Dynamic Corrosion Tests

Normal (small) Area, Large Area,
21-day Exposure 28-day Exposure

Average Metal Loss 13.lmg/cm2 4.60 mg/cm2

Estimated A|203 H20 Produced
(from metal loss) 29.l mgkm2 10.2 mgkm2

Actual Average Product Remaining 11.6 mg/cm2 7.9 mg/cm2

Corrosion Product Lost 17.5 mgkm2 2.3 mg/cm2

Corrosion Product Present at End of Test
Compared with Total Produced 40% 78%

Aluminum Area 70  cm 2 1470 cm2

Maximum Dissolved Corrosion Product, from
Solubility Data (2 x 10-4 g of A!203 per liter
at 1.5-liters/hr refreshment) 2.4 mg/cm2 0.14 mglcm2

Ratio Dissolved to Actual Loss 0.14 0.06

Corrosion Rate in Last 7-day Period 40 mdd 5.8 mdd

In this same vein, an experiment was performed to see if increasing
the surface area of the loop relative to the aluminum present would reduce
the beneficial deposit of aluminum-corrosion product on the samples and
thus increase their corrosion rate. Corroded stainless steel foil was folded
into a star pattern and inserted in the loop piping. About 2780 cm2 of added
stainless steel area was inserted.  The loop was estimated to have an orig-
inal stainless steel area approximately equal to this value. As shown in
Fig. 1, the corrosion rate for this test was only very slightly higher than
for a control experiment performed after the stainless steel inserts were
removed.  A more striking change in the corrosion rate might have occurred
if the stainless steel area had been added to a system with a more favorable
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(higher) original ratio of aluminum area to system volume.  In this equip-
ment, it was not possible to add aluminum and stainless steel simultaneously
to provide a significant area increase of each metal.

"First-run" Effec t

Another phenomenon considered in the formulation of the colloid
hypothesis was the "first-run" effect described earlier and subsequently
confirmed by Griess et &1· Several experimental approaches were taken16

to see if depositions of simulated and real corrosion products from loop
components would reduce the dynamic corrosion rate of aluminum specimens.

In the first experiment, an iron (99.99w/o) sample was placed just
upstream of one set of aluminum specimens. Other aluminum samples were
exposed in a parallel flow path without the iron. Distilled water direct from
a storage  tank was used. The oxygen content was  2.1  to  3.5 ppm by weight.
On the basis of our previous static testing, it was assumed that significant
corrosion of the iron would take place under these conditions. Unfortunately
for this experiment, this did not occur.  Only a thin temper film formed on
the iron, and no perceptible change in the corrosion rate of the downstream
aluminum specimen was observed during a one-month experiment.

The possible effect of dissolved corundum, aA1203 (Potential source:

bearings of centrifugal pump), on the aluminum corrosion rate was briefly
investigated. Artificial sapphire rods  (7.5 cmz) were inserted just upstream
of one set of corrosion specimens (70 cmz), with another set of specimens
in a parallel high-velocity leg for controls. During two 7-day exposures,
13.5 mg of the sapphire was dissolved, causing no perceptible difference in
the corrosion behavior of the downstream specimens as compared with the
controls or with samples in other experiments without the sapphire.  At
1.5 liters/hr refreshment, the average stream concentration from sapphire
dissolution was only 27 parts per billion.

Colloid Additions

Three colloids (Table II) were directly injected into the dynamic
circuit just upstream of the corrosion specimens.  In the first experiment,
colloidal graphite (dialyzed "Aquadag") solution was used.   It was chosen
because of a previous experience in which very low rates of aluminum
corrosion had been obtained during a period of disintegration of the
Graphitar bearing  of a recirculating  pump.

A concentration of 1 ppm was maintained during the first three
weeks of the experiment.  At that time the concentration was increased to

8 ppm, and the test continued another week with the same samples.  As
shown in Fig. 2, corrosion behavior improved distinctly after about
14 days (as compared with distilled water) in spite of a rise in the pH of
the solution to -8 from the normal 6 to 7. The decrease in aluminum
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corrosion rate was much smaller than that noted in the case of the dis-
integrating bearing, but the amount of graphite was correspondingly less
in this experiment. An unusually dark appearance of the corrosion speci-
mens indicated that there was graphite on the surface.

TAB LE  II. The Effect of Colloid Additions   on the Effluent
Water of a Refreshed Dynamic System

Loop Effluent

Resistivity,
Colloid Concentration, MA-cnn Tyndall
Type ppm          pH (Room Temperature) Effect

None              - 6.3-6.8 1.3-2.0 No

Graphite                 1 6.7-7.1 1.2-1.7 Yes
8 8.0-8.5 0.75 Yes

Hydrated                 1                  -                      -                     No
Aluminum                                  4 7.0-7.2 1.2-1.5 No
Oxide 35 5.0-5.3 0.10 No

Iron
Hydroxide                               1 8.0-8.3 1.1-1.6 No

No change in aluminum cor-
I0

DISTILLED WATER rosion rate (as compared with dis-9- 2
8- -Mx tilled water corrosion) was noted

%               */-- %%#:INt:- during a test in which sufficient iron
d 7-
-

E                                             hydroxide was injected upstream of0- 6-
5                                                                   the sarnples to establish a  1 -ppnn
2 5- level in the flowing stream.  The
84-

 3-
corrosion curve for data from this

M                                               test was vertically displaced upward2. 1 Ppm
1.   8 ppm -1

CONCENTRATION OF COLLOID by about 1 mg/cmz as compared with
1-

o 1 1 1 1 1 1 that for distilled water. Previous
0              5              10             15             20            25 30 35 experience suggests that this was

TIME, days

due to the higher pH of the iron
Fig. 2.  Effect of Colloidal Graphite Addition on the colloid solution.

Corrosionof Type 8001 Aluminum at 2600C,
5.5-m/sec Velocity Microprobe analysis of a

sample from the iron-colloid experiment indicated the iron concentration
was about three times normal in the outer layer of corrosion product.  The

appearance (rust-red hue) confirmed this measurement.

An attempt was made to influence the corrosion rate by the direct

injection (just upstream of the samples, initially) of an aluminum oxide
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colloid. The initial experiment was started with a  1 -ppm concentration.
This was increased to 4 ppm at 14 days (see Fig. 3). No effect on the

corrosion rate of the aluminum
10

samples was noted during the  1 -ppmDISTILLED WATER
9-

8- ./dATED Al. 03
period (compared with a distilled-

COLLOID water control experiment); a small
2 7-
1 7,- but distinct reduction in rate for theE             /r
0- 6 -

i: same specimens was noted at theW

25- Mi4                              4-ppm level.
 4-
-1

j 3-w                                                      From the previously discussed
= 2- 1 ppm             , I- 4 ppm-  test with added aluminum area (Fig. 1,

CONCENTRATION OF COLLOID1-
Table I), it was concluded that if the

0 1 1 1'l l
0              5              10             15 20 25 30 35 removal of lost corrosion product

TIME, days
was entirely by the refreshment

Fig. 3.  Effect of Hydrated Aluminum Oxide Colloid stream, as much as 40 ppm of
on the Corrosion of Type A288 Aluminum corrosion-product colloid could be
Alloy at 2600C, 5.5-m/sec Velocity circulating in the main stream of

the dynamic testing equipment.  This
estimate is obviously high since significant deposits were found in the loop.
An experiment was performed in which sufficient colloid was injected (just
upstream of the samples) to establish about 35 ppm in the main stream.

A significant reduction in the corrosion rate was noted in this ex-

periment (Fig. 4). The samples acquired a rather heavy deposit of pre-
cipitated colloid, a portion of which flaked off as the coating dried out.

The coating of debris on the interior of the loop also was heavier than usual.

After a control run
with distilledwater, a second 20

experimentwas performedin 18 -

which the same amount of col-         . 16 -
E

loid was injected just down- i,4- DISTILLED WATER

stream of the samples (Fig. 4).          12 - --.
*-0.-' (run between colloid

Again  the low corrosion  rate         Elo - r" experiments below)
..

was obtained, suggesting that       8 8-         </
this  concentration  and  form        6 6- UPSTREAM   0

2 HYDRATED ALUMINUM OXIDE COLLOID INJECTED:

of the stabilized colloid could 4- DOWNSTREAM 0

successfully survive at least 0.         92- - 0
o     lilli    Illone circuit through the dy-     0   5   10   IS   20  25 30 35 40

TIME, daysnamic test system.  The coat-
ing on the samples was also Fig.  4.   Influence of 35-ppm Hydrated Aluminum Oxide Colloid
smoother and showed no ten- on the Corrosion of Type 8001 Aluminum at 2600C,

dency to flake off on drying. 7 -m/sec Velocity
After defilming, the oxide was
relatively sturdy and showed no tendency to bow. The specimens, rather
than losing corrosion product,  had an excess  of  11 mg//cmz weight gain
over that calculated from the metal loss.
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The corrosion rate for the 55- to 70-day period in the latter test
was  1.6 mdd.   This is slightly lower  than the static refreshed corrosion
rate obtained for distilled water at this temperature. The difference is

probably due to the lower pH of the dynamic test containing the colloid,

although it is conceivable that the same type of colloid precipitation mech-
anism is operative in static corrosion testing.

Precipitating Agent

The rate of precipitation of the corrosion-product colloids should
be an important variable in the corrosion rate of aluminum under dynamic
conditions, if the colloid hypothesis is correct and if certain other experi-
mental conditions are met.  The test loop must be a size and length such
that some of the precipitated colloid would normally tend to deposit on the
samples after one or more passes through the recirculating system.  This
seems to be the case for equipment of the same general size and shape as
that used in this investigation. The problem then becomes one of finding a
solution that will alter sharply the precipitation characteristics of the col-
loid without having a specific effect on the general protective film (as tested
in   s tatic water).

The choice for investigation was a magnesium sulfate solution.  In

reasonably dilute solutions, a significant number of doubly charged anions
and cations would be present. These might be expected to coagulate the
corrosion-product colloid somewhat faster than normal and thus influence
the dynamic corrosion rate.  A test was performed in solution flowing at

5.5 m/sec; the results are shown in Fig. 5. The corrosion rate was some-
what higher during the first period, but it was the same as that in distilled
water during the rest of the test.

16                                               In the refreshed static test,
14 - the normal high initial rate of cor-

p
  12_

( 125 ppm)
MAGNESIUM SULFATE SOLUTION rosion of the aluminum was suppressed

E

6 10- during the first month of exposure.
W                                  0-0

 8-  , DISTILLED However, the metal loss values for
WATER.-.

8 6- --0- 60 days' exposure were the same as
J 4 for a similar distilled-water exposure.,/
f 4-
W
a
2- One other difference was noted
0 llllll

0               5               10              15 20 25    30      with the MgS04 solution. The erosive
TIME, days attack  in our equipment  with  pur e

water is normally quite small.  Pit-Fig. 5.  Corrosion of Type 8001 Aluminum in
Magnesium Sulfate Solution at2600C, ting of the leading and trailing edges
5.5-m/sec Velocity was noted for the MgS04 test.  The

small pits were of the open hemi-
spherical type, and very little corrosion product was retained in or around
the pit site.   Most, if not all,  of the pits developed during the first week' s
exposure.
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Complexing Agents

According to the colloid hypothesis, if the soluble form emerging
from the corrosion layer could be complexed so as to remain in solution,

the dynamic corrosion rate should
m increase substantially. An attempt

a AMMONIUM TARTRATE  ( pH 5.6)
16 -- • DISTILLED WATER ( pH 5.5) was made to influence the dynamic

& 14
- corrosion rate of Type X8001 alu-

<                ACETIC ACID a -'S

E12-
AMMONIUM ACETATE ** minum by deliberately adding a low

(pH 5.4) /X

9 10 - ---- concentration of chemicals with
  8- /0/ known complexing ability for alu-DIBASIC AMMONIUM CITRATE
8                                                                      (PH 4.51

 6-
minum such as ammonium citrate,

 4- tartrate, or acetate. pH estimates

2- at 260°C were made using a tech-

0 l i l l i l nique described earlier.7 As shown
0                 5                10                15              20              25 30 35

TIME, days in Fig. 6, the effect at the 100-ppm
level on the corrosion rate was veryFig. 6.  Corrosion of Type 8001 Aluminum in Dilute

(100-ppm) Solutions at 2600C, 7-m/sec slight.  The only significant change

Velocity (pH estimated at 2600C) in slope for the curves was noted
with dibasic ammonium citrate, and

this could be attributed to the lower pH of this solution.  In any event, the
higher corrosion rates predicted by the hypothesis were not obtained.

Refreshed static corrosion tests
were also performed with each solution. ,·,in '
The corrosion rates were quite similar
to that obtained for distilled water.   In the
case of the tartrate, and to a much less ..,111'i,·9. 2.':.,

extent the citrate, the normal rapid initial ..;vt ..'5:40':A.

. ..» ):.197*
aluminum corrosionwas reduced to nearly '.1/"ti#*.·Iz-*i·.LN
zero, a striking difference from distilled-      T     t' eig: 3·'..·  ,..

: : I    ..€.  t..3.
water testing. Examination of these speci-
mens  showed the outer surface had thou-

„P   ·  t,.     •      ,'-      ·.sands of tiny crystalline mounds attached .... .          I

' . . . . . . ,

to the surface (Figs. 7 and 8).  This sug-
7      *:   '...   I

gests  that in static solution the outpouring e.....3*,.: 2.t .....4 *..

from the defected protective oxide during 99.....%:...: :   .'..,
the early stages of the corrosion reaction                                                   Z.

was    precipitated    inore    completely   and          111]flim]li lijill]]il] Imilliilljlt'fjill 
Ioerreer cptiidolny ::awues'dalf::tw:ly,r:Z:::      1  1.: -E k: .11-  .1  31_..1.81    1, j.li.I 

8001 A288
the intercept on the weight-loss curve.

44551 1.5X

Fig. 7.  Appearance of Aluminum Alloy
Although a concentration of 100 ppm

Samples after Exposure to
is large compared with the total solid level

(Static Refreshed) 100-ppm
previouslymeasured for the dynamic sys- Dibasic Ammonium Citrate

tern (<1 pprn), the solution is very dilute (2600C) for 7 days
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when considered in the usual
'*                                           ternns of connplexing alurninurn

(i. e., in a chemical analysis).
«          «        It is also probably a dilute

solution as compared with the
concentration of the aluminum
in the solution being discharged

*
f I from the cracks and pores of

the corrosion coating.  Two
experiments were performed
with a higher concentration of
complexing agent (Fig. 9). In
this case the expected higher
corrosion rate was obtained.
Ammonium acetate was chosen

44550 SOX only for convenience in oper-

Fig. 8.  Appearance of Surface of Sample A20 (Fig. 7) ating the equipment. The effect
at Higher Magnification of pH was quite small in the

5.4 to 7 range with the concen-

trated solutions. Curves for distilled water and the dilute solution are
included for connparison.

22

Refreshed static corrosion 20 - AMMONIUM ACETATE
10 ga pH 7.2

tests in the concentrated solutions la- AMMONIUM ACETATE 8

did not  show any significant changes ,  16 -

10 ga pH 5.4
ACETIC ACID

in corrosion rate as compared with      14 - AMMONIUM ACETATE

distilled water, but the intercept was        9 12 -
100 ppm pH 5.4

A

reducedas described previously for      E :0 -  /
DISTILLED WATER

the dilute tartrate solution. / 8- /
8                      ,-
A /
  6- ./

Applied Currents 4-

2-

One dynamic test loop was    0    1   1   1   1   1   10              5              10             15 20 25 30 35

modified to permit electrical con- TIME, days

nections to small cylindrical sam- Fig. 9. Corrosion of Type 8001 Aluminum in
ples. External electrical currents 2600C Solution Flowing at 7-m/sec
were passed during the corrosion Velocity (pH Estimated at 2600C)
exposure. The desired current was

applied by a low-impedance variable-voltage source as soon as the test

facility reached temperature. The voltage was then maintained and the
current measured vs. time. Typically the current dropped about 50% in
the first two days and then continued to decrease much more slowly.  For
each test, a control specimen without current was included to check on the
experimental reproducibility.

Because of the requirements for electrical connections, it was not
possible to use the usual eddy-current gauge samples, so defilmed metal
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losses after 7 days exposure have been plotted in Fig. 10 to show the effect
of polarizing currents. The dependence of total corrosion on applied cur-

rent was in the same direction as
   that determined for samples in a

static system several years ago.
16 -- The explanation offered then was

N
that less hydrogen damage occurred

E
= 14- to the aluminum oxide when the sam-
2

G
DISTILLED WATER ple was connected as an anode.

  12
8                                                        The experiment had been
B

to- undertaken to see if the precipitation
a characteristics of the colloidal cor-
8- rosion products circulating through

the system could be altered by the
61 1 1 111 electric field. The nature of the

150 100 50 0 50 100 150
CATHODE ANODE deposited film on the stainless steel

INITIAL APPLIED CURRENT, Fa/cme counter electrode was distinctly

Fig. 10. Corrosion of Type 8001 Aluminum at different as the electrode was made

2600C in Flowing Water (5.6-m/sec) positive or negative.  When made
with Electrical Currents Applied negative by an external battery (or

by dir ectly coupling  it to corroding
aluminum), the stainless steel acquired a velvet black deposit.  When the
stainless steel was made positive, very little deposit (of a light gray color)
was noted. Attempts to identify these deposits were hampered by the small
quantity present and the normal stainless steel corrosion product.  No
positive identification was made.

Inhibitor

In another experiment, a solution of arsenic trioxide was tried as
an inhibitor of the dynamic corrosion of
aluminum. Since   ar s enic and phospho -            20
rus are  in  the same group of  the Peri-        18 -
odic Table and phosphoric acid is known 16 -

to inhibit the dynamic corrosion of Type .2 14 -
1
u                               DISTILLED WATER,I8001 alloy, there was some likelihood E. 12 -                                            /...i

that arsenic acid would exhibit analogous      m_                          .- ...
/

behavior. Arsenic acid had, in fact, been §8-
///r- '.'0effective in static tests.17 As shown in   4 6- S----·--< As203 SOLUTION

Fig. 11, some inhibition was noted even    J 4-
though the pH at 2600C (estimated) was 2-

about 5.1. Phosphoric  acid also fails to l i l l i0
0              5              10             IS 20 25 30

make a startling improvement until the TIME, days

pH is reduced to about 3.5.  This sug-
gests that acidified arsenic trioxide might Fig. 11. Corrosion of Type 8001 Aluminum

at 260'C in Flowing (7-m/sec)be an effective inhibitor for aluminum
As203 Solution (100 ppm)

corrosion.
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Attempts to test antimony trioxide or pentoxide were unsuccessful,
since no way of securing adequate concentration in the feed solution was
devised.

DISCUSSION

The topography of corroded aluminum alloys suggests that a good
fraction of the corrosion occurs at local sites: that rapid attack at such
sites is followed by a period of slower reaction. The following model seems
reasonably to provide an explanation for such processes, whether they lead
to pitting in some environments or to the micropitting observed on aluminum

alloys in nearly pure water over a wide temperature range.

There is evidence that a thin oxide film covers the entire metal
surface, including second-phase particles that are inherently cathodic to
the nlatrix. Such cathode sites serve as active sites for the liberation18

of hydrogen.  In some instances, the cathodic intermetallic compounds are
imbedded (unoxidized) in the oxide, decreasing the difficulty of transport of
electrons through the film. In addition, there might be increased perrne-22

ability to protons at such points of imperfection in the oxide.

It is presumed that at the preferred cathodic sites much of the
hydrogen is liberated at the exterior oxide surface, but that a certain fraction
of it is liberated beneath the oxide film. If there is no other sufficient means

of escape for this hydrogen gas, the gas pressure can be expected to crack
the oxide.  At this time, water gains access to the bare metal surface at that
point, resulting in quite rapid attack. The attack can be expected to take the
form of intense anodic reaction of the matrix phase immediately adjacent to
a second particle, and of intense hydrogen liberation at the particle. Hydro-
gen evolution can be expected to be sufficiently violent sometimes to sweep

away bits of the precipitate (especially if it is cracked) as perhaps seen by
Greenblatt and Atkins on, and probably to remove much of the alkalinity19

produced by the cathodic reaction.  In a ring around the particle, the anodic
reaction removes metal and produces local acidity. Local measurements
with tiny electrodes have indicated that a pH as low as 2 is sometimes
developed at 50°C.zo

When the precipitate particle has been completely undercut and has
lost electrical contact with the matrix metal, the site of the cathodic reac-
tion will  move,  very pos sibly to positions  on the exterior surface  of the

oxide film.  As long as the current through the solution in the crack is

sufficiently great that the anodic reaction can continue to produce acid (and
considerable dissolved aluminum ionic species), the situation will be stable
and local attack will continue.   As  the dis solved aluminum species diffuses
to the surface of the crack in the oxide, it sees an environment of continu-
ously increasing pH.  At some point in this path, it can be expected to pre-
cipitate a hydrated aluminum oxide.   As such aninsulating material decreases
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the local action current in the crack, more of the cathodic reaction occurs
at the anodic reaction site.  This uses up the excess acidity and eventually
allows the local formation of a protective oxide film.

In this overall process, it is of major importance that the hydrated
oxide precipitate in, or at the surface of, the existing crack. Factors that
influence the crack " plugging"  can be expected to have substantial effect on
the amount of local reaction before film reformation and hence on overall
corrosion rate.

The effects of aluminum area and system area are as anticipated in
terms of the deposition of a protective material from the water. The failure
of dissolved aluminum salts to lower the corrosion rate has been reported.7
The influence of added colloids of graphite and alumina on the corrosion
behavior of aluminum alloys provides substantial support of the belief that
suspended corrosion product has been the effective agent during corrosion
experiments in which low corrosion rates have been observed.  In fact, when
a sufficient concentration of aluminum oxide colloid was maintained, corro -
sion rates were apparently not influenced by the high-velocity flow of water.
There is little doubt that a significant amount of solid corrosion product has
been suspended in the water in our loop tests, indicated by material-balance
calculations.

The edge-pitting observed in the presence of magnesium sulfate
might have resulted from greater solution conductivity at points where the
flow rate was most effective in preventing the formation of crack-plugging
precipitate. A similar phenomenon was observed when phosphoric acid was
added to the solution at acidities insufficient to provide thorough inhibition.6

In the absence of significant flow rate, perhaps the magnesium sulfate
had sufficient buffering activity to prevent the development of the low pH
required to maintain local corrosion activity during the initial exposure
period.  The same type of reduction of the amount of initial corrosion by
potassium sulfate was observed for  Type 1100 aluminum at 700C.21   The
effects of normally stronger buffers like ammonium acetate, tartrate, and
citrate were similar at 260°C, the tartrate being the most effective.

At the high concentration, ammonium acetate did increase the corro-
sion rate in the loop, by a factor of about two.  It has not been established
that the rate increase was simply a result of the anticipated complexing
action of the acetate ion.

With the model employed, decreasing the rate of hydrogen evolution
should decrease the rate of production of local reaction sites and hence
should decrease the corrosion rate. Probably the effects of applied currents
on the amount of corrosion occurring in a week have this origin. Anodic
current decreased the rate of hydrogen production, and cathodic current
increased it.
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As judged by the precision in its position, the deposit on the stainless
steel counter -electrodes probably  came  from the solution, rather  than from
the aluminum-alloy specimens. Since cathodic current caused its deposition,
it is suggested that the suspended material carried a positive charge.
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