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Summary

(1) A large amount of aluminum and its alloys being used in flowing water
at temperatures below 100°C in the JRR-2 and JRR-3* dynamic corrosion of alu-
minum was studied under conditions corresponding to those prevailing in reactors.

When commercial grade pure aluminum is corroded in flowing water at 50°C~
70°C, the weight of the aluminum specimen will increase with time at low flow
rates, and decrease with increasing flow rate. The change of weight of the speci-
men is also affected by water purity and conditions of surrounding atmosphere.

The total amount of corrosion from chemical analysis does not always parallel
the change of weight of the specimen, and pitting (about 10 microns in diameter)
is also observed to occur in many specimens. It can therefore be concluded that
it is difficult to estimate the corrosion amount only from the change of weight of
the specimen.

In several cases the relation between the properties of surface oxide film and
corrosion reaction in flowing water was established.

(2) With the further objective of developing aluminum alloys that are cor-
rosion-resistant in hot water, some studies on the corrosion mechanism of aluminum
alloys in hot water and steam were conducted.

In hot water, aluminum is corroded easily with higher purities of the metal,
and according to DRALEY, this is due to the penetration of hydrogen into the grain
boundaries. Various methods were used to ascertain his mechanism, and in par-
ticular, hydrogen evolution at the grain boundaries was directly observed in a
windowed autoclave.

It was also established by X-ray and electron-microscopic methods that the
transformation and structual change of the surface oxide film modifies the ki-
netics of corrosion of alminum in steam around 350°C.
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INTRODUCTION

Two of the three reseach reactors at JAERI consist of a core tank and alu-
minum clading fuel elements which is in contact with D;O as the coolant or moder-
ator. Although the corrosion of 1100 alminum seems to induce no trouble under
ordinary conditions below 100°C, there is no doubt that information needs to be
obtained of the corrosion behaviors under the conditions similar to those in the
reactors. The several works reported in chapter 1 have been carried out at JAERI,
supplementing the comprehensive work? on corrosion of aluminum in water held
by Japan Institute of Light Metals.

The low thermal neutron absorption and low price of alminum may be very
attractive if it can be used in the high temperature water condition. For this
reason numerous works have long been performed to develop corrosion-resistant
aluminum alloys in high temperature water. The development of X 8001 alloy is one
of the results from those works. However the mechanism and reaction kinetics of
corrosion of aluminum in high temperature water and steam have not been clearly
established, and so several experiments reported in chapter 2 were carried out to
make them clear, especially in the case of steam corrosion.

1 CORROSION BELOW 100°C

1.1 Static Corrosion Test

1.1.1 Experimental

A. Materials: Rectangular coupons of 99.99% aluminum (80%x40x1mm) were cut
from a rolled sheet of aluminum and then annealed in a vacuum furnace at 400°C
for 1.5 hours. They were chemically polished in a HiaPO4-+10% HNO; solution at
85°C for 2 minutes to remove the surface layer formed when mechanically shaped.
Then they were rinsed sufficiently with distilled water.

After degreasing, they were dried in a desiccator by pumping for 1 hour and
weighed within the accuracy of 0.1mg. 4
B. Test Condition: The water used was prepared by distillation followed by deioni-
zation through a mixed-bed ion-exchanger. The specific resistance of the purified
water became more than 5 M®2-cm at room temperature. ' '

Prior to the immersion of specimens, the water was preheated for 24 hours in
a sealed 500 m! polyethylene bottle placed in an air-bath thermostatically main-
tained at the test temperature within the accuracy of 0.3°C. This preheating
process was intended to attain an equilibrium oxygen content with water at the
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Fig. 1 Relation between weight increase and logarithmic time

a) 30 min b) 40 min
A random nucleation starts, The surface is covered with nuclei.

Fig. 2 The nucleation and growth of boehmite
crystals at 70°C

c) 120 min
The crystals are glowing.
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test tepmerature. The water was replaced with the fresh one every 24 hours dur-
ing the test and the dissolved aluminum was quantitatively analyzed.
The corrosion tests were carried out at 50°C to 90°C. After each removal of
the specimen, it was dried in the vacuum desiccator for 1 hour and reweighed.
The surface corrosion product of the specimen was examined with optical and
electron-microscopes, and identified by X-ray and electron diffraction methods. ‘

1.1.2 Results and Discussion x

The weight change against logarithmic time at 50°C to 80°C is shown in Fig. 1,
each plot being the average of 4 specimens (total surface area, 256cm?). From
these curves it is found that the-corrosion process takes place in 4 steps in this
temperature range.

The corrosion product at the first stage was determined by HART? to be crystal-
line-boehmite, and DRALEY® suggested that the growth of the protective boehmite
film was logarithmic. In the present study, at 70°C for example, it was observed
that a random nucleation of very fine spherical crystals occured on the specimen
(Fig. 2b) when immersed for 30 minutes; then the surface was covered with the
nuclei the 10 minutes after (Fig. 2b). They grew up for 2 hours after the start of

X
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Fig. 3 Relation between weight increase and
logarithmic time in the first stage




4 Corrosion of Aluminum in Water JAERI 1035

a) Boehmite (70°C, 2 hr) b) Boehmite (90°C, 2 hr)

c) Bayerite single crystal (70°C, 100 hr) d) Bayerite single crystal (90°C, 100 hr)
Fig. 4 Electron diffraction patterns of surface oxide

immersion, as shown in Fig. 2c).

Figure 3 shows that the reaction in the first stage follows the logarithmic rate
law, it agrees with the DRALEY’s result. It is found that the process of the film
growth is accord with the CABRERA-MOTT's theory on the logarithmic growth-rate
law for very thin oxide film®, as the thickness of the present oxide layer is
determined to be less than 100 A. The surface film in this stage was identified
with boehmite by the surface electron diffraction, as shown in Fig. 4a).

After four hours of immersion, different kind of large crystals appeared on
the surface of boehmite (Fig. 6a).

The deviation of the curves from the first logarithmic parts (Fig. 1) is due to
the crystalization of bayerite on the surface of boehmite. Thus the beginning of
this is considered to be the end of the first stage in the kinetic process.

It was also found that a slight intergranular attack occured, as shown in Fig.
5¢c), d) which did not proceed with immersion time beyond a certain point but pro-
ceeded with increasing the temperature in the present experiment. Thus it is
thought that there exists relation between the intergranular attack and the
boehmite formation, because the elimination of the proceeding of the attack and
the bayerite formation were almost simultaneous, whereas the intergranular at-

tack continued as shown in Fig. 5a), b) at 90°C where the formation of boehmite
was most predominant.
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a

b) (90°C, 20 hr)

Optical-micrograph
Fig. 5 Intergranular corrosion of 99,99% aluminum in water
(a, c: defilmed surface)

The second stage started with the appearance of bhayerite crystals on the
boehmite of the first stage and the weight gain became suddenly large, as shown
in Fig. 1;

The logarithmic rate law is represented as

dW=Fk, log (t—a1), (L)
where dW is weight change, a1 varies with temperature, and the value of %, is
490 #g/hr-cm? The most interesting feature of %, is the temperature independence,
and the following relation between the reciprocal temperature and the logarithm
a; corresponding to the induction time for the appearance of the new crystals was
obtained as

In ay=—4H/RT+1In Ay, (2)
where 4H; was calculated to be 4.1kcal/mole as shown in Fig. 7. |

The new crystals were determined to be bayerite (Al;03-3H;0) by X-ray and

e ——— - . # il gy AR TR
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Fig. 6 Growth of bayerite crystals on the
boehmite film at 70°C

a), b) and c): electron micrographs
b’) and ¢’) : optical micrographs
surface replica x40
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electron diffractions (Fig. 4) and grew up three-dimensionally with time, as seen in
Fig. 6a), b) and c). Several interpretations have been proposed for the mechanism
of the development of such bayerite crystals, two of which are the dissolution-
precipitation® and the breakaway hypotheses® based on the hydration of boehmite.
The authors favor the precipitation process since the solubility of boehmite in water
is ten times larger than bayerite and the latter is thought to be more stable than the
former in this temperature range. Moreover, the activation energy for the crystal-
lization calculated from the equation (2), is much closer to that for oxide dissolu-
tion, calculated by SAKAMOTO® to be 3.74kcal/mole. Thus it is thought that the
nucleation-growth process corresponds to the precipitation which was induced by
the large difference of solubility between the two kinds of hydrated aluminum
oxides.

It is note-worthy that the amount of dissolved aluminum was determined as
8.5x 1077 grams/mole at 50°C by chemical analysis in the second stage, where both
oxides were exposed to water; this value is approximately the intermediate of the
solubilities of both oxides. The solubility of boehmite was calculated to be 6x 1076
grams/mole using the solubility product”. When the whole surface was covered
with bayerite the dissolved aluminum was determined to be less than 1.7x10°7
grams/mole, which agrees with the solubility of bayerite, 1.5%10°7 grams/mole
determined by FRICHE and MEYRING?. '

When the process moved to the third stage the reaction rate decreased
drastically but followed the logarithmic rate law represented by

AdW=k; log (t—a3) +log 4 W, (3)
where a;=7 (hr) and 4W;=786 (ug/cm?)

A logarithmic plot of % against the reciprocal temperature is shown in Fig. 7
and generally

= 100 100
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Fig. 7 Effect of temperature on logarithmic constants of corrosion
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ka=As exp(—AI—Iz/RT) ' (4)
Then the activation energy 4H on the equation (4) is calculated to be 4H>,=8.4
kcal/mole.

Fig. 8 Crack formation in bayerite crystals at the fourth stage

At the end of this stage there were observed some cracks on the surface of
bayerite crystals, as shown in Fig. 8, their origin was, however, not clearly
understood yet. Generally the third stage was very short and was followed by
the fourth stage. The fourth stage is not discussed because of the lack of data.

10!
'l _
) 10
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=
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10 | !
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Time (hr)

Fig. 9 Relation between weight increase and time at 90°C

It is seen in Fig. 9 that the reaction at 90°C is initially paraboric against time
being accompanied with boehmite formation and then moves to a faster stage.
In addition, it is seen that the electron diffraction pattern in Fig. 4 shows the
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bayerite single crystals in the latter stage. It is thought to be due to the un-
favorite condition for the nucleation of bayerite.

1.2 Dynamic Corrosion Test

1.2, 1 Materials

All specimens, 20x50x1mm, were cut from lmm sheets of 1100 aluminum
from the same batch, and used in the following three programmes (cf. 1.2.3). In
Programme I, the specimens were degreased before test to simulate the metal in
the reactor. In Programme II, the annealed specimens were pickled in a 10%
NaOH solution and rinsed with demineralized water, and in Programme III, they
were chemically polished in a Hs;PO,~-HNO; solution to obtain the flat surface. It
was found by the comparison test that the three kinds of specimens used in the
above three programmes showed the similar corrosion behaviors except the initial
amounts of corrosion. In Programme III, the prefilmed specimens of bayerite and
boehmite produced by immersion in demineralizied water at 70°C and 150°C for
50 hours respectively were also used.

1.2.2 Test Conditions

Three loops, L-1, -2 and -3, were employed for each programme respectively.
The L-1 and L-2 loops were mainly made of stainless steel except the gun-metal
valves, but the L-3 loop was made of polyethylene except the canned stainless
steel pump in order to prevent the introduction of impurity ions from loop com-
ponents into loop water.

All loops had a bypass-system consisting of a cooler and ion-exchange column
to maintain the specific resistance of water in the main circuit above 1 M&2-cm.

In Programmes I and II, specimens were taken out of the test sections inter-
mittently for weighing and then placed back in the original positions; the amount
of metal corroded was measured by stripping off the surface film in HsPO4-Cr20;
solution. In Programme III, a quarter of all the specimens were taken out from
the test section at each period and were replaced by two kinds of prefilmed speci-
mens obtained by the method described at the end of 1.2.1.

1.2.3 Variables Studied

A. Effect of Flow Rate (Programme I) Four specimens were inserted into each
of the three test sections placed along the main circuit of L-1 loop with 0.07, 3.0
and 6.0m/sec of flow rates respectively. '

B. Effect of the Gas Supplied (Programme II) Tests were carried out in water at
70°C and 3m/sec of flow rate into which hydrogen or oxygen was continuously
introduced into the L-2 loop by bubbling. '
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C. Effect of Water Purity (Programme II) This test was carried out simultaneously
with the above tests by the L-2 loop either with or without the bypass purification

system.

D. Effect of Surface Oxide Film (Programme III) The corrosion behaviors of the

three kinds of specimens, i.e., chemically polished, bayerite and boehmite pre-

filmed, were compared in demineralized water with flow rates of 1.5 and 2.5 m/sec

at 70°C.

The chemically polished specimens were also corroded at 50°C and 1.5m/sec.

The test conditions employed are summarized and listed in the Table below :

Programme I ] 11 III
~—__ Loop used
Test . L-1 L-2 L-3
condition T
. : Chemically polished
tsrigftarflz nt As rolled f(;oc/klgggﬁ sol Bayerite prefilmed
0 : Boehmite prefilmed
Temperature 70°C 70°C ?8:8
0.07 m/sec
Flow rate 3.0 m/sec 3.0 m/sec é g m/sec
6.0 m/sec -5 m/sec
non
Gas supplied non H, non
O,
Water _ refreshed, :
condition refreshed non-refreshed refreshed
1.2.4 Results and Discussion
i | ] I
~ 12r . 0.07m/ sec ’
NE 10 |- - i) T
ol . B
= 8 7
E e .
£ 4f .
2 s
£ 0
0
'§ — 2r o -
2 _ 4k |
Q
F— 6 = 3 m/ sec y
$—8r .
< _10- 6 m/ sec _
—12+ 4
—l4r ~
1 | I | |
50 100 200 300 400
Time (hr)

Fig.
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Weight change of 1100 Al in

flowing water at 70°C
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A. Programme I The weight changes of the specimens are plotted against time
in Fig. 10 which shows the increase in weight at a low flow rate and the decrease
at high flow rates.

The amounts of metal corroded, dissolved into water and remaining in the
surface film after 400 hours of immersion were measured and calculated by descal-
ing the surface oxide film. The results are summarized in TasLe 1 with the ap-
parent corrosion rate. The apparent corrosion rate was estimated from the weight
change between 200 and 400 hours, assuming that a good proportionality between
the rates of weight change and corrosion was maintained in the stationary state
as it was seen beyond 100 or 200 hours in Fig. 10.

TABLE 1 Results of corrosion test on 1100 Al in flowing water at 70°C.

Veocity | ™ 7 | Ataissonvea | Towl AL | Avparent cor
(mg/dm2)* (mg/dm?2) (mg/dm?) (m. d. d.)
0.07 m/sec | 7.99 ﬁ 5.40 13.39 +0. 04
3 m/sec | 18. 62 42.75 61.37 ~0.27
6 m/sec ' 20. 65 47.63 67.74 —0.37

* The composition of surface film was estimated as Al,0;-3H0 from chemical analysis.

lan
=

{mg/dm® /day)

0.1 - ' =~

O/.

Apparent corresion rate

0.01

Velocity (m/sec)

Fig. 11 Apparent corrosion rate vs. flow rate curve at 70°C..
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It is shown in TaBLe 1 that the values of aluminum increase with the velocity
of water and the total amounts of corrosion are influenced by film growth at low
flow rate, while they are influenced by dissolution at high flow rates.

The apparent corrosion rates are plotted against the flow rate in Fig. 11, and
the following relationship was obtained.

|Rlec/ V7,
where R represents the apparent corrosion rate and V represents the flow rate.

The surfaces of the specimens were examined microscopically at each period
and some of them are shown in Fig. 12, which show the formation on the surface
in the initial stage of corrosion. The size and number of pit were not much af-
fected by flow rate and exposure time, although in some cases of high flow rates
the pits extended gradually in the direction of water flow, becoming a long
groove.

After exposure in the loop, the surface film was removed from the specimen
by the iodine-metanol method and sent to X-ray diffractometry. Because there

Original '

0.07 m/sec 3.0m/sec 6.0 m/sec
Fig. 12 Surface of specimens corroded in flowing water at 70°C
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was no distinct peak in the chart of diffractograph, the surface film was assumed
to be amorphous oxide.

B. Programme II The weight change obtained is shown graphically in Fig. 13,
and the amounts of metal corroded, dissolved into water and remaining in the
surface film are summarized in TABLE 2.

It is seen from TasLE 2 that the corrosion rates in refreshed water are not so
much changed by the introduction of gas as those which predicted from the
weight change data shown in Fig. 13, and the total amount of corrosion is much
influenced by the dissolution of aluminum from specimens, especially when H, gas
is introduced. It is also found that the dissolution of aluminum is considerable
even in non-refreshed water when H; or O; gas is introduced.

+10

—10

—20

E —40 -
)
2
£ —50 -
&
E
% —60 -
()
= —@— Refreshed
—70 ---0--- Non-refreshed ]
Oxygenated an
refreshed
——n-- Oxygenated and
—80 non-refreshed -
—a— Hydrogenated and
refreshed
Y Hydrogenated and
—90 [~ non-refreshed -
| ] ] 1
50 100 200 300
Time (hr)

Fig. 13 Weight change of 1100 Al in flowing water at 70°C, 3 m/sec

The thickness of the barrier film produced on the corroded specimens was
measured by the HUNTER’s method®. The voltage;current curves are shown in
Fig. 14 from which the specimens were classified into two groups with either thick
or thin barrier film. It is interesting that the specimen with a thick barrier film
shows a low value of B/A (<2.6) in TaeLe 2 while the specimen with a thin film
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0.4 D | Non-refreshed
and oxygenated
A [ Non-refreshed
0 | and hydrogenated

0.6

Current

{mA/dm*)

0.9

Fig. 14 Current-voltage curves for barrier film thickness measurement

shows a high value (>6.0). Therefore the dissolving tendency of aluminum from
specimens into the water seems to be closely related with the thickness of barrier
film produced on the surface of specimens.

A new type of dissolution process not attributable to the purity of water must
be considered to explain the abnormal dissolution of aluminum in non-refreshed
water under H; or O, atmosphere. In general, dissolution of metal or metal com-
pound (in this case oxide or hydrated oxide) is caused by the following two factors:

(1) dissolution by ‘‘solubility ”’; it depends on the purity of water

(2) electrochemical dissolution by dissolved O, and /or impurity ions in water,

for instance, Cu, Fe ions, etc.; it depends on the concentration of dissolved
O; or impurity ions. :

It is suggested that the factor (1) is much more operative than (2) in refreshed
water whereas the situation is reverse in non-refreshed water. However, even in
the case of (2), this process is to be affected by the solubility of corrosion product
and it actually ceases when the water is saturated with the corrosion product.
Therefore, removal of corrosion product from the specimen must be held to con-
tinue the dissolution of corrosion product even in non-refreshed water.

As proposed by HATCHER®, the mass-transfer process of corrosion products
from the specimens to other places in the loop can be applied in’ this case, instead
of the purification process by an exchange column. This process is due to the
difference of solubility of corrosion product between two places with different
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temperatures in the loop.

Assuming that the contribution of the factor (1) to the total dissolution can be
represented by the difference of dissolution rate in non-refreshed water from that
in refreshed water, 0.25—0.03=0.22 and 0.36—0.21=0.15 are obtained from TABLE 2
under the conditions of non-gas and H,- supplied, respectively. Small difference
between these values may be explained if the effect of thickness of barrier film on
dissolution rate is considered. Under oxygen atmosphere 0.20—0.25=—0.05 is
obtained. Although it can not be explained by the above assumption, the follow-
ing phenomena must be taken into account:in non-refreshed water a large quanti-
ty of copper oxide from the valves was deposited on the specimen holder at the
points where the specimen was in contact with.

Because copper dissolves easily into the flowing water in the presence of
oxygen, the electrochemical dissolution due to the galvanic action between copper
and aluminum will strongly occur in non-refreshed water, and the cathodic current
seems to exceed the current required for the formation of passive film of alumin-
um oxide.

The large difference in barrier voltage between the specimens exposed in refreshed
water and ion-refreshed water under O. atmosphere will provide oue proof for the
stable passive film formation.

C. Programme III The results of immersion tests with chemically polished speci-
mens in flowing water at 50°C and 70°C are graphically shown in Fig. 15. The
amount of metal corroded increases with time rapidly up to 100 hours, then

o-

! T
Metal corvoded 50C 1.5m/sec
(o] o=

o b o
Q - e
L i -
30 » &\950

Metal corroded
—--o-— Metal dissolved

| 50C, 1.5m/sec

—u—  Metal corroded _
—-#-- \letal dissolved }7000' 1.5m/sec

—2— Metal corroded
—A~" Metal dissolved

20

} 70C, 2.5m/sec

Weight change (mg/dm*)

Metal corroded g 70C 1.5m/sec

10
Metal dissolved m _70°C 1_ ﬂsec

50 100 200 300 ~ 400
Time (hr)

Fig. 15 Weight change of 1100 Al in flowing water
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Original

200 hr

Note:
A Bayerite
B: Boehmite

LA e R
inary light Polarized light
Fig. 16 Surface of specimens corroded in flowing water at 50°C

moderately at 2.5m/sec of flow rate but very slowly at 1.5 m/sec of tlow rate.
The ratio of the metal dissolved to that corroded increases with flow rate and
especially with temperature.

In the immersion at 50°C the surface structures of the specimens were examin-
ed by optical and electron-microscope at cach step which are shown in Fig. 16.
Bayerite crystals, identified by the X-ray diffraction method, grew on the bhoehmite
film identified by electron diffraction, up to 100 hours corresponding to the rapid
increase of metal corroded, and the corrosion reaction actually ceased by the com-
plete coverage of surface with bayerite crystals (Fig. 16). This process may be ex-
plained by the dissolution-precipitation process due to the difference of solubilities
between boehmite and bayerite. However, at 70°C a few small bayerite crystals
with no growth were found on the surface of the specimen and the underlying
boehmite layer was observed even after corrosion reaction ceased or slowed down
(Fig. 17a). The dissolution-precipitation process does not apply to the above phe-
nomena at 1.5 m/sec of flow rate. ‘

Weight changes of the prefilmed specimens are shown in Fig. 18, in which the
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Fig. 17 Electron micrographs of specimens’ surface corroded in flowing water at 70°C
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bayerite-prefilmed specimens show the increase in weight and the boehmite-pre-
filmed specimens the decrease in weight with time. It was proved by the com-
parison of the amounts of metal part before and after the test that the bayerite-
prefilmed specimens themselves were not corroded during the test, although the
weight increased with time. It is thought, therefore, that bayerite crystals on
the bayerite-prefilmed specimens will grow by precipitation of aluminum oxide
from the other types of specimens existing in the water. This process will also
be explained by the dissolution-precipitation mechanism.

The surface structures of the prefilmed specimens were almost unchanged

during the test as shown in Fig. 17.

5 2.5 m/sec —-—A---Bayerite prefilmed specimen —
— & Boehmite prefilmed specimen
—0—- Bayerite prefilmed specimen
4l 1.5 m/sec —a—Boehmite prefilmed o _
h specimen

Weight gain (mg/dm?)

50 100 200 300
Time (hr) S
Fig. 18 Weight gain of prefilmed specimens in flowing water at 70°C .

A number of pits was observed on all of specimens corroded in flowing water
at 50°C and 70°C, but at 50°C pits were covered with corrosion product after 100

hours of immersion.

1.3 Conclusions

The corrosion of 99.99% alminum in stagnant water below 80°C proceeded in
the following steps: :

1) The first stage; the growth of thin boehmite film proceeds with a loga-
rithmic rate law in the short period after the immersion.

9) The second stage; the corrosion process is governed by the three dimen-
sional growth of bayerite crystals on.the underlying boehmite layer based on the
dissolution-precipitation mechanism. The nucleation of bayerite has an incubation
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time dependent on temperature, but the rate of crystal growth seems to be inde-
dependent of temperature. The activation energy for this stage is calculated to
be 4.1kcal/mole.

3) The third stage; this stage takes place just after the whole surface of the
specimen is covered with bayerite, and the logarithmic corrosion rate is decreased.
The activation energy for this stage is calculated to be 8.2 kcal/mole.

This stage is indistinguishable from the forth stage at 80°C.

4) The fourth stage; an appreciable increase of corrosion is observed in this
stage but the data obtained are too few to be discussed in detail in the present
paper.

Some correlations between intergranular attack and boehmite formation are
observed.

Dynamic corrosion tests of 1100 aluminum were performed in the following
three programmes;

1) Programme I; the corrosion of aluminum in flowing water at 70°C is much
influenced by the film growth on the surface of specimen at 0.07 m/sec, and by
dissolution of aluminum into the loop water at 3.0 and 6.0 m/sec. A number of
pits were observed on all of the specimens tested.

2) Programme II; most of the corrosion in flowing water at 70°C and 3m/sec
is controlled by dissolution of aluminum into the loop water, which is influenced by
the purity of water and the thickness of barrier film produced on the surface of
corrodied specimens.

The mass-transfer process is proposed to explain the dissolution of aluminum
in non-refreshed water. The electrochemical process is also proposed to explain
the anomalous dissoltion of alumium in non-refreshed water under oxygen atmos-
phere.

3) 'Programme I1I; the dissolution-precipitation mechanism is successfully ap-
plied to corrosion at 50°C and 1.5m/sec from the observation of the surface
structure of specimens and the kinetic study. This mechanism can not be applied
to the case at 70°C, but can be applied in the case of prefilmed specimens.

2 CORROSION ABOVE 100°C

2.1 Corrosion in Water

2.1.1 Experimental

Procedure: The static test was conducted using a 5 liter autoclave in which
each specimen was placed in a quartz capsule with 150 ml of deionized water (the
specific resistance more than 5M®2-cm). Prior to the test the system was eva-

S




JAERI 1035 2 Corrosion Above 100°C 2L

cuated by pumping for 5 minutes and then pure argon was introduced. At the each
removal of specimens for the examination both the specimens and water were
replaced by the new ones.

Specimens: The specimens used were three kinds of pure aluminum and several
99.99%-base aluminum alloys as shown in TasLe 3 and 4.

TABLE 3 Composition of pure Al samples

Nominal\ Al Si Fe Cu Mn Mg Zn
purity

99 95 Al 99.150 0.18 0.64 0.02 0.01 tr tr
99.9 9% Al 99.937 0.024 0.036 0.003 tr tr tr
99.99% Al 99. 992

0.005 0.001 0.002 tr tr tr

TaBLE 4 Chemical composition of Al alloy samples

\Component . .
e e o o o an R

CNO%TII;ggiltion\ (%) (%) (%) (%) (%) (%) o
Fe 0.5% 0.52 0.05 0.01 — — — —
Fe 1 % L 1.04 0.02 0.01 — — — —
Fe 2 % l 1.92 0.05 0.01 — tr 0.01 —
Si 0.5% Lt 0.49 0.01 — — — —
si 1 % tr 0.83 0.01 — — — —
Si 2 % 0.02 2.10 0.01 — tr tr —
Ni 0.5% ti 0.02 0.01 0.53 — — —
Ni 1 % | 0.04 0.04 0.01 0.94 — — —
Ni 2 % . 0.05 0.04 0.01 1.99 tr tr —
Cu 1 % Cotr 0.01 0.98 — — — —
Cu 2 % : tr 0.03 1.85 —_ — — —
Zn 1 % Cotr 0.02 0.01 — 1.13 — —
Mg 1 % [otr 0.02 tr — — — 0.99
Mn 1 % . 0.01 0.02 0.01 — — 1.03 —

They were tested mainly in the shape of rolled rectangular coupons (50x20x1
mm) except in some alloys which were also tested in the shape of tablet machined
from the ingots for metallographic study. The specimens were pretreated by the
same method as described in 1.1.1.

Examination: The corrosion amount was determined mainly by the apparent
weight gain, and if necessary, by the chemical analysis of dissolved aluminum!®
and/or by the weighing of the corrosion product using the iodine-methanol
method!V. The results were evaluated at least by the average of four specimens.

In the post-exposure examination, emphasis was placed on the microscopic ex-
amination of the surface and cross section of the sample, and the X-ray diffrac-
tion method was applied to the determination of the oxide removed from the

specimen.




et s T

22 Corrosion of Aluminum in Water JAERI 1035

2.1.2 Summéry of the Results and Discussion

a) The factors affecting the intergranular attack on pure aluminum?!®

Impurities in metals: Three kinds of aluminum (TaBLe 3) were tested at the vari-
ous temperatures up to 250°C. It was confirmed that the extent of intergranular
penetration and the total amount of corrosion increased with increasing the purity

of metal but only 99% aluminum was corroded uniformly, forming a protective
film. One of the results is illustrated in Fig. 19.

2000 F q250
. E
o 1000 =
i -1 200
% 1500 + ] £ 10*
E C (99.99A1) 3 150 n:n % <10’ & ' —1 ¥
‘ intergranula . z
S 1000 F i 1 =< w0l
° ] S = 5X10°f
£ 4100 _ = .
) Q,)‘J.QP‘“ N ‘3 5 10°} Amount of metal corroded
« 500 B gfan“\“r ] = L 5X10 by 20hrs exposire in
oo . tef ] - (=] -
%,, neers (39A1) ] 50 5 : ok water at 170C
= uniform b ; g 5T
. L L L L . 2 1 [ 1 1 1 2 i1 L L 1 1
0p 10 20 30 40 5 60 1234567809101
Time (hr) PH of water
Fig. 19 Corrosion of Al in deionized Fig. 20 The effect of pH of water on
water at 200°C the corrosion of pure Al

Effect of the crystal grain size: The intergranular corrosion of 99.999% aluminum,
of which the grain size was controlled by the strain-annealing method, was ex-
amined microscopically.

The depth of intergranular penetration at each boundary was independent of
the grain size, so that the total amount of corrosion was approximately pro-
portional to the boundary density. Thus it was suggested that there should not
be expected a role played by the electrochemical polarization at the boundary.

Effect of pH of water: Several tests were performed in water of different pH
prepared by addition of KOH or H:;SO,. The intergranular attack was markedly
affected by pH. The total amounts of corrosion are shown in Fig. 20. The total
corrosion was minimized at pH 3 where the intergranular susceptibility to the

attack of 99.99% aluminum was eliminated, and the weight changes turned nega-

tive.below pH 3.

Both uniform and intergranular corrosions seem to have a close relation with
the concentration of H* ion even if the effect of SO~ or K* ion is ignored.

Effect of cold working: A remarkable change was observed in the corrosion be-
havior of cold worked 99.99% aluminum specimens as seen in Fig. 21 and TasLe 5.




JAERI 1035. 2 Corrosion Above 100°C 23
1000
900
. 800 ] )
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Fig. 21 Effect of cold rolliong on
corrosion rate of 99.99%; Al in
deionized water at 150°C

¢) Reduced 35.5% d) Reduced 85%
Fig. 22 The effect of cold rolling on the intergranular attack of 99.99% Al exposed
for 20 hours in deionized water at 170°C (cross-sections) (x100)

The intergranular penetration was reduced with the increasing degree of cold
rolling as shown in Fig. 22; however the spalling and crystallization of the surface
film increased as understood from the results in Fig. 21 and TasLe 5. It was also
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Fig. 23 Microsurface of 99.99% Al exposed for 2 hours in deionized water at
170°C under hydrogen atmosphere. Localized attacks are observed on
slip clusters formed by cold rolling. (x100)

noted that the slip clusters formed by the cold work were preferentially attacked
in a similar manner to that for the attack at grain boundaries as seen in Fig. 23.
Effect of atmospheric gases: In order to examine the effect of hydrogen on the

intergranular attack of 99.99% aluminum, hydrogen or oxygen was introduced into
the system instead of argon.

a) Hydrogen b) Oxvgen c) Argon

Fig. 24 Cross sections of 99.99% Al exposed for 20 hours in deionized water at
170°C under various atmospheres (x150)

From the results illustrated in Fig. 24 it is found that the presence of a certain
amount of hydrogen obviously accelerates the penetration, while oxygen entirely
eliminates it at 200°C although the total corrosion is increased. Moreover, it is
noteworthy that there was a close relation between ‘‘atmospheric’’ hydrogen and
defect sites formed by rolling as seen in TABLE 6 ; the effect of cold work was made

larger in the presence of hydrogen while a quite opposite effect was observed with
oxygen.
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TABLE 6 Weight gain of cold worked Al by corrosion in 150°C
water under various atmospheres

Enclosed gases Pressure at room Reduction by cold rolling
 temperature (atm) 0% 35.59% 85%

A 5 76 75 156

A 15 121 96 153

H, 5 150 150 217

H, 15 119 119 196

0, 5 26 24 25

0, 15 140 121 121

(mg/dm?)

Summarizing the above results it is evident that the factors examined have,
more or less, the relation with the corrosion product hydrogen, which is supposed
to be atomic and to play a destructive role through grain boundary diffusion.1®):%
However, it should be noted that there is another important factor which will be
discussed in 2.2, i.e., hydration of oxide.

b) Effect of alloying elements on the corrosion of pure alminum!®

Corrosion of rolled sheet: Each of the elements Fe, Ni, Cu, Si, Mg, Mn and Zn
were added 0.5 to 2% into 99.99% aluminum; the results obtained with these
alloys, at 300°C are shown in Tase7. The susceptibility to the intergranular cor-
rosion was observed in the alloys of 0.5% addition but not in the alloys of more
than 0.5% addition of Fe, Ni, Cu and Si, as shown in TasLe 8. The alloys with

TABLE 7 Corrosion of Al alloys in deionized water at 300°C
(weight gain in mg/dm?)

~._Time
5 min 30 min 3hr 20 hr 48 hr 95 hr 290 hr

Sample ™
Fe 0.5 67 496 2141 5907 * failed —
Fe 1 30 30 29 29 30 228 1500
Fe 2 25 - 32 33 51 198 645 —
Si 0.5 7200 * failed — — — —
Si1 4500 6300 failed — — —_— —
Si 2 734 2100 3142 failed — — —
Ni 0.5 251 435 736 993 # failed —
Ni 1 34 32 41 43 49 60 90
Ni 2 30 32 3l 32 37 46 60
Cu 1 91 250 1470 failed — — —
Cu 2 29 30 32 89 412 % —
Zn 1 failed — — — — — —
Mg 1 failed — — — — — —_
Mn 1 failed — — — —_ — —

% immeasurable
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TABLE 8 The effect of alloying addition on the type of corrosion of
Al exposed for 20 hours in deionized water at 200°C

- %
Alloying 0.5 1 2
element
== 1 I : Intergranular
Fe I . H H corrosion
Ni I ‘ H H H: Homogeneous corrosion
Si 1 l I H P : Fine pitting
corrosion
Cu — | 1+P H

Zn and Mg showed a deep intergranular penetration and the alloy with Mn was
non-resistant due to the spalling of oxide. All of alloys except Ni showed a cor-
rosion-rate transition after a short exposure. However, it was noted that the
weight gain in the uniform corrosion stage was about 30 mg/dm?- among all the
alloys. The results obtained are shown in Fig. 25 and 26. The X-ray diffraction
of the surface oxide showed that the nearly amorphous film produced in the early
stage turned into well crystallized boehmite at the rate-transition point.

1000
900 -
800 |

700
600 |

500

400
3001

Weight gain (mg/dm’)

200
100 L

L 1 i i N " 4 PO '] £ ﬂaﬁ__‘_ L) 0 NPT T U T I PP
40 60 80 100 120 140 160 180 5 0 15 20
Time (hr) Time (hr)
Fig. 25 Corrosion of Al alloys in Fig. 26 Corrosion of Al and Al alloys
deionized water at 300°C in deionized water at 150°C

The local penetration in alloys: In the early stage of corrosion the second phases
in Al-Ni and Al-Fe alloys, thought to be cathodic against the primary phases,
seemed to be corroded locally, but in the Al-Fe alloys it was observed that the
primary phase was preferentially attacked after the break-away, shown in Fig. 27
a) and b). C

It seems that the effect of ‘‘alloying’ is of considerable sighiﬁcance in the
corrosion of aluminum, and that a certain amount of Ni, Fe, etc. alters the proper-
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a) Al-0.5% Fe alloy

b) Al-2.0% Fe alloy

Fig. 27 Cross section of heavily corroded Al-Fe alloy ingots exposed
for 48 hours in deionized water at 300°C
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Fig. 28 Schematic drawing of window for direct microscopy
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ty of grain boundary. The preferential penetration of the primary phase may be
due to the preferential hydration and crystallization of the surface oxide, as will
be described in 2.2.

c) Direct observation of high temperature corrosion
The viewing autoclave with the windows specially-designed to avoid the effect

a) 50 min b) 180 min
Hydrogen bubbles are formedZat a few Homogeneous interference-red colour
points. was appeared.

c) 200 min d) 17.5hr
Suddenly bright surface turned to the Partial intergranular attack takes place
dull and the grain boundry became in 5hr and proceed on with a lot of
visible accompanied with increased hydrogen formation from the gap.
bubble formation.

Fig. 29 Direct observation of
intergranular attack
(99.99% Al)

e) 24hr
Almost all the boundaries are attacked.
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of thermal convection was employed (Fig. 28).

The series of micrographs in Fig. 29 show the kinetic process of intergranular
attack on 99.99% aluminum, in which hydrogen generation was observed at the
boundary portion. Figure 30, the cross section, indicates the formation of hydrogen

Fig. 30 Hydrogen bubble leading intergranular attack
(99.999 Al, 200°C, 24 hr)

a) 165°C 35 min b) 60 min

A bubble is formed on a point.

. ¥
c) 75min d) 95min
The bubbling increases. The system is cooled down to 120°C.

A pit had been formed at the point
of bubbling. ‘

Fig. 31 Direct observationJof kinetic process of pitting corrosion
caused by the presence of copper in water
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bubbles at the grain boundary, which is thought to lead the penetration. (The

process of pitting corrosion was observed as shown in Fig. 31, when: copper existed
in the water.) Lo

2.2 Corrosion in Steam'
2.2.1 Experimental

Many confusions were caused in the kinetic data and oxide structure because
of the use of slowly-heated autoclaves in the earlier experiments.

The improved procedure used in the present study consisted of two autoclaves
which were connected with a spiral pipe held at the test temperature as shown in
Fig. 32. Then it was possible to supply steam with well-controlled temperature
and pressure to the preheated specimens which were placed to accept uniform heat
radiation from the wall; the specimen hanger, made of alumina, was designed to
divert condensed water drops away from the specimen. The test section was first
filled with pure argon by several répetition of evacuation and filling, and when the
test section was brought to the test temperature the heated steam was instan-
taneously introduced to the test section. The desired condition was usually attain-
ed 3 minutes or less after the releasing of the valves. At the end of the eixposure
steam was blown out and then cold argon was introduced during the dismounting
of the specimens to prevent the heat effect.

Controller 2
C‘\P Controller 3 —1 e

e Controller 1 Argon bLomb

]

N L gie N "y Ve ey

Bipe heater

Specimen

Test section N
\ Steam generator

»
2 ¢ es,

o w4 s

YAV EEEEEE

L ]

LIRSS N

Vacuum pump

Fig. 32 Schematic drawing of testing procedure

Two kinds of specimens as shown in TaBiLe 3 were used. The corrosion of both
specimens in water was well known by the previous study: They were prepared
in the same way as already described in 1.1.1. Sample of oxide powder for hydro-
thermal treatment was eprsed to sieam, wrapped in a fine mesh of stainless steel.

The gravimetric method was employed for corrosion measurement and the
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result was evaluated by the mean value in the area of at least 240cm?® within
the accuracy of 1.3pug/cm2 After Weighing, the specimens were examined with
an electron- and optical microscope followed with the X-ray and electron dif-
fraction. Finally the specimens were examined in regard to hydrogen agglomera-
tion with an optical microscope for which the tapersection method was applied.

2.2.2 Results and discussion

Kinetic observation: The apparent fashion of corrosion in this temperature range
closely resembled that of aqueous corrosion, and the results obtained for 99.999% Al
specimens were obviously paraboric in time dependence as shown in Fig. 33.
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Fig. 33 Corrosion of 999% Al in saturated steam up to 320°C

According to CABRERA-MOTT’s theory" on the paraboric oxidation rate the result
obtained above is thought to correspond to the diffusion-controlled paraboric rate
process. Then the paraboric constant was obtained in the equation

AW?2=lpet (5)
where 4W, %k, and ¢ denote the weight change, paraboric constant and exposure
time, respectively; the constant %, has generally the temperature dependence as
given by the equation

ky=A-exp(—4H|RT) (6)
where A is the constant, frequency factor, and 4H, R, T represent activation
energy, gas constant and absolute temperature, respectively.

Figure 34 is a logarithmic plot of %, against reciprocal temperature from which

the activation energy 4H is calculated to be about 32 kcal/mole using the equation " ° .

(6). The value 32Kkcal/mole is found to be close to those calculated from the
result!” of the break-away-induction time for the corrosion of an aluminum alloy
in water and steam in the same temperature range; both are about 31 and 35%kcal/
mole, respectively, assuming the corrosion amount in the induction period to be

paraboric against time.
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Fig. 34 Effect of temperature on paraboric constants of corrosion
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Fig. 35 Corrosion of 999 Al in superheated steam at 260°C, 30 kg/cm?

It was also observed that there was a large pressure dependence of corrosion
when the result of Fig. 35 is compared to Fig. 33 which can not be expected. from
the WAGNER’s mechanism!® for the pressure dependence of oxydation. WILKINDS
and WANKLYN observed that there existed the relation between corrosion amount
and pressure represented by the formula 4W=£k.P* at 325°C¥, Since it is rather dif-
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ficult to understand the corrosion mechanism by the simple diffusion of aluminum
ions through the oxide layer, another process controlled by migration of some
hydrogen-bearing carries such as OH™ or H;O may be thought to mainly contribute
to the inward-hydration and recrystallization of oxide, which will tend to reduce
the protective nature of oxide film. In general the diffusion-controlled oxidation is
thought to proceed with increasing thickness of protective film; whereas the
present case has the tendency to decrease the barrier thickness, although the
distance of the diffusion path is increassed in the outer hydrated portion. This 1s
considered to cause the increase of corrosion amount or of the frequency factor, A,
in the equation (6).

As generally known aluminum has a double layered film in the thermally form-
ed’oxide?®:1", In the present experiment, as will be described later, a distinct
double layer was observed (Fig. 36). DILLON and TROUTNER pointed out the outer
layer, which is hydrated and crystallized, is porous but occupies almost all the
thickness of the oxide, so that it will naturally be thought that the diffusion in
the outer layer is more probable to control the corrosion process than that in the
inner layer, which is anhydrous and amorphous, although the latter has a higher
specific resistance. However the oxidation reaction depends also on the activation
process through the barrier layer which, however, is restricted its growth by the
inward-hydration process, in other word, the direction of the growth of inner- and
outer layer is opposite each other so that the latter process, the destructive, serves
as a controlling step.

Oxide film: All the film produced in steam in this temperature range were
determined to be boehmite, almost independent of steam dryness. In most cases
they had a distinct layer-structure which is typically shown in Fig. 36; the outer
white layer was well-crystallized boehmite and the inner grey layer was amorphous,
slightly hydrated oxide, supposed to be p-alumina from the single dull peak in
Fig. 36.
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(a) Outer film, boehmite a —ALOOH
(b) Inner film, #—alumina ?

Fig. 36 X-ray diffraction of inner and outer oxide formed during
the corrosion in saturated steam at 260°C
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On the other hand, the electron micrographs as shown in Fig. 37 represent the
crystal growth of boehmite in saturated steam, which was considerably rapid in
the case of 99.99% Al specimen and destroyed by the intergranular attack rapidly
as illustrated in TaBLE 9.

a) 3hr b) 96hr » c) 212hr

Fig. 37 Crystal growth of boehmite (a- AIOOH) film formed on
99%; Al in saturated steam at 260°C

TABLE 9 Corrosion 99% and 99.99% Al by short time exposme in
saturated steam at 260°C .

Time
\‘\..\ 7 min 20 min 30 min 60 min
SSample T~ b L
99% Al 5.6 14.0 16.5 - |
i
99.99% Al 105 445 530 640 ‘i weight gain in mg/dm?

b) Corrosion in superheated steam in higher temperature range

Kinetic consideration of the penetration attack: The several experimental series
performed in which the steam pressure was varied from 15 to IOOkg/cm2 at 350
and 400°C, the following conclusions were obtained.

The weight changes were neglegibly small (1~3 pg/cm?) and penetration-induc-
tion time was so short that the corrosion rate was not determined. The penetra-
tion attack observed had a peculiar nature just as reported by other workers?,9,
It started at random spot and extended in the circular shape as illustrated in Fig.
38. The reason they often start at the edge and extend only parallel to the
surface plane of the plate is understood experimentally to the preferential diffusion
of hydrogen through the rolling-annealing texture of the specimen. The de-
structive action of hydrogen will be described later.
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Fig. 38 Macro-view of penetration attack on 99% Al exposed
for 48 hours to superheated steam at 350°C

It is noted that the attack-induction time depends largely on the steam
pressure rather than on temperature. From the result given in Fig. 39 the relation
(7) is derived;

t;=Ci1 P (7)
where #:, Ci and P represent the penetration-induction time, constant and steam
pressure, respectively.
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Fig. 39 Effect of steam pressure on penetration-induction time of
999 Al at 400°C :

The equation (7) is converted to ,
E=C,y P! (8)
where % is the rate constant in the induction period, when assuming ;
i) The penetration attack is initiated by a critical amount of corrosion pro-
ducts such -as the surface oxide or hydrogen dissolved in metal.
ii) The corrosion rate law is not altered by the pressure change, just as in the
case of lower temperature already shown in Fig. 35.
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Above result is quite similar to the experimental equation established by
WiILKINS and WANKLYN' for the case of lower temperature (325°C). This fact sug-
gests that there may be a controlling factor related to the steam condition because
the surface oxides are quite different each other. Then the migration process of
some hydrogen-bearing carriers might play a role in both higher and lower temper-
ature ranges, because a large amount of hydrogen is absorbed in metal at higher
temperatures as will be written later. It is also noted that the 99.99% aluminum
survived in superheated steam at 400°C more than twice the time for the 99%
specimen and was attacked intergranularly. This is much different from the results
for the lower temperature range. Thus it is concluded that the inferiority of pure
aluminum in aqueous and steam corrosion &s well as the susceptibility to the
intergranular attack may be due to the nature of the oxide film which is less re-
sistant against the hydration in boehmite forming range. The preferential hydration
at the grain boundary is thought to be due to the local depletion of the surface energy
which is supposed to be maintaining the stability of the inner barrier layer, since
the grain boundary energy is supposed to be larger in super purity aluminum.
Those interpretation will be supported by the result in C).

b)
Nuclei of a-Al,0; in amorphous matrix. Micro diffraction of (a) shows pattern
(99.99% Al in 35 kg/cm?-steam, 3 hr) of a-Al,03

c) d)

Whisker growth on the surface of oxide Micro diffraction of (c) shows pattern of
film. (99% Al in 18 kg/cm?-steam, 3 hr) a-Al,0; including larger single crystals.
Fig. 40 Transmission electron micrographs and diffraction patterns

of surface films formed in steam at 400°C
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Corrosion product oxide: The corrosion product formed by the penetration attack
were found to be a-Al,0; with one following exception; p-alumina was once formed
at 350°C which were also observed in the inner layer formed in saturated steam at
300°C. It is noteworthy that little corrosion, with the original brightness remaining
and even no interference color appearing, which enabled the transmission electron
microscopy of the thin film. Figure 40 a) to d) indicate that the film consists
of the fine nuclei of a-AlLQO; dispersed in the amorphous matrix and there were
observed the whiskers of a-Al,0; on the surface of the films as shown in Fig. 40 o).
If the whiskers were formed by the stresses in underlying metal as generally
believed?, their cause might not be the volume misfit among oxide and metal be-
cause the film is too thin to affect the stress, but be the agglomeration of hydrogen
as will be written later. The formation of a-AlO; at 350°C is deviated from the
equilibrium phase diagram® in Fig. 41.
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Fig. 41 Equilibrium diagram for the system Al;0;3-H:0 (Ervin, Osborn)

The agglomeration of hydrogen at grain boundaries: The optical micrographs of the
cross section of the specimens exposed at 400°C are shown in Fig. 42 a), b) and Fig. 43
a), b); there appeared at grain boundaries a number of pores which increased in size
and number with increasing time and pressure, especially just before the initiation of
the penetration attack. Considering the extremely small amount of oxidation this
large absorption and agglomeration increased considerably as shown in Fig. 45 which
also shows the acceleration of the reaction by the destructive action of hydrogen.
The pores were made larger by annealing for one hour at 500°C.

DRALEY et al.?l) reported that the hydrogen was absorbed mainly at the initial
stage of exposure. However, it is not clear whether or not the hydrogen was absorb-
ed continuously after the film formation, as the amount of the reaction was too
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Fig. 42 Microphotographs of the cross section of 99% Al exposed for
20 hours to superheated steam at 400°C, 20 kg/cm? (x120)
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Fig. 43 Microphotographs of the cross section of 99.99% Al exposed
for 20 hours to superheated steam at 400°C, 20 kg/cm (= 120)

a) Ordinary light b) Polarized light
Fig. 44 Blister formation at the grain boundary beneath the sur-
face due to the agglomeration of hydrogen (x120)
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Fig. 45 Intergranular penetration of hydrogen at the oxide-
metal interface (x120)

small to be measured. And if the attack was induced only by the hydrogen
initially absorbed, the induction time would correspond to the time required for its
migration to the grain boundary. There was not observed the intergranular attack
as observed at lower temperatures but formed chained micro-pits along the subgrain

boundaries of the metal as seen in the electron micrograph in Fig. 46.
The defect portions such as the network of the substructure and grain boundary

will serve as the inlet paths for atomic hydrogen since the solid solubility of hydro-

gen will increase at higher temperatures.

Fig. 46 Transmission electron micrograph of surface film formed
on 99% Al by exposure in super heated steam at 400°C,
18 kg/cm?2. Micro-pits are observed along the substruc-
ture net-work

c) Hydrotherrnal treatment of a-Al,Os; formed in penetration attack
It has been observed a marked difference between higher and lower temperature
ranges in corrosion behavior. Thus the test, exposing anhydrous a-Al,O; to the

steam at 300°C, was attempted to examine the hydration process.
Two kinds of oxide power, formed in steam at 500°C, were compared their

hydration process in the steam at 300°C, 90 kg/cm? From the results illustrated in
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TaBLE 10 and Fig. 47 the following steps were observed ;

a-Al,03 — 8-A100H (diaspore) - a- A1OOH (boehmite)

TABLE 10 Intensities of X-ray diffraction spectra from the bulk a-Al,0;
hydrothermally treated in steam at 300°C, 90 kg/cm?

Transitioii_ products
Test Exposure . : I .

sample (hr) Diaspore (4-AIO0H) | Boehmite (a-AlOOH)
d(A)-(hkl) 3.99(110) 2.131 (121) | 1.860(501) 1.850(020)

3 8 weak 0 0

9994 Al 11 124 60 weak weak

20 6 weak 115 82

| 3 186 66 8 7

99.999; Al ! 11 250 102 12 10

20 30 14 154 111

Cu, K-a relative intensity (C. P. S.)

=200 T T T T T T T T y Y T 1

(eps)

(cps)

2e

(a) @ —Al;0, treated for 3 hours, diaspore is the most dominant
(b) @ —Al,O, treated for 20 hours, boehmite is the most dominant

a---eeea—ALLO, , deeenes diaspore b «s:a.n boehmite

Fig. 47 X-ray diffractions of oxide powder hydrothermally treated
in steam at 300°C, 90kg/cm? (99.99% Al)
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The oxide formed on 99.99% aluminum is hydrated much faster than 99% one
so that the hydration, as far as the present experiment concerns, is largely influenc-
ed by the impurities in the material. If the hydration reaction itself is sufficiently
rapid comparing to the diffusion of hydrating species through the outer hydrated
layer or to the recrystallization of the hydrated oxide, the latter would be the
controlling step so that the present experiment would be an estimation for corrosion
consideration. The effect of impurities on the diffusion of deutron in boehmite
crystal is also observed by other workers?®.

2.3 Conclusion

The corrosion of aluminum in water and steam at boehmite-forming temperatures
was experimentally interpreted by the destructive action of hydrogen and inward-
hydration of the surface oxide which in turn is controlled by the migration of some
hydrogen-bearing carries and/or the recrystallization of hydrated oxide. Several ad-
ditional phenomena were also examined through various experiments and were
discussed.

At higher temperatures, where anhydrous oxide was formed, the corrosion
behavior in superheated steam was much different from that of lower temperatures.
However the same relation was derived in the pressure dependence of corrosion rate
between them.

The mechanism of the penetration attack at higher temperatures was studied by
the observation of the hydrogen agglomeration at grain boundary and penetration-
induction time.
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