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0« Abstract 
\ • 

Long-time tests have been made on the effect of various types , 
of radiation on the corrosion of 2S aliminim in simulated TiV water. In ' 
no case was any acceleration of corrosion by the radiation observed; 
the effect of radiation, if any, appeared to be a protective one. 
Deuteron irradiation did accelerate the corrosion of Eiild steel at 
low flow riites in hot water of pH 6 to 7, but no appreciable effect 
was observed with copper, stainless steel, or tuballoy. Tine general 
theory of the effect of radiation on corrosion is discussed, with the 
conclusion that no acceleration of corrosion by radiation is to be 
expected in most cases of practical interest. 

1, Introduction 

This report covers all work done by Section C-II on the 
effect of radiation on the corrosion of metals by water. A considerable 
portion describes experiments on the corrosion of 2S alvBninian by water 
of composition approxir.ating the cooling water at Site \'l in the presence 
of deuteron, electron and neutron radiation. Some experiments v/ith 
other metals are then described. Finally a general discussion on the 
theory of the effect of radiation on corrosion is given. 

Our general conclusion is tliat in all cases of interest it is 
very uaalikely that radiation will accelerate corrosion, /my effect is 
likely rather to be beneficial, because radiation tends to prwaote the 
formation and self-healing of the protective films on which corrosion 
resistance depends. Only in cases where no protective film is formed, 
so that corrosion is normally rapid, will radiation tend to have an 
acoeleruting effect. 

2. Effect of deuteron irradiation on the corrosion of 2S altaninvm 

The experiments on deuteron irradiation were designed to 
simulate conditions in the M pile. Radiation will affect the pile 
cooling water chiefly through the formation of proton recoils arising 
from scattering of fast neutrons by the water. Such fast protons can 
be most conveniently simulated in the laboratory by the deuteron beam 
frcHti a cyclotron. For our work, vre desired the density of energy 
release in the v/ater to be of the same order as that in the pile; this 
requires the use of unusually small deuteron beam currents from the 
cyclotron. For this reason, the experiments were done on the cyclo­
tron at the University of ].:ichigan, which uses a filament as source of 
current and is able to maintain its output very steadily at low beaK«orr 
currents. 

The ultimate chemical result of such irradiation on water is 
the formation of hydrogen peroxide. It is believed tliat as an intermediate 
in this reaction, or accompanying it, there is considerable formation-
from the water of free radicals of short life, having such formulas as 
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H, OH and HOg. The experiments were intended especially to discover 
whether such radicals, in concentrations that will be found at V/, 
cause appreciable corrosion of aluminum. 

A difficulty in designing the experiments arose frcm our 
ignorance of the mean lifetime, and therefore of the actual concentration, 
of the radicals. V/ater circulating past the cyclotron beam is irradiated 
over a path of only about 2 cm. If (as is probable) the mean radical 
lifetime is 10"^ sec or less, the steady-state radical concentration will 
be reached correspondingly quickly, and W conditions will be reached 
in the beam -when the water has traveled a short distance into the 
irradiated zone, even if it is flowing with W linear velocity. However, 
it is possible that some unstable product may form of much longer 
lifetime, so that its concentration might continue to build up in the 
pile for the whole of the 2 sec required for passage of the water. This 
would argue in favor of very slovt flow of the order of 1 OTo/eeo in the 
beam. But at such low flow rates the general corrosion characteristics 
are quite different than with the fast W flow. Consequently, it was 
decided to perform two long-tine experiments} one fast-flow, in which 
the water was given a linear velocity of the V» order, and one slow-flow, 
in which the water stayed in the beeun a ti-ne of the order of the total 
time spent by the cooling water in traversing the U pile, 

2.1 Fast-flow experiment 

2.1.1 System 

A circulating system was used, the water being pumped from 
a reservoir (a 5-liter 3-necked flask) through ttie irradiated sample 
cell and back again. Fig. 1 is a schenatic diagram of the system. The 
v/ater in the reservoir was maintained at SO^C, and the fall in tempera­
ture during its passage throu[;;h the system v/as only one or two degrees. 
From the reservoir, the water passed through a ^yrox tube to a Nash 
all-glass centrifugal pump. Then it passed through a rotameter (for 
measuring flow) to a 2S aluminiaa tube and to the radiation cell, return­
ing to the reservoir by another 28 altiminum tube. One-inch I^rex 
piping was used for the glass tubing. All tubing connections were made 
by clamping gaskets of K-416 (fluorocarbon polymer) between the ends of 
the flanged tubing. 

It is essential in corrosion experiments to avoid the presence 
in the v/ater of ions of any metal moire noble tlmn the metal under test. 
Also, in radiation experiments it is essential that tlie water be kept 
scrupulously free of grease, wax or any other organic material, since 
organic substances otherwise inert are activated by radiation and behave 
as powerful reducing agents. In the present system the water came into 
contact only with 2S aluminum, Pyrex glass, K-416 gaskets, the stainless 
steel indicator in the rotameter, and the graphite sealing ring of the 
glass pump. 

225 0C6 



- 6 -

2.1.2 V/ater ccmposition 

An attanpt was made to approximate >' water compodtion, but no 
heavy metal ion and no silica was added for fear that such additions 
would introduce too many complicating effects. The solution used v;as 
made up by adding to doubly-distilled water enough Na2S04, NaCl, and 
NaHC03 to give the following concentrations: 804", 70 ppra; Cl~, 1 ppm; 
HCOg", 35 ppm. Enough CO2 was then added, as described below, to 
keep the pll at 6.5 (measured cold). These concentrations v/ere sugf;ested 
by C, i\ Kidder for corrosion tests in a meeting on June 8, 1943, as 
reported by J, P. Howe in a supolement to I\?UC-JPH-51, 

Maintenance of pH was accomplished by continuously bubbling 
through the reservoir a mixture of COg and nitrogen, the proportions 
being adjusted so that the pH of the hot solution (as measured after 
cooling to room temperature in a closed flask) was 6,5, This bubbling 
also served to deoxygenate the solutions, 

(A mercury meuiometer attached to the gas inlet line made 
contact for a relay controlling the pump. If the water level in the 
reservoir fell to a dangerously low level, which v/ould occur in case 
the water line broke, the pvenp automatically shut off,) 

The hydrogen peroxide concentration in the solution, which 
resulted from the radiation, was frequently checked, \/ithin tvio hours 
of tlie start-up of radiation, it attained a steady-istate value, which 
varied at different times between the lirr.its of IxlO-^ and 3x10"^ M. 

E,l«3 Cell aitd samples 

The samples were square pieces of 2S Al sheet, 0,030 in, 
thick and 0.75 in. on a side. They were polished, first with car­
borundum, then with levigated alimina, and finally with magnesia 
powder until a smooth surface v/as obtained. 

The sam.iles were placed in the cell diagrammed in Fig, 2. 
The cell was machined from a bar of 2S Alj the sliape vras such as to 
allow a water depth of 0.020 in, between the samples and the foil 
window, and 0,025 in, on the other side of the samples, '•̂o hold the 
samples flat 6md to ensure correct spacing between the samples and the 
foil "window", a narrow strip of 0.020-in, 2S Al was placed on each 
side of the row of samples. A cover of 0.001-in, 2S Al foil was placed 
over the cell to serve as a "window" for the deuteron beam and as a 
gasket for tlie lid. The lid was a strip of l/b-in. 2S Alj drilled in 
its center was an array of small closely spaced holes which served as 
a grid to allow the deuteron beam to enter the cell while providing 
support for the thin foil "window". To prevent leakage around the 
edges it was found necessary to place a second lid, made of l/8-in. 
steel, over the Al lid. The lids were bolted tightly to the body of 
the cell with stainless-steel bolts. 

The cell contained 15 samples; the center one v/as directly 
in the patli of the beam, the seven exposed to the water before it 

225 007 
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reached the beam acted as controls, and the seven after the beam were to 
determine the effect of any material formed by the radiation and swept 
along with the water. 

The flow rate was 0.8 gal/min, corresponding to a linear 
velocity of 13 ft/sec over the samples. 

2.1.4 The deuteron beam 

Unusual precautions had to be taken in reading the beam 
current because of its low value. The current was read on a galvanometer 
placed between tfie cell and ground; it was necessary to insulate the 
entire system carefully. This necessitated thoroughly evacuating the 
space between the cell and the window of the cyclotiMn, as any gas in 
this region became highly ionized and allowed current to leak away 
from the cell. 

iln experiment in which the lid of the cell alone was placed 
before the beam, and the current was read from a plate behind it, showed 
that only about 0.25 of the current incident on the grid passed 
through it, although ithe fraction of surface occupied by the holes was 
much greater. This means that the beam of deuterons was inclined at 
a slight angle to the direction of the holes, so that some of the 
radiation vms absorbed in the walls. This angle was calculated to be 
such that the actual distance traversed by the particles in passing 
through the water was ,021 in, (or .053 cm) i^ther than ,020 in. 

The distance between the window and the sonnies was chosen to 
be as nearly equal as possible to the range of the deuterons in water. 
From the observed range in air at room teriiperature of the deuterons 
from this cyclotron (60 t 2 cm), subtracting the air equivalent of our 
1-mil Al window (5 cm), and converting to range in water by use of the 
atomic stopping powers of n(0.19) and 0(1.07) given by Bethe-'-jWe find 
the range in water at 90°C to be .057 cm. However, if we accept the 
work of Philipp', the range of iX. rays (and therefore presumably of 
deuterons) in liquid water is further reduced by an effect of tlie 
state of agreggation, amounting to X'dfo in the case of v/ater. This 
would mean that tlie actual range of our deuterons v/ould be only ,051 cm. 
Dr. Betlie (private com:nunication) states that the Philipp effect is 
probably spurious. Actually, the appearajice of the samples indicates 
that the terminal portion of the beam was probably absorbed by the Al 
sample. The above calculations show that the distance •traversed in the 
water (,053 cm) was at least very nearly the whole range, so that the 
fraction of the beam energy absorbed by the sample was small. 

The current read on the galvanometer was maintained at 
5,3x10"'̂  amp throughout the work. The current absorbed in the water 
was then 0,25 of this, or 1.3xlO~9 amp. The energy of the deuterons 
entering the v/ater was 8.6 Mov, Taking the irradiated volume as 0,025 cc, 
and assuming all the energy is released in the water- v/e find the average 
density of energy release in the v/ater to be 2,7x10^° ev/cc-sec. This 
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i s of the same order as , but somewhat greater than, the density of 
energy release by proton recoi ls i n the W cooling water, which 
according to Wigner (UUG-Elr1iV-62) i s I ,2xl0l8 ev/cc-sec. 

2.1,5 Procedure 

The cyclotron was ncxninally run continuously frcMii 8 A.M. 
Monday morning until midnight Saturday (136 hr/week). Actually not 
all of this time was utilized, because of occasional troubles with 
the cyclotron or the corrosion system, Durtng the run, the pll was 
frequently checked, as were the concentrations of HoOg (iodoraetrio 
titration), CI" and SO4" (nephelometry). The chloride concentration 
v/as kept between 0.7 and 1.3 ppm, and the pH between 6.4 and 6.6. 

Each Sunday, the cell was dismantled; the samples were 
removed, dried, weighed and examined; then they were returned to the 
same positions in the cell, and the apparatus was reassembled. 

The experiment was continued for 7 weeks. The solution was 
circulated for a total of 685 hr, and received radiation for a total 
of 503 hr, 

2.2 Slow-flow experiment 

For th is rxin, the c i rcula t ing water system was replaced 
by a once-through gravity-feed system, diagrammed in Fig. 3 . The 
temperature of the reservoir was maintained a t 90°C and the nil a t 
6 .5 , as before. During the f i r s t weok of operation, the water was 
allov/ed to cool down during i t s passage through the c e l l , and i t s 
temperature f e l l to as low as 400C. For t h e remainder of the run, 
the ce l l w&s warmed by radiant heaters,and was maintained a t 90^0, 
as measured by a thermocouple inserted into a hole d r i l l ed in the 
body of the c e l l . 

The arrangement of c e l l , samples and beam was the aame as in 
the fast-flow run, except tha t a s l igh t ly greater beam current was used, 
so that the current entering the water v;as 1,7x10'*^ amp, instead of 
1.3xlO"9. The density of energy release in the water was therefore 
3,6x10^3 ev/cc-sec, instead of 2 .7xl0l^ . 

The flow rate was 10 ml/min corresponding to a l inear 
veloci ty of 1,42 cnv/sec over the i r radia ted surface. Passage of the 
water through the beam therfore required about 1.3 sec, as compared 
with 0,0047 sec in the fast-flow experinent. The amount of energy 
received from the deuterons by the average pa r t i c l e of water was 
350 times as great in the slow-flow experiment as in the fast-flow run. 

Weekly weighing and examination of the samples was carried 
out as in the previous run. This experinent lasted 4 weeks, and a 
t o t a l of 365 hr of i r r ad ia t ion was obtained. 

0C9 
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2,3 Results 

In both experiments, the weight changes of the samples were 
insignificant. During the entire fast-flow run the samples lost from 
0 to 0.3 mg.; in the slow-flow inin, the samples gained from 0 to 0.3 rag. 
Variation in weight changes as between the different samples was quite 
randOTi with respect to position in the cell; the irradiated sample showed 
no difference in weight change from the ©there. 

There was no significant pitting in any sample. A general 
roughening of the surface occurred in all samples, which the microscope 
revealed to consist of the formation of numerous minute round depressions^ 
of insignificant depth. These appeared shortly after the start of the 
mn, but did not appear to become any deeper as the rtm continued. Ihe 
number of these spots wa^ apparently about the same on the irradiated 
samples as on the others. These spots may have been caused by local 
corrosion occurring around particles of polishing powder which had 
becone imbedded in the surface of the samples. 

Although ther® was no more real corrosion in the irradiated 
samples than in the others, their naked-eye surface appearance was 
strikingly different. In both nins, the irradiated sample shov/ed a 
pattern of whitish spots, corresponding to the points where the beam, 
after passing through the grid, impinged on the sample. Extending 
from these spots in the direction of flow of the v/ater were streaks 
which carried over onto samples following the irradiated sample in the 
cell. In the fast-flow run, these streaks faded out after covering about 
1 cm of the next saniplej but in the slow-flov/ run, they extended the 
entire lengtli of-Uie cell, covering all seven of the after-beam samples 
(5.25 in.). The streaks v/ere much less well-marked than the spots, 
Viftiile the spots appeared as a striking white color, the streaks involved 
only a slight alteration of the nature of the surface and could be seen 
only when the samples v/ere held at certain angles to the light, 

A photograph of the samples is shown in Fig, 4, The two 
samples at the top are the irradiated sample and the next following it 
in the fast-flow run, the former being on the left in the picture. The 
light and dark patches appearing in the picture are caused by differ­
ing reflections of light from areas which had been polished in different 
directions. These patches appear more conspicuous in the picture than 
on the original samples. The pattern of spots on the irradiated sample 
can however be seen in the picture. Tlie eight samples at the bottom 
of the picture are froca. the slow-flow run; the spots on the exposed 
sample (next to the right) and the streaks extending over all seven of 
the following samples (extending tov/ards the left) are more clearly 
marked here. The sample at the right-hand end is the control sample 
v/hich v/as on the upstream side of the irradiated sample; the absence 
of streaks on this sample is in contrast to the othere. 

The spots where the beam struck were clearly visible under 
the microscope as sharply defined areas of increased roughness. They 

225 010 
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were neither appreciably raised above nor depressed below the surround­
ing surt'aoe. This roughness was of a much finer texture than the general 
roughness (due to discrete round depressions) referred to above, and was 
superimposed on it. The streaks, on the other hand, we-re very difficult 
to find under the microscope, being much more clearly seen v/ith the 
naked eye. It is clear that the spots were of a different nature from 
the streaks, but that both were merely alterations in the surface coat­
ing of the metal, insignificant from the corrosion standpoint. 

The foils which formed the upper surface of the cell, and 
which were changed each week, showed no markings in the fast-floi/ run, but 
gave a pattern of spots and streaks in the slov/-flow run similar to 
that found on the samples. A photograph of one of the foils frcan the 
slov/-flow run is shovm in Fig. 5. 

2.4 Discussion 

The shairply-defined whitish spots on the irradiated s amole, 
corresponding to the pattern of the deuteron beam, are to be ascribed 
to the tail-end of the beam being absorbed in the surface, with con­
sequent local heating and perhaps structural changes in the surface layer. 

The streaks extending from them are obviously caused by some 
agent produced in the v;ater by the radiation. In the slow-flow run, 
this agent must have lasted for the length of time necessary for the 
v/ater to flow over seven samples (about 9 sec). It must theirefore have 
been tlie stable radiation product, namely hydrogen peroxide. The 
flow in this experiment v/as certainly streamline;'so that the presence 
of the grid caused the fonaation of alterriate zones of zero and of 
finite peroxide concentinition, ivhioh were maintained davm. the Isngth 
of the cell. It is not sujrprizing that the surface oxide formed in 
the presence of HoOg should have a somewhat different nature fraa that 
formed in its absence—a difference v/hich is reflected in the appearance 
of streaks on the samples and foil. 

The s treaks seen in the fast-flow experiment cannot, however, 
bo ' caused by hydrogen peroxide. Froia the known yield of hydrogen 
peroxide by deuteron radiation (CC-733) and the flov/ rate in this 
experiment, it is calculated that the H2O2 concentration in the irradiated 
zones will be increased by no more than 6x10"° II during a single passage 
through the beam. As the H2O2 concentration in the circulating v/ater 
fed to the beam was over 10-5 M, it is clear tiiat the quantity formed 
by passing through the beam cannot have caused the appearance of streaks. 
Some other agent formed by the radiation and having a lifetime of at 
least 0,006 sec must be responsible. It is possible that the agent is 
actually the short-lived free radicals formed by the radiation. It is 
also possible tliat the absoirption of radiation by the aluminum surface 
causes occasional disengagement of minute aluminum hydroxide oarticles 
or of gas bubbles which cause the streaks to appear by a process of the 
erosive type. 

225 0 1 ^ 
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The main conclusion of the experiment, not to be lost sight 
of in considering the above-discussed minor phenomena, is that heavy-
particle radiation of \I intensity has no dangerous effect on the 
corrosion of 2S aluminum. This conclusion is of major importance 
for operation of the pile, 

3, Effect of electron irradiation on the corrosion of 2S aluminum 

3.1 Purpose 

To supplo.nent the deuteron bean experiments described above 
a similar study v/as performed v/ith electron irradiation. There were 
tvro reasons for this study, (l) The effect on water is quite different 
for ^ and X radiation on the one hand and for heavy particle radiation 
on the other. Since the pile will contain )^ as well as neutron radia­
tion it seemed desirable to perform experiments with light particles, 
(2) The experiments afforded an opportunity to run at a much higher 
radiation intensity (corresponding to a higher radical concentration) 
than obtained in the cyclotron work, thus giving an accelerated or 
exaggerated test of the effect of free radicals. Although the mechanism 
of the action of heavy particles and elsctrons on water is different, 
it is believed that the free radicals present are of the same type, so 
that insofar as the effect of the radicals is concerned the electron 
experiments can probably give direct information applicable to heavy 
particle fields, 

3.2 Apparatus 

Since the range of the electrons of a given enargy is much 
greater than that of heavy particles, the thin windows used for the 
cyclotron work were not required .'lere. The entire circulating system 
was therefore made of Pyrex glass tubing. 

The Van de Graaff generator at Chicago was used as a source 
of electron radiation. The electron beam produced by such a generator 
diverges as the distance from the generator increases. It was therefore 
possible by going a proper distance from the window to run three systems 
simultaneously, all of which received the same amount of radiation. 
Figure 7 shows the position of the thireo sample tubes with respect to 
the generator snout. Throughout this study three different systems 
were operated simultaneously. 

The samples were small cylinders of 2S aliaminum, 3/16** in 
diameter and 3/4" long, cut from a solid rod. They were polished with 
400 mesh carboxTindum, cleaned with distilled water and dried by an 
acetone rinse. The samples were supported in a boat of pyrex glass 
shown in diagrannatic section in Figure 6, Tlie boat was made by 
grinding down on the side of a piece of Pyrex tubing until about 2/3 
of the tube liad been ground away, and then sealing on pieces of Pyrex 
of an appropriate shape to hold the samples. A notch v/as filed in the 
end of each sample to fit the glass holder. The boat with samples was 
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inserted into a Pyrex tube, 9 mm ID, which had been thinned over a 
length of about 1" in the center to provide a window for entrance of 
the electrons* A tungsten lead was sealed in near the end of the tube 
for measuring the current received by the tube from the electron bom­
bardment. The diii'-ensions of the boat were such that the samples were 
centered in the outer tube and were surroimded by a space, 2 mm wide, 
v/here the water flowed. 

The three circulating systems were exactly slnilar in design 
to the system used for the fast-flow run with the cyclotron. The 
arrangement of pump, rottuneter, reseirvoir, and the provision for 
bubbling gas were exactly the same. As the electron beam fron this 
instrument is vertical, the sample tubes wez^ placed in a horizontal 
position. The various sections of glass tubing comprising the systems 
were joined with ball joints which were clamped so that water-tight 
seals were obtained without the use of any lubricant. Of the three 
pumps used one was an all-glass Nash pump identical with the one used 
for the cyclotron work; the other two were Eastern Engineering "Midget" 
stainless steel pumps, which were well pickled before use. One of 
the Midget pumps was fitted with a special high-speed motor to increase 
its punping rate. 

The use of three systems allowed study of waters of different 
composition. The first water, V/l, v/as intended to simulate demineralized 
W vmter. It contained 5 ppm bicarbonate and 0,1 of chloride, pH 6.5. 
The second canposition, W2, was the same as that used for the cyclotron 
v/ork, namely 70 ppm of sulfate, 36 ppm of bicarbonate, 1 ppm of chloride, 
and pH 6.5, Both these compositions liad been suggested by C. P. Kidder 
(MUC-JFH-51). The third system was used for determining the effect of 
higher concentration of chloride in water otherv/ise of the W2 canposi-
tion; first KX) ppm of chloride was used, later 5 ppm, A difference 
from the cyclotron system was that instead of controlling the pH bj-̂  
bubbling through the reservoir a mixture of CO2 and nitrogen, a mixture 
of COg and air was used. This allowed formation by the radiation of 
some E2P2 which does not form with electron radiation in the absence of 
dissolved oxygen. Also it is believed that the concentration of free 
radicals is considerably greater in water containing oxygen than in 
deaerated water, because of the formation in the presence of oxygen 
of saae OH radicals in excess of the quantity of H atcrnis or Hg molecules 
which can react with them; these extra OH radicals must eventually 
recombine with one another to form HgOg, but this process is slow so 
that the radicals must build up to a high concentration (CC-1321, p.9), 
The t©mperature vreis maintained at 90^0 throughout the experiments. The 
concentration of HgOg in the v/ater built up to steady-state values of 
the order of 3x10-° M. 

The flow rates were as follov/s: Yfl (glass pump), 1.7 gal/min 
(12 ft/sec linear velocity over samples); W2 (midget pump with high­
speed motor), 1.5 gal/min (10 ft/sec over samples); third system (high 
chloride), 1.07 gal/min (7 ft/sec over samples). 
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Each tube received a total of 10 Hh 3/ia of electrons at 
1,0 Ifev, Taking the irradiated volume as 0,6 cc, and assuming that 
one-half the energy of the electrons is absorbed in the water (the 
other lialf being absorbed in the glass), we find that the density of 
energy release in the v/ater was 5,2xlol^ ev/cc-sec. This is ̂»̂  43 
tin»s the total expected energy release in the V/ pile cooling vmter. 

At intervals of a few days the systems were demounted, the 
boats withdrawn and the samples wiped with Kleenex, dried, weighed and 
inspected. Because of rather frequent breakdowns of the Van de Graaff 
generator, the time during which the radiation vms actually received 
was only about l/3 of the total tir.e during which the water was 
circulated, 

3*3 Results 

3.3,1 Va (0.1 ppm of chloride) 

This system was run for a total of 590 hr of circulation 
and 197 hr of radiation. Very little change was observed in the 
appearance or the weight of the samples during tliis tine. During 
the first 60 hr of circulation the samples gained from ,01 to ,08 rag; 
then a slow decrease in weight set in until at the end the sauries 
v/eighed ,07 to,43 mg less than at the start of the run, /ilthough 
these changes are small it is notev/orthy that the irradiated sample 
(//€) and the next following in the water stream (/y-7) gained more 
weight at first and subsequently lost less than any others, so that 
their weight loss at the end was the least. The final v/eight losses 
for all the samples are given in Table 1 below. Samples ifS and -0-7 
also appeared somev/hat lighter in color tlian the others, suggesting a 
slightly heavier or at any rate somev/hat different type of oxide 
film. There was no significant pitting observed on any of the samples, 
but a very slight roughness could be seen under the microscope. It is 
clear that the radiation had no accelerating effect on the corrosion; 
its effect, if any, must be i?egarded as a protective one. 

Table 1, Vi/eight losses of samples during V/1 run. 

Sample No, 1 2 3 4 5 6* 7 8 9 10 

Weight loss (mg,) ,35 .23 .27 ,36 ,29 .07 ,15 ,41 ,43 .42 

» Irradiated sample 

3,3,2 W2 (1 ppm of chloride) 

This system received 559 hr of circulation and 182 hr of 
radiation. The samples in general became lighter in color than with 
the lower chloride concentration, and the oxide film appeared to be 

225 01̂ ^ 
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heavier. Again the radiation showed no corrosive effect. An accident 
which occurred during the run led to some interesting obsei*vations. The 
tube holding the sample boat became warped so that it was impossible 
to withdraw the boat in order to take the periodic observation Tho 
tube was straightened by heating in the middle with a bushy flame and 
the boat was withdrawn. This heating dried and split the oxide film 
on samples #5 and -#6, yielding a checked appearance under the micro­
scope. Sample //€ was located directly under the electron beam and 
^̂ 5 also probably received considerable irradiation^ as this experiment 
was performed in the tube farthest from the generator snout so that 
the beam where it struck the tube was quite wide. During the following 
100 hr of circulation, including 33 hr of radiation, the samples j,/i5 
and //6 gained respectively .15 and .14 mg in weight. Later, samples 
^^, 3 and 9, located entirely outside the electron beam, were heated 
similarly and a similar microscopically checked surface was obtained. 
In/^100 hr circulation after this heating ^Z lost ,51 mg, #9 lost 
• 40 mg, ilZ gained ,03 mg. The other specimens, which were not heated, 
showed nearly constant weight during this ticie, registering gains or 
losses of a few hundredths of a mg. The gain in weight of the irradiated 
specimens may indicate a healing effect of radiation. This would imply 
acceleration by the radiation of formation of the protective film in Hie 
cracks, or possibly modification of the nature of the film to a more 
protective one. This result is not to be regarded as certain, 
especially since the heating was not performed in an accurately re­
producible manner. Increased formation of the protective film is 
however consistent with the obseinrations on the TrVl experiment. It is 
at any rate certain that the electron radiation did not accelerate 
corrosion, 

3.3.3 Third system 

This system was initially run with water of \i2 composition 
in which, however, the chloride concentr«.tion was increased to 100 ppm. 
Here the corrosion was very severe with the formation of many large 
pits and oxide protrusions. The swelling of the samples from oxide 
formation broke the supporting boat and the run was discontinued after 
60 hr of circulation (13 hr of radiation). The irradiated sample appeared 
the same as the otliers. 

The system was then run with a water of W2 composition con­
taining 5 ppm chloride. During the first 100 hr of circulation the 
samples lost .2 - .3 mg and remained nearly constant thereafter. A 
total of 394 hr of circulation including 101 hr of radiation was 
obtained. The surfaces appeared under the microscope to have been 
roughened more than at lov/er chloride concentrations but no ^itting of 
the samples was noticed. The irradiated sample appeared no different 
frcmi the others in any respect. 
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3,4 General conclusion 

Electron irradiation of intensity far in excess of the radia­
tion level in the V/ cooling water did not aocelertite corrosion of 2S 
aluminum. On the contrary, there is some evidence that corrosive 
tendencies nay be reduced by radiation through enhancing the formation 
of the protective oxide film, 

4, Effect of neutron irradiation on the oorrosion of 2S aluminum 

4.1 Purpose 

Although available neutron intensities are r.uoh lower than 
\'i levels, it appeared desirable to obtain direct obseinrations as to 
the effect of neutrons on Al corrosion. A special effect which it 
ims feared might occur at iV concerns the possible build-up of •H2O2 
(because of the neutron radiation present) to a relatively high con­
centration in tlie static film of vmter which will be trapped between 
adjacent slug-ends. Such peroxide build-up would cause the formation 
of a concentration cell which might induce corrosion at the place where 
the static film joins the flowing water~that is, the region of the 
weld, which is also especially dangerous from the oorrosion standpoint 
for other reasons. This effect cam be studied best in the laboratory 
with actual neutron radiation, the only heavy-particle radiation which 
can readily penetrate into the inaccessible region between the slugs. 

4.2 Apparatus 

The 60-in. cyclotron at the University of California was 
used with a beryllium target as the neutron source. The deuteron 
energy of this intrument is 16 Mev, and the maximum energy of the 
neutrons emitted fraa the target should be 20 Jfev, VJe assume that the 
average neutron energy is 16 Mev. 

Two separate corrosion studies were made concurrently. One 
was a comparison of the static corrosion of 2S aluminum by synthetic 
W v/ater under neutron bombardment v/ith the corrosion under similar 
conditions without the neutron irradiation. In this determination 
samples of the aluminum were placed in a sealed glass tube with the 
V.' water, and maintained at a temperature of '̂ -̂ gOOC. 

The other study was a comparison of the corrosion of the 
aluminum v/elds, which will be used to cap the aluminvmi cans covering 
the netal slugs for the \l pile, by pure distilled water, with and 
without neutron bombardment. Two welds wore butted together, and the 
water (maintained at /~800C,) was circulated past the aluminum welds 
by a thermal-siphon arrangement. The purpose of this experinent was 
to detennin© whether the static region between the tivo welds might 
cause the formation of a concentration cell, under the effects of 
radiation, and lead to an accelez*ated corrosion rate. 

225 
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The apparatus shown in Figure 8 was designed to permit heat­
ing of the static V; water oorrosion test, and heating and circulating 
the distilled water in the thermal siphon apparatus, from a single 
souroe of steam. The steam from the steam generator first passed into 
tube (B) which contained the sealed tube of \{ vmter and aluminum samples. 
It tlien passed into the heating jacket (C) where it heated the distilled 
vmter and caused it to circulate through the tube (A) which contained 
the aluminum welds. The condenser (D) condensed the steam and the water 
then returned to the steam generator. 

The apparatus vms placed in front of the target, as shown in 
Figure 8. The centers of the two tubes (A) and (B) were about two 
inches from the face of the target. A previous monitoring of this area 
with aliiminian foil indicates an average neutron flux of ~'2xlolO 
neutrons per om^-seo for a deuteron current of 200 ̂ a . 

The control run, made with duplicate apparatus, was started 
and terminated at the same time as the radiation run, A total of 
642 hr of heating was obtained. The bombardment was intermittent, and 
the total time of irradiation was 351 hr. 

The average current during the irradiation was 173/>ia, so 
that the average neutron flux may betaken as l,7xlolQ n/omr-seo» 
Taking the average neutron energy as 16 Itev, the crosa-section for 
scattering by protons as 0.5x10"^* ^ '» and the fraction of the neutron 
energy transferred on scattering as 0.5, we find the density of energy 
release in the water to be 4.4x10^° ev/cc-sec, or only 0,004 of the value 
for W, 

4,3 Results 

4.3 ,1 S ta t ic corrosion in simulated Vn' water 

The v/ater used contained 35 ppm of bicarbonate, 1 ppm of 
chloride, 70 ppm of su l f a t e , and suff ic ient CO2 to bring the pH t o 
a value of 6.4 at 220C, At the end of the run the pH of the solut ion 
under i r r ad ia t ion had increased to 6,57 at 22°, while tha t of the 
control solut ion increased s t i l l more, t o 6 .81 . 

The samples were s t r ips of 2S aliminum weighing close to 
0.23 g, with t o t a l areas varying from 2.6 to 3.1 cm^. Tliey were preoared 
hy cleaning v/ith d i lu t e NaCXI solut ion, vreishing with d i s t i l l e d v/ater and 
drying. Before and a f t e r the t e s t , the samples were weighed with a 
precis ion of + ,01 mg, HJie observed weight changes are given in 
Table 2, 
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e.i-'iv chn'i-ec ~,'> •-:+;'tic coi ro; i:;.'i of Ic ij,*v 

Control Samples 

1 Sample No* 

1 1 

2 

1 ^ 
1 ^ 

1 ̂  
6 

liVt. change (mg.) 

-.15 

-.14 

-.10 

-.07 

-.11 

-.06 

Irradiated i.:yaples 

Sample No. 

8 

10 

11 

12 

13 

14 

V/t, change (mg, ) j 

-.11 

+.14 ' 

•,11 ' 

4,05 

-,u6 ; 

+,32 

A visual inspection of the samples indicated that the samples 
that were not exposed to radiation had suffered a slightly greater 
corrosion. The white coating appeared thicker. The weight changes are 
sufficiently small to have no significance when taken alone, but the 
general trend of the weight changes does corroborate the conclusion 
that the bla33k corrosion was more severe. The fact that the pH of the 
blank solution had increased more than that of the irradiated solution 
also supports this conclusion. There was also a very slight amount of 
almost transparent precipitate floating in the tube from the blank 
corrosion„ This v/as so snail in quantity that identification was not 
made, but it was assumed to be alvaninum hydroxide. 

The hydrogen peroxide concentration of the solutions v/as not 
determined until nearly twenty-four hours had elapsed after the termina­
tion of the irradiation. The temperature was maintained at GO^C for 
part of this time. \/hen the solutions v/ere titrated, that which had 
been irradiated contained about 8xlO"̂ N̂  hydrogen peroxide. The blank 
solution contained v. comparable amount. Little significance can bo 
attached to the hyd "op:en oeroxide concentrations at the tii e of ti.tiu-
tion, since undoubtedly there had been considerable decompostion. 

It is not known whether the apparently greater protection of 
the irradiated specimens is to be ascribed to a higher concentration of 
peroxide or to a specific effect of the radiation. At any rate, it is 
clear that neutron radiation of the intensity here used does not 
accelerate corrosion of 2S aluminumc 

4.3^2 Corrosion of butted slug-jacket welds 225 ri8 

The corrosion of the aluminum welds in the circulating systems 
v/as determined by visual inspection only. There was no detectable 
difference in the appearance of the su;;f̂ e,es. of the samples^ either 
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at the welds theaiselves, or on the surface next to the supposedly static 
nart of the syĵ ten between t»ie two welds. 

There v/as no evidence of pitting in any of "che sfaileE. In 
general xhe corrosion of the samples that had not been exposed to 
neutron radiation appeared to be more severe. The white powdery coat­
ing appeared to be thicker, and more easily dislodged from the surface. 

The fact that there vms no evidence of "concentration-cell" 
corrosion in this experiment does not eliminate the possibility that 
this might be a problem in the Vif pile, where both the neutron flux 
and the rate of flow of the vmter will be greater, and thus contribute 
more readily to the formation of concentration cells at the junctions 
of the slugs. 

5. Effect of deuteron irradiation on the corrosion of other metals 

5.1 Purpose 

Experiments described in this s ection were undertaken because 
of a request to determine the effect of radiation on the oorrosion of 
metals which might be used as pipes to carry cooling water in the base 
shield at V«, The cyclotron at the University of Michigan was used as 
a radiation souroe. No attempt was made to sii,.ulate the radiation 
intensities in the shield, as it v/as believed that 1 // a-hr of deuteron 
irradiation would yield more energy to the v.'ater than the neutron 
radiation in 100 days of operation. The purpose of the test was there­
fore merely to determine in a qualitative manner whether radiation had 
any effect on the rate of corrosion. The metals studied were copper, 
stainless steel, and mild steel (SAE 10-20), Uraniimi was also studied. 

5.2 Appajratus 

The cells used to hold the samples had to be constructed so 
that the water came into contact only vri.th glass, nica, and the metal 
of the samples. The gecxrietry of the cells was dictated more by 
experimental convenience than by any other considerations, A diagram 
of the cell is given in Figure 9, The samples were circular discs of 
metal which were placed in a glass tube perpendicularly to its axis 
and were spaced 5 him apart by glass rings. V/ater enteired through a 
small glass tube psissing through the samples along the axis of the 
cell, and flowed out through small holes drilled in each sample around 
its periphery. For the entrance of the deuterons, the front of the 
cell was fitted with a sheet of mica, pressed against the carefully 
ground end of the glass cell by a brass ring, which was screwed into a 
collar cemented to the outside of the cello The distance between the 
mioa windov/ and the front sample of a cell was fixed at .020 inches by 
inserting a thin spacer ring of the same material as the sample. 

The circulating system for the water was similar to that used 
for the aluminum run described in Section 2, and the composition of the 
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synthetic W water used was also the some, A stainless steel "Mdget" 
pump was used to circulate the water; the remainder of the system v/as 
all of glass. To free the water entering.the cell from hydrogen peroxide, 
a decomposition catalyst consisting of a mixture of Mn02 and sand was 
placed in the line immediately before the cells. The water entering 
the cells was thus essentially free of peroxide, but did contain dis­
solved oxygen equivalent to the peroxide content in the water of the 
reservoir. 

The water entering the cell passed over the face of the front 
sample and parallel to it, but the flow over the other samplos was tur­
bulent and its general direction was perpendicular to the sample faces. 
The rear samples v/ere thus not adequate controls for the front irradiated 
sample because of the different flow conditions. In most of the work 
three separate cells were accordingly used in series, one being placed 
in the line before the irradiated cell, the other after the irradiated 
cell, 

5,3 Results 

5.3.1 Stainless steel (18-8) 

V/ith this metal the weight changes found, in the course of a 
few hours at 70°C, were negligible and there were no changes in the 
appearance of the specimens. The irradiated sample appeared no different 
from the ©there in any respect. The data are given in detail in CC-1036«. 

5.3.2 Copper 

Only one cell \vas used in the study of this metal. The water 
temperature was kept at 70°C and the flow rate was varied. Runs viere 
made for as long as 18 hr vath irradiations up to 12,2/*a-hr, \7eight 
changes were quite small and tlie irradiated sample showed no significant 
differences from the others in its weight loss. The corrosion product 
v/as a mixture of green and black materials. That the irradiation did 
have scxne small effect on the corrosion was demonstrated by the formation 
of an adherent dark ring around the hole on the face of the irradiated 
sample, which was not seen on the others. This effect was too small to 
be reflected in the v/eight changes, and was regarded as having no 
practical significance. Details are given in 00-983, 

5.3.3 Uranium 

A single run was performed of 14 hours duration,vdth 3.3 /w-a-hr 
of irradiation. The temperature was 70°C and the flow rate about 400ml/mino 
Three cells were used in series. The cells v/ere periodically dismantled 
for inspection and weighing of the specimens. The system wasIhen re­
assembled and the run continued. Detailed data on the weight losses are 
given in CC-1036, The weight losses found were very erratic, ranging 
from 2,6-17,1 mg for different specimens over the entire time of the 
run. No correlation was apparent with respect to position of the samples 
in the cells; the weight loss of the irradiated specimen occupied an 
intermediate position (6,4 mg). As v/ith copper, the irradiated specimen 
developed, after some hours, a different color from the others. 

file:///7eight
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The corrosion of uranixam is known to be a complicated matter. 
The present results suggest that the metal used was not of uniform 
character. About all that can be said regarding the results is that, 
under the conditions used, deuteron radiation at a level of 0,5 ^a 
does not appreciably accelerate the corrosion of this metal. 

5,3,4 Mild steel (SAE 10-20) 

Data, Since a significant acceleration of corrosion by the 
radiation was observed with this metal, it was studied at much greater 
length than any of the others, A large number OJ' runs was made londer 
different conditions of flow rate, temperature, and pH, the last being 
varied bj/ changing the composition of the N2-CO2 mixture which was 
passed through the reservoir. In three of the runs the distance 
between the window and the irradiated sample vms increased from ,020 in. 
to .040 in. The radiation level was kept at ,5 ju.B.e At the end of each 
hour of inradiation the cells woi^ dismantled and the samples were 
wiped with Kleenex, dried and v/eighed; the system was then reassembled 
and the run continued. A formidable collection of weight loss data 

was thus obtained, v/hich is given in full in Table 2.1 of CC-1036. For 
the purposes of this report it is sufficient to present only the data 
for the v/eight losses in the front sample of each coll, and to give 
only the total weight losses for the entire run, the losses measured 
at the end of each hour of radiation being added together. These daim 
are presented in Table 3. 

Ilany cases were found in v/hich the irradiated sample corroded 
more than the others. A study of Table 3 leads to the following 
conclusions; 

1) The irradiation increases the corrosion rate v/henever 
the flow rate is 350 ml/min or less, the pll is ovar 6, the temperature 
is 500c or more, and the distance from the window is ,0'^Q in. The 
radiation effect is not significant at 700 ml/min (runs 6, 13, 14, 16), 
at pII 5 (run 12), at 30Oc (run 17), and v/hen the spacing is increased 
to ,040 in. (runs 20, 22). 

2) The corrosion in the cell placed after the irradiated cell 
tends in general to be greater than in tl\e cell placed before the radia­
tion beam. The only difference between these cells resides in the fact 
that hydrogen peroxide v/as present after the beam, while only dissolved 
oxygen v/as present before the boom. It nay then be concluded tliat 
hydrogen peroxide accelerates corrosion more than an equivalent quantity 
of oxygen. 

3) The corrosion rate in general decreases as the pH is 
increased. This is, of course, a v/ell-knov/n fact, 

4) The effect of increasing the temperature is to increase 
the rate of corrosion (runs 17, 11, 19), At tho low flow rates used in 
these three runs, the temyierature lias more effect on tho irradiated 
sairiple than on the others. 
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Table 3. Radiation corrosion of mild steel. 

Expt, No. 

Temp, 

Av, flow 
rate 
ml/min 

1 pH 

Total time, 
hr. 

Total beam 
energy, 
a-hr. 

H2O2& 
teloS 

¥/t. losses, 
mg,, for 

Beam 
sample 

1 Before-
beam 

( sample 

j After-beam 
1 sample 

6 

70 

650 

6.4 

4,0 

1,5 

2 

6.3 

4.5 

7 

70 

300 

6.6 

2,8 

0,7 

3 

4.6 

2,3 

10 

70 

350 

7.1 

7.0 

2.0 

3 

10.3 

3,6 

11 

50 

100 

6,5 

5,8 

2.0 

5 

6.4 

1.5 

12 

70 

250 

5,2 

4.6 

1.5 

2 

15.6 

15,2 

13 

70 

700 

6,4 

6,0 

2.0 

2 

9,8 

8.5 

8,1 

14 

70 

700 

6,4 

5,3 

2,0 

4 

8.3 

5,7 

7.9 

15 

70 

100 

6,5 

6.1 

2.0 

5 

17,6 

3.1 

4,2 

16 

70 

700 

7.0 

4.4 

1.5 

2 

4.5 

3.4 

4.7 

17 

30 

200 

6.7 

5.9 

2.0 

8 

1.1 

0,5 

1,8 

idw 

70 

700 

6.7 

6.2 

1.5 

2 

7.6 

j 4.1 

7.3 

19 

70 

100 

6,5 

5.5 

2.0 

4 

12.3 

3,0 

3.1 

20^5 

70 

100 

6.6 

6.0 

2.0 

7 

5.0 

2,3 

3.7 

21 

70 

100 

6.5 

6,5 

2.0 

3 

12.5 

5.0 

4.9 

2^)\ 

70 

100 

6.6 

4.5 

1.5 

5 

3.8 

2.6 

3.5 

Spacing between window and specimen increased to 40 mils. 
O 
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5) The effect of increasing the flow rate, v/hile holding other 
variables constant (compare runs 15, 19 and 21 with runs 13 and 14), is 
to increase markedly the corrosion rate of the control samples, while 
decreasing somewhat tlie corrosion rate of the irradiated sample. 

In the low-temperature run (//•17) the oorrosion product vms 
reddish-brovm, presumably Fe(0H)3. In all the higher temperature runs 
the chief corrosion product was a black ferromagnetic material, pre­
sumably FegO^, while a relatively small quantity of the reddish 
material was also produced. 

Discussion, These experiments should be considered in the 
light of the corrosion experiments of Hoetheli and his collaborators^, 
in which mild steel cylinders v/ere rotated at various velocities in 
aerated water at room temperature. They found that at low rotation 
speeds the corrosion product was the black Fe304; as the speed was 
increased a point was reached at which the black product changGd to 
reddish Fe(0H)3, this change being marked by an abrupt decrease in the 
corrosion rate. The black material was found to form whenever dissolved 
oxygen acts upon Fe(on)2« Ihe reddish material v/as gelatinoiis and 
adherent, and v/as much more protective to the metal than the black 
oxide. Their explanation of the observations is that when the layer 
of vmter near the metal surface is relatively quiescent, the corrosion 
of iron renders the surface region alkaline so that Fe(0Il)2 can be 
deposited. This hydroxide is then oxidized by dissolved oxygen to 
the black oxide, which falls away from the metal and offers little 
protection. The rate of corrosion under these conditions is determined 
by the rate of diffusion of oxygen into the surface layer. At higher 
velocities of rotation of the specimens, the dissolved oxygen was able 
to diffuse in more rapidly and the OH" ion was also carried away from 
the surface region more rapidly. Then the pH never became high enough 
to precipitate Fe(0H)2, so that Fe"** ions were oxidized directly to 
Fe(0H)g (which can precipitate at a much Icjwer pH than Fe(0H)2); the 
Fe(OH), is a thick gelatinous precipitate which clings to the metal 
and stifles corrosion. 

The present v/ork was apnarently concerned entirely with the 
range in which the black Feg04 v/as the principal product, except for 
the fun at the lower temperature (30O), The effect of temperature on 
the corrosion meclianism is not clear, since many processes are involved, 
each having its own characteristic temperature coefficient. It v/ill be 
noted that the n202 concentration in the reservoir (and consequently 
the Og concentration in the v/ater reaching the samples) is greater at 
the low temperature, because less thermal decomposition occurs in the 
reservoir. The higher concentration of oxygen will favor the precipi­
tation of the higher-valent, more protective oxide. 

Probably the chief effect of radiat ion is to render the solu­
tion in the irradiated zone more oxidizing. This effect would be caused 
by the formation of both hydrogen peroxide and oxidizing free radicals 
in the radiation beam. The effect should thus be similar to that of 
increasing the concentration of oxygen in the work of Koetheli. In the 
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language of the electrochemical theory, the cathodio polarization is 
decreased. As long .as the conditions of flow rate, etc,, are in the 
range v/here the black oxide is the chief product, the corrosion rate 
will increase vdth an increasing supply of the oxidizing agent, and 
the irradiated sample will corrode more rapidly than the controls, 
\.'ith radiation, the supply of oxidizing agent to the metal does not 
have to depend upon diffusion. Hence, increasing the rate of flow of 
water actually decreases the rate of corrosion of the irradiated sample 
by decreasing the concentration of oxidizing agent produced in the beam, 
while the corrosion rate of the controls is increased as the diffusion 
of oxygen to the netal is speeded up. At sufficiently high flov/ rates, 
the rate of formation of oxidising agents by the radiation becomes 
small compared to the rate of diffusion of oxygen to the metal, so that 
the corrosion rate is the same for the irradiated sample as for the 
control. At a pH of 5, the hydrogen ion concentration is so high 
that the depolarizing effect of oxidizing ap-ent on the cathodic 
reaction is no longer of major importance, and the effect of radiation 
on the corTosion rate disappears, V̂ lien the distance from the windov/ 
to the sample is increased so that the sample is out of the radiation 
field, the oxidizing products of radiation no longer reach the sui'face 
of the metal in any important amount (as the flow in this region is 
probably largely streamline), and the radiation then has no effect on 
the corrosion rate, 

VJhether the chief effective oxidizing agent here is IlgOo or 
free radicals such as Oil and HOg cannot be told from the data,- The 
irradiated sample is exposed to a maximum concentration of HgOg, since 
at the end of the deuteron range (v/here the beam meets the sample) 
the ionization is greatest, and the HgOg concentration will therefore 
also be highest. The radiation corrosion nay therefore be entirely 
a hydrogen peroxide effect. It is probable, however, that the radicals 
have some effect also. 

An entirely different effect may also cone into play. Tho 
deuterons at tlie end of their range probably actually strike the solid 
surface; this should cause local heating of the oxide layer, causing it 
to break up, the corrosion rate being thereby increased. At high flov/ 
rates the inequalities of temperature will be loss, and the oxide on 
the control samples also v/ill be rapidly broken up .by the flow of the 
water, so that the radiation heating effect becomes unimportant. How 
great this effect may be compared to the oxidizing effect cannot be 
determined. It seems probable, however, that the oxidizing effect is the 
more important, 

60 General discussion 

6.1 Introduction 

Ionizing radiations nay be expected to affect corrosion in 
two general ways, the direct and the indirect. The indirect effects 
will result from permanent changes produced in the corroding* water by 
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the radiation, such as the forraation of hydrogen peroxide and changes 
in the coicentration of various dissolved materials at the netal sur­
faces, Such changes can be calculated from experimental data on the 
efficiency of the various reactions in solution, and from the geometry 
of the radiation intensities and the flow rates in the system considered. 
The corrosion rates can then be determined by experimental tests (or 
g priori consideration) of the effects of the resulting solution, 
S'imple examples of such considerations are given by the effects of the 
formation of hydrogen peroxide and of the reduction of sodium dichranate 
in \i! water on the corrosion of the aluminum pile tubes, A more com­
plicated example is given by the possible formation of peroxide 
concentration cells at ttie ends of the slugs in the W pile, as discussed 
in Section 4. The direct effects of radiation on corrosion, on the 
other hand, are concerned with the influence of the radiation itself, 
or of short-lived free radicals formed by the radiation, on the rates 
of the various processes which occur at the metal surfaces. The experi­
mental work described in the preceding sections of this report was 
aimed at the study of such effects. The discussion of this section is 
concerned entirely with these direct effects, which must always be 
regarded as superimposed upon the indirect effects mentioned above. 

Tlie have been able to find only one reference in the literature 
to the effect of ionizing radiation on corrosion rates. Pestrecov° 
found that the rate of solution of copper in aqueous potassium cyanide 
was initially increased 30/'o bv irradiation with ]L rays (intensity not 
stated), but tliat with long irradiation the metal appeared to become 
passive. However, there is considerable mention in the literature of 
the effect of ultraviolet light on the corrosion rates and the electro­
chemical ootentials of various netals. This matter will now be 
considered. 

6,2 The effect of light on corrosion 

fi 7 
Bov/den and Price , working together, discovered that the 

oveiT/oltage in the electrolysis of water at various kinds of metal 
cathodes and anodes v/as decreased on illumination with ultraviolet 
light. According to their reports, which are described as preliminary, 
the entire light of a snail mercury lano was found to increase the 
current density at constant voltage by as much as 5 /xa/cm^. It was 
claimed that on anodes of Pt and Pd and on cathodes of Pb, Co, Bi, Sb, 
Kg, Al, and graphite, the threshold wave Jength for Troduction of the 
effect was always the same—namely, 3970 A—and that the observed rise 
in current increased rapidly as the wave length was decreased below this 
threshold. The promised final report on this ̂ vork has never been 
published. If the data given are assumed to be correct, the independence 
of the threshold wave length from the nature of the metal shov/s that in 
all cases the light was being absorbed by the same molecular species, 
presumably a layer characteristic of an interface in an electric field 
but not of its metallic component. The light provides a part or all 
of the activation energy required for the transfomation of the inter-
facial molecules. 
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It is therefore to be expected that ultraviolet light should 
tend to depolarize both anodic and cathodic areas in electrolytic 
corrosion pr\)cesses. 

A careful study of the effect of light on the electrode 
potentials of various metals was made by Bannister and Rigby • Two 
identical electrodes were immersed in 3% KCl solutions in fused silica 
tubes, the solutions differing only in their oxygen concentration. 
The potential difference between the electrodes was determined and the 
effect of illuminating one of the electrodes v/ith ultraviolet light 
from a mercury lamp was ascertained. Results were as follows. 

1, Zinc, \fhen both solutions were completely deaerated 
there was no potential difference between the electrodes and illumina­
tion did not produce any change. \Jhen a little oxygen was added to 
one solution the oxygenated electrode became more cathodic ("noble") 
to the extent of 0,13 v. Illuminating the oxygenated electrode increased 
this figure to 0.18 v—that is, the illumination produced an additional 
ennoblement of 0.05 v. On standing with no further addition of oxygen, 
the potential difference dropped, presumably because of the consumption 
of oxygen by corrosion; during this tii;.e the presence of light still 
produced an increase in potential, V<hen the potential difference had 
dropped to zero the whole cycle could be repeated. The greater the 
oxygen concentration at any time (as shown by the differential aeration 
potential) the greater the effect of light on the potential. At the 
end of the experinent it vms observed that corrosion of the illuminated 
electrode liad occurred chiefly on the side away from the light, 

2, Aluminum. The effects observed with this metal v/ere the 
same as those obtained v/ith zinc, although more care had to be taken 
with the deaeration in order to obtain reproducible results. The mag­
nitude of the illiAmination effect was greater here, the light causing 
increases of potential as great as 0.15 v. 

3, Lead, Similar effects were also observed with this netal. 
In contrast to the others, however, the illumination was found to 
accelerate markedly the return of the notential difference to zero when 
aeration was stopped, the necessary time being reduced from '--'24 hours 
to •'•v̂'OoS hours. This implies that light accelerates the oxidation of 
lead, which forms less stable oxide films that those of zinc or aluminum. 

4, Antimony, tin, cobalt and platinum showed little or nc 
response to aeration and none to illumination, 

5, Copper. Like zinc and aluminum, copper showed no resporae 
to light in deaerated solution. Uhen oxygen was added very slowly the 
aerated electrode became cathodic and light slightly increased this effect^ 
as \/ith zinc and aluminum, i.ith prolonged illumination, however, the 
light response died out. This fatigue of the light response of copper 
in an electrolytic solution had previously been observed by Case , who 
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ascribed the effect 1.0 a Ci.iinge in tj:e x-atuns of x.̂-i JAIUO TILM iTor:, 
the cuprous to the cupric state. On more rapid bubbling of oxygen 
the aerated electrode became anodic, a previously observed effect which 
is caused by the removal by turbulence of the copper cations from the 
region of the interfacê *̂ . 

6. Iron (mild steel). In the complete absence of oxygen, 
illumination caused the potential to become slightly anodic, ?/hen 
oxygen v/as added the aerated electrode became highly cathodic, and 
illumination rendered it still more cathodic, as with zinc. On stand­
ing, the oxygen was used up, find on the second day the cycle was repeated. 
On the third,day, however, v.'hon considerable corrosion product had 
accumulated, the illvunination caused the potential to become more anodic 
both before and after aeration, and this effect was again found on the 
fourth day. 

Using a filter which transmitted only between 3400 and 4200 Aj 
effects on the potential of zinc were obtained which were of the some 
order as those given in the full arc. This would indicate that the 
effect is confined to the near ultraviolet portion of the spectrum, which 
surprisingly (cf. Bowden) appears to be moi^ effective than the farther 
ultraviolet. That the effect was not caused simply by temperature changes 
was demonstrated by warming one electrode, which produced a potential 
difference in the opposite direction from that produced by illuminating 
the electrode. 

Me may assume that light stin.ulates both cathodic and anodic 
processes, the direction of the potential change obtained depending on 
which reaction is controlling under the particular conditions used^ 
Aluminum, zinc and lead stand high in the electrochemical series and 
owe their stability to the presence of hydrated oxide films, ViTien a 
high concentration of chloride ion is present, as in these experiments, 
the film tends to be less protective. Such conditions are the most 
favorable for showing differential aeration effects. The oxygen acts 
as a depolarizer for the cathodic reaction, rendering the potential of 
the metal more noble, and at the some time tending to repair the pores, 
which are regarded as being continually produced in the film by the 
penetrating effects of the chloride ion. This depolarizing process is 
the controlling one in fixing the potential of the netal, and is st;Lmu-
lated by the action of the lijht. Such a state of affairs will exiut 
only v/iien the film is not fully protective—i.e., can be penetrated by 
halide or other ions present. Uhen the film is completely protective 
(Sb, Sn, Co in neutral solution) or the netal itself is unreactive (Pt), 
aeration and light have no effect on the potential. 

In air-free solution, on the other hand, illumination rendered 
mild steel anodic v/ith no effect on zinc or aluminum. On the last two 
metals the anodic reaction is inhibited by the presence of the oxide 
film; with steel the cathodic reaction is limited by the low concentration 
of electron acceptors (H'*', O2), while the anodic reaction is not limited 
by any adherent film, but only by the normal interface polarization. 
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Light, by decreasing this polarization,therefore makes the steel more 
anodic, îThen ojq/gen is added the cathodic reaction is greatly 
stimulated andthe metal becomes much more cathodic. The illumination 
at first increases the cathodic character of the electrode, as vith 
Zn, by decreasing the overall activation energy of the total process 
required for the reduction of the oxygen, ?*hen corrosion has proceeded 
for some time, however, rust accumulates on the surface and various 
complicating effects must come into play. For one thing, the access of 
oxygen to the metal is now limited by its diffusion through the rust so 
that tlie concentration of the electron acceptors again becomes more 
important than the activation energy of the reaction. Also the reaction 
of metal with a higher-valent oxide may become a controlling process, 
and stimulation of this reaction by light xvould tend to make the electrode 
anodic. 

In the printed discussion on the J, Inst, Metals paper, a 
good sunming up of the mechanism was given by Vernon, When the condi­
tions are such that a given amount of light energy will have a greater 
effect on the cuthodio reaction than on the anodic, the potential will 
become more cathodic; and when the energy absorbed will give the greater 
effect on the suiodic reaction the potential will become more anodic. 

The above experiments allow us to predict the effect of light 
on certain types of corrosion processes, Idth zinc, aluminum and 
similar metals in halide solution, which tend to give corrosion of the 
pitting type, light should have a protective effect, by stabilizing 
the protective film, (if the illuminated zone is small the corrosion 
in the dark areas may be enhanced by the setting up of differential 
illumination ciorrents,) The expectation that light should protect appears 
to be confirmed by the observation of Bannister and ̂ igby that the il­
luminated side of their zinc specimen vms less corroded than the dark 
side. With iron, where at least after the initial stages the metal 
becomes more anodic under illumination, one can expect the corrosion 
rate to be increased. This is bomae out by the observations of Friend•'••'• 
euid Wood'^2, both of whom found that ordinary daylight increased the rate 
of corrosion of iron in water by about 20%, V^th copper, which also 
posseses oxides of lower and higher valence, one might expect under 
certain conditions acceleration of corrosion by light, similar to the 
effects on iron, Bengough and Hudson^^ state that copper tarnishes more 
rapidly in distilled water in the light than in the dark, and Vemon^^ 
found that in tlie pickling of brass in acid "anodic and cathodic areas 
make their appearance coinciding with areas of maximiom and minimum 
illumination," Vi/ith lead, the oxidation of the metal should be accelerated 
by light, and Liverseege and Knapp-*-® find that ordinary daylight increases 
the amount of lead dissolved by ordinary water, l.e should expect, however, 
that corrosion of the pitting type on lead should be inhibited by light, 
ad \/ith aluminum or zinc. 

In general, if a metal is corroding rapidly, one nay assume 
that neither the anodic nor the cathodic action is being inhibited b;/ 
film or concentration effects, and light should accelerate the corrosion. 
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Also, in any systei% if we are considering only the initial stage of 
corrosion where oxide is being formed, the" effect of light will be 
accelerating. But if corrosion is being inhibited by film fox-nation, 
or by lack o.f oxygenylight should not acceiorat© it. In the case of 
the incompletely protective films on aluminum in acid or halide solu"̂  
tions, light should actually inhibit corrosion by accelerating the 
repair of the pores which form in the film. 

6,3 Comparison of light and ionizing radiation 

Ultraviolet light acts only at the netal-water interface, 
while ionizing radiations act throughout the entire body of the water*, 
The effects of the two kinds of radiation on corrosion should, however, 
be qualitatively very similar; the effect of the absorption of energy 
in both cases is to reduce the activation enerjy for both cathodic and 
anodic processes at the interface., The ionizing radiation x'/ill die-
sociate the water to oxidizing and reducing fragments, some of w.hich 
will travel to the interface and then nay receive an electron from, or 
give an electron to, the netal; the result will be the sane as if the 
molecules located at the interface had originally been activated by 
ultraviolet light. 

Therefore^ all the qualitative discussion given above as to 
the effect of ultraviolet light on corrosion should hold for ionizing 
radiations also. Stable netals like stainless steel or tin, v/hich 
owe their passivity to an adherent oxide film, should not be affected 
by radiation. This conclusion was verified for stainless steel 
(Section 5.3,1), V/hen the oxiae film is loss stable^ es with aluminu:n 
in chloride solution, the corrosion rate v-ould be decreased by the 
presence of radiation, as was indicated by the experinents of Sections 
3 and 4, On the other hand, when protective oxide films do not play an 
important role the corrosion rate should be increased by radiacion. 
The experiments of Section 5.vi,4 on mild steel dcnonstrate thlSj, as %-.'ell 
as the publicatioi] of Pestrecov^ on the increase of the corrosion rahe 
of copper in cyanide solution by X rays. The passivation v/hich 
Pestrecov found on prolonged exposure could not easily be predicted end 
could be properly explained only by a detailed study of the copper™ 
cyanide reaction. 

The passive nature of stainless steels may not be caused 
entirely by a protective film, as the nature of the energy levels of 
the electrons in these alloys nay be different from those of the pure 
components•'•°. Hov/ever, the experiments of Forrest, Koetheli and Brov/n̂ '̂ 
show that an oxide film does form on stainless 3teel; and che wfftioc of 
halide ions in producing corrosion indicates th'it this film plays an 
important role. As it appears orobable that tin action of fluoride ion 
in promoting the corrosion of stainlass steel i.; similar to its action 
on aluminum, we r/ould oredlct that the presence of radiation should 
actually decrease the corrosion rate of stainless steel in fluoride 
solution. This consideration has a bearing on the choice of n;dium to 
b© used for a homogeneous pile. 
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6,4 General conclusion 

The above qualitative conclusions are very encouraging. In 
any particular case v;here corrosion resistance is important, the metal 
chosen will nearly always be protected by oxide films. In these cases 
the effect of radiation, if any, will probably be to protect the natal. 
Usually, jradiation will accelerate corrosion only when the corrosion 
is in any case so rapid that the system would not be considered for 
practical use. 

These considerations are qualitative only. The quantitative 
effect on corrosion by radiation of any given type and intensity can 
only be determined by experiment. Such experiments are bound to be 
difficult and expensive, as they involve the exposure of corrosion 
specimens to expensive radiation sources for a long period. It is 
hoped that the above discussion (taken in conjunction with the confirm­
ing results of our experiments) is sufficiently convincing to eliminate 
the idea that radiation must inevitably have an adverse effect on 
corrosion, and to obviate the necessity of performing many expensive 
radiation-corxxjsion tests in the future. 
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Fig. 4. Camples oi 2S al̂ -iinu-ii subjected to water corrosion in presenop of de' t°."i.i 
radiation. Top: Fast-flov/ run; irradiated sa^plp at left. jo^bom: Slo^r-
"̂lo-.v runr irradi .̂ ed saraple next to right-hand end. 

I 

F i r . o. "\findov.'" of 2o alu^iinan f o i l f ror c]o'T-fl-)W Neuteron-bean -^orros'.on expori-^c 

file:///findov.'


< -

i 

« « • 

'«. ^ V •« • • 

t » • • 
tC-/(^77 

:5lOB VIEW 

d e 

/ 
. — ^ 

^ _ - - - i - -

i (o • • 

_ ^ . 5 S T ^ py/zj^^Oi 

^ 

Figure 6, Boat for supporting samples for corrosion study of aluminum in electron beam. 

a) 7 mm O.D, pyrex tubing concentric in 9 mm O.D, pyrex tubing. Tubes were ground on flat plate 
until about 2/3 was ground away, leaving shallow boat for holding cylindrical samples, 

b) 9 mm O.D, pyrex tubing to act as end guides for boat» 
c) 6 mm pyrex rod cut to shape by glass cutting saw and fused at base of spacer to the 7 mm 

ground tubing, 
d) Glass nibs on spacer to support boat against upper part of circulation tube, 
©) 3/I6" rod of sample cut to shape in order to make close fit with sample holder* 
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Figure 8. Apparatus for study of aluminum corrosion in neutron beam. 

^ ^* 

The apparatus and target face 
are dravm to a scale of one-half 
actual size. 

The dotted square represents 
the size and position of the four 
inch square target with respect to 
the apparatus. 

Tube containing Al weids and 
distilled water 
Tub© containing sealed tube -
holding Al samples in W water 
Heating jacket to produce 
circulation of water in tube A 
Condenser for condensing the 
steamj the water formed is 
returned to the steam generator 

To steam 
generator 
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Figure 9, Cell for corrosion study of iron and other metais in deuteron beam. 

Front elevation of 
metal sample. 

2m m 

N^ Iletal sampleis 

PW Brass r i n g und cap 
(Threaded) 

1. Mica window 

2. Glass spacers 

3<. Metal spacer 

4. Tungsten lead 

5, Cem:ent 

6o Glass sleeve 

7. Water inlet tube 
( 4 mm O.D„ ) 

8„ Rubber gasket 
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