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ABSTRACT 

Corrosion rates of uncoated, half- and completely-eraissively-coated 
Haynes 25 have been measured in seawater by use of radioactive tracer 
techniques. The corrosion rates observed for the (l) uncoated and (2) 
half- and completely-coated specimens were nominally 3 x 10"6 and 
1 y lO"'̂ - mil per year (mpy), respectively. It was established that the 
observed corrosion rates of the half- and completely-coated specimens 
were due entirely to corrosion of Haynes 25 and not to the corrosion of 
the emissive coating. The higher corrosion rates were attributed pri
marily to the fact that the actual surface area of the Haynes 25 was 
much larger than the geometric surface area because of surface prepara
tion prior to application of the emissive coating. 

A re-examination of the corrosion rate based upon the amounts of 
cobalt and chromium released to the seawater Indicated that the pre
viously reported differential leaching of these components of Haynes 25 
was an experimental artifact due to errors in counting extremely low 
amounts of chroraium-51. Present observations show that the cobalt-and-
chromium-based corrosion rates are the same and agree with the previous 
cobalt-based corrosion rate. 

"NOTICE-
TTiis report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Energy 
Research and Development Administration, nor any of 
their employees, nor any of their contractors, 
subcontractors, or their employees, makes any 
warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness 
or usefubiess of any information, apparatus, product or 
process disclosed, or represents that its use would not 
infringe privately owned lights. DlSTRfBimON OF THIS DOCUMENT UNUM/FEO 



SUMMARY 

The Problem 

Haynes 25 alloy has been selected for use as the fuel container 
material in several SNAP systems for space applications. Because of 
possible accident situations which could place the fuel container in a 
seawater environment, it is necessaiy to examine the corrosion behavior 
of this material in seawater to fully assess the radiological hazard 
from the radionuclide fuel. 

Findings 

The present report describes the corrosion rate measurement of un
coated, half- and completely-emissively-coated Haynes 25 in seawater by 
use of radioactive tracer techniques. 

It was found that the corrosion rates of the half- and completely-
coated specimens were higher than that of the uncoated specimens. This 
increase was attributed to the fact that the actual surface area of the 
Haynes 25 for the half- and completely-coated specimens was much greater 
than the geometric surface area because of surface preparation prior to 
application of the emissive coating. 

A re-examination of the corrosion rate based upon the amounts of 
cobalt and chromium released to the seawater indicated that there was 
no significant differential leaching of these components of Haynes 25J 
this contradicts earlier results. 
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I. INTRODUCTION 

For the past several years the U. S. Naval Radiological Defense 
Laboratory has been Investigating the potential release of radionuclide 
fuels to the seawater environment from re-entering space SNAP (Systems 
for Nuclear Auxiliary Power) units, operational and proposed. 

In addition to examination of the solubility behavior of the radio
nuclide fuels themselves in seavater,-^"" experiments have been carried 
out for determination of the corrosion rates of various fuel container 
materials in seawater.T-9 A recent report described the corrosion rate 
determination of emissively coated Haynes 25 in seawater by use of 
electrochemical techniques.^ One of the results of that work indicated 
that the emissively coated specimens of Haynes 25 had a higher corrosion 
rate than that of the uncoated specimens. The electrochemical method, 
however, co\ild not conclusively show whether this increase in corrosion 
rate was due to the corrosion of the coating itself. 

The present report describes the measurement of the corrosion rates 
of emissively coated Haynes 25 in seawater by use of radioactive tracer 
techniques. Radioactive (tagged) specimens of Haynes 25 are immersed 
in seawater and the seawater is analyzed for radioactive corrosion pro
ducts. This method of corrosion rate measurement provides the means to 
determine specific corrosion products and therefore is able to show if 
the increase in corrosion rate of the emissively coated over the un
coated Haynes 25 observed with the electrochemical method is due to the 
corrosion of the coating itself. 

In addition to studies on emissively coated specimens, tracer-tech
nique corrosion rate determinations on uncoated specimens of Haynes 25 
were repeated. The latter were to determine whether the differential 
leaching of the cobalt and chromium components of Haynes 25 observed in 
an earlier work, also with radioactive tracer techniques, was a real 
effect or was due to inaccuracies in counting extremely low activities 
of chromium-51.° 

*The emissive coating, nominally 60 ̂  iron titanate, 30 ^ calcium tita-
nate and 10 $ silica, serves to increase the thermal eraissivity of the 
fuel capsvile during re-entry and hence prevent burn-up. 
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I I . EXPERIMENTAL 

A. TEST APPARATUS 

The radioactive specimens of Haynes 25 were exposed to seawater in 
test cells designed to provide control of the seawater temperature, 
oxygen content and velocity of seawater past the specimens. A detailed 
description of these test cells can be found elsewhere." 

B. SPECIMENS 

The Haynes 25 specimens used in the radioactive tracer studies were 
machine cut into l.l|--inch-square specimens from 60 mil sheet stock ob
tained from the Stellite Division of Union Carbide Company, Kokomo, 
Indiana. Table 1 shows the manufacturer's analysis of the alloy. After 

TABLE 1 

Manufacturer's Analysis of Haynes 25 

Cr 
W 
Fe 
C 
Si 

- 20.1̂ 5 i 
- 15.10 
- 1.95 
- 0.07 
- 0.07 

Ni 
Al 
P 
S 
Co 

- 9.93 ^ 
- 1.03 
- 0.016 
- 0.011 
- balance (51.37) 

being cut, the specimens were polished successively with 80, I80, 400 and 
600 grit paper and then cleaned with benzene and ethanol in an ultra
sonic cleaner. Three of the specimens prepared in the above manner were 
used in the "uncoated" test. Six of the specimens prepared in the above 
manner were sent to the Missile and Space Division of General Electric 
Company, Valley Forge, Pennsylvania, for application of the emissive 
coating. Prior to apixLying the coating, GE grit-blasted the surface 
with #20 grit. In addition to completely coated specimens, specimens 
coated over only half their surface were prepared for determining wheth
er there would be any difference in corrosion behavior between them 
and the completely coated or the uncoated specimens. For the half-
coated specimens, the emissive coating was applied to half the surface 
of each side, including the edges (i.e., as if the specimen had been 
dipped halfway into a solution). 
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C. NEUTRON IRRADIATION OF SPECIMENS 

Figure 1 shows the aluminum irradiation capsule used. A total of 
nine specimens were irradiated - three completely coated, three half-
coated and three uncoated. The specimens, along with standards, were 
stacked together, wrapped in aluminum foil, and then placed in the ir
radiation capsule. The specimens and standards were placed such that 
their faces were parallel to the long axis of the capsule. Additional 
aluminum foil was used to fill in the void areas within the capsule. A 
quartz tube containing some of the emissive coating powder was also 
placed in the capsxile. 

The standards of cobalt metal (sheet) and chromium metal (powder) 
were both 99«99 ̂  pure. The cobalt standards were the same size as the 
Haynes 25 specimens except that they were only 5 mils in thickness. 
The chromivmi powder was placed in a specially fabricated aluminum holder. 
It was the same size as the Haynes 25 specimens but had a 0.5 inch dia
meter by 3/6^ inch deep counterbored cavity in one side. A l/^ inch 
thick aluminum cover was screwed on over the cavity after the chromium 
powder had been inserted. 

The irradiation was carried out in the General Electric Test Reactor 
at Vallecitos, California. The neutron flux profile to which the stack 
of specimens and standards were exposed was determined by subsequent 
counting of the cobalt standards which were placed at various positions 
within the stack. 

The nominal initial activities of cobalt-60 and chromium-51 in the 
Haynes 25 specimens, obtained by measuring the si)ecific activities of 
the cobalt and chromium standards, were 110-260 mOiand 65-I55 ^^'i-t 
respectively. 

D. SEAWATER 

Seawater for the test solutions was collected on a biweekly schedule. 
Collection was made at least one mile from the nearest land mass 
(Farallon Islands off San Francisco) by dip-filling of the seawater 
into 5-gal polyethylene carboys. Prior to use the seawater was filtered 
through an 0.8 \i Millipore filter for removal of particulate matter. 

E. EXPOSURE PROCEDURE 

After removal of the specimens from the irradiation capsule, they 
were rinsed several times in seawater before being placed in the test 
cells. 
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The parameters of seawater velocity (0.7 ft/sec obtained by stirring 
the seawater), aeration (air purge) and deaeration (nitrogen purge) were 
chosen such that their individual effects on the corrosion rates of the 
different specimens (i.e., completely coated, half-coated and uncoated) 
could be determined. The seawater temperature in all the test cells was 
maintained at 6 + 2°C. This temperature approximates that observed in 
the basins off the southern California coast. 

At successive intervals of 6, 13, 1*̂ , I5, 20, 5I, and kl days (total 
elapsed exposure times of 6, 19, 33* ̂ 8; 68, 119, and 160 days), the 
seawater in each test cell was drained and fresh seawater put in. All-
quots of the seawater from each exposure interval were analyzed for 
radioactive corrosion products. 

F. CALIBRATIONS 

Specific Activity 

To obtain a corrosion rate from the amount of activity leached 
into the test seawater from the Haynes 25 specimens, one must know the 
specific activity of each isotope of interest (e.g., cobalt-60, chrcanium-
51) expressed as cpm per pg of alloy. These specific activities were 
determined by solution of accurately weighed pojrbions of the irradiated 
cobalt and chromium standards in the minimum amount of concentrated 
hydrochloric acid, dilution of each of the resulting solutions to an 
appropriate volume in a volumetric flask and then counting of aliquots 
of these solutions. The specific activity for Haynes 25 in terms of 
the cobalt and chromium activities was then calculated by use of the 
known percent cobalt and chromium content of Haynes 25. 

Flux Profile 

To make valid comparisons of the corrosion rates of the various 
specimens, one must make corrections for any differences in the neutron 
flux between the standards and each specimen due to neutron flux attenu
ation in the stack. 

These corrections were obtained from the cobalt standards 
placed at various positions within the specimen stack. The relative 
positions of the cobalt standards with respect to the Haynes 25 speci
mens are shown in Fig. 2. The relative neutron flux profile, also 
shown in Fig. 2, was obtained by determining the specific activity of 
cobalt for each cobalt standard. The relative flux profile across the 
face of the specimen stack was obtained by determination of the specific 
activity of pieces cut off opposite corners of the cobalt standards. 
The results of the latter determination showed that the neutron flux was 
essentially the same over all areas of the face of the specimen stack. 
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Therefore, the only correction required was that for the flux profile 
shown in Fig. 2. 

G. ANALYTICAL PROCEDURES 

Radioactive cobalt and chrcanium in the seawater in which the Haynes 
25 specimens had been immersed were determined by the following proced
ures. 

Cobalt-60 

Analysis for cobalt-60 was made by direct counting of a 1*̂00 ml 
aliquot of the test seawater solution in a gamma pulse-height analyzer 
system. The amount of cobalt-60 present in the aliquot was determined 
by comparison with a series of standard samples containing known amounts 
of cobalt-60. 

Chromium-51 

Analysis for chromium-51 vas made by the following solvent-
extraction method.-'-*̂  Chromium carrier was added to the sample and was 
precipitated with ammonium hydroxide. The precipitate was dissolved 
and the chromium was oxidized to the +6 state by vigorous heating in 
perchloric acid. The hexavalent chromium was then complexed with n-
tetrabutylammonium hydroxide followed by extraction with hexone. The 
chromium was stripped from the organic phase with a sodium hydroxide-
ammonium chloride mixture. Impurities were removed by several ferric 
hydroxide scavenging steps. The purified chromium was measured spectro-
photometrically for chemical yield and the chrc»nium-51 vas counted in a 
gamma pulse-height analyzer system. 

Analysis of seawater blanks was made in all cases. 

III. RESULTS AND DISCUSSION 

A previous report, based on the same radioactive tracer techniques 
described here, indicated that there was differential leaching of the 
cobalt and chromium components of Haynes 25 in seawater." The corro
sion rate of Haynes 25 based on the amount of chromium released to the 
seawater was about two orders of magnitude higher than that based on the 
amount of cobalt released. It is felt that the high chromium result 
might have been due to inacciiracies in counting extremely low levels of 
the chromiuin-51 in the seawater. However, at that time it was the only 
information available and it was reported as such. 
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TABLE 2 

Comparison of Corrosion Rates of Haynes 25 Based on 
Cobalt and Chromium Analyses 

mpy mpy 
(based on Co) (based on Cr) Exposure Time 

Days* 

Haynes 25 #1 
Haynes 25 #2 

Haynes 25 #1 
Haynes 25 #2 

3A X 10" 
l.Î  X 10" 

1.1 X 10" 
9.2 X 10" 

1.8 X 10"^ 
9.7 X 10"^ 

9.2 X 10 
5.9 X 10 

-6 

7 
7 

22 
22 

*Seawater seimpled and changed at end of 7 clays followed by additional 
exposure period of 15 days. 

For re-examination of the cobalt-and-chromium-based corrosion rates 
of Haynes 25, two of the uncoated specimens used in this work were ex
posed to seawater prior to the initiation of the test schedule outlined 
in section II E. Table 2 shows the corrosion rates of these two speci
mens of Haynes 25 based on the amounts of cobalt and chromium released 
to the seawater. 

The data show good agreement between the cobalt and chromiums-based 
corrosion rates (i.e., no significant differential leaching). These 
corrosion rates are in agreement with the cobalt-based corrosion rates 
in Hsf. 8. The chromium data obtained here are felt to be more valid 
than that obtained in the previous work because of the much higher speci
fic activity of chromiura-51 in the present seawiater samples at the time 
of analysis (e.g., the present chromium activity had decayed only 1.5 
half-lives compared to 5 half-lives previously; moreover, the initial 
chromium activity in the present specimens was an order of magnitude 
higher than that in the previous specimens). This higher level of 
activity would greatly lessen the percent contribution of impurities 
to the count rate (previous samples were counted in a well counter, not 
in a pulse-height analyzer) and would therefore provide a more valid 
measure of the true amovint of chromium present in the seawater sample. 

Figures 3 through 5 present the values of the corrosion rates 
(averaged over the total exposure periods) of uncoated, half-coated 
and completely-coated Haynes 25, respectively, as a function of expo
sure time for the various conditions of aeration, deaeration and sea
water velocity. All values of the corrosion rates are based on the 
amoiint of cobalt released to the seawater. The vertical bars for each 
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exposure interval serve to Indicate the general decrease of the corro
sion rates as a function of exposure time and the attainment of rela
tively constant values at long exposure times. It should be noted that 
the individual points do not represent instantaneous corrosion rates but 
represent the average value over a particular exposure interval. 

In all instances (i.e., coated, uncoated, half-coated) there appears 
to be no significant (in the operational sense) effect, particularly at 
the longer exposure times, of the exposure parameters of aeration and 
seawater velocity on the observed coriX)sion rates. There appears to be 
a slight lowering effect of deaerated seawater in all instances. 

Table 3 summarizes the corrosion rates observed for the longer expo
sure times. Comparison of the corrosion rates of the uncoated, half-
and completely-coated specimens shows that the corrosion rates of the 
completely-coated specimens are significantly higher than those of the 
uncoated specimens. The corrosion rates of the half-coated specimens 
were also higher than those of the uncoated specimens but were slightly 
lower than those of the completely-coated specimens. This same relation
ship had been obtained when electrochemical techniques were used to 
measure the corrosion rates of uncoated, half- and completely-coated 
specimens of Haynes 25.^ The electrochemical technique, however, could 
not conclusively determine whether the increase in corrosion rate of the 
completely coated specimens over that of the uncoated specimens was due 
to the corrosion of the coating itself or was due to an inherent 
increase in the corrosion rate of the Haynes 25 due to the presence of 
the coating. 

One of the unique adArantages of the radioactive tracer technique is 
that it can provide information of that nature. The following considera
tions indicate that the increase in corrosion rate of the completely-
coated specimens over that of the uncoated specimens is due to the Haynes 
25 itself and not to the corrosion of the coating. Since Baynes 25 con
tains approximately 50 it cobalt, the characteristic peak of cobalt-60 
(1.17 Mev) in the gamma pulse height spectrum of the seawater sample was 
used as the measure of its corrosion. The gamma pulse-height spectnim 
of the Irradiated emissive-coating powder showed a characteristic peak 
at approximately 0.8 Mev (most likely manganese-5U) in addition to the 
expected iron-59 peaks (at 1.10 Mev). The fact that the characteristic 
peak at 0.8 Mev was not detected in the gamma pulse-height spectrum of 
the seawater indicates that there was no detectable amount of the coat
ing material in the seawater. In other words, all of the counts inte
grated under the cobalt-60 iseak are ccsning from Ifaynes 25 with an in
significant contribution from the iron-59 peak (iron-59 and cobalt-60 
have almost identical gamma spectra). There is the possibility of dif
ferential leaching of the manganese and iron. However, if there were, it 
would have to be on the order of 103 in favor of iron to account for 
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TABLE 3 

Corrosion Rate Data for Uncoated, Half- and Completely-Emissively Coated 
Haynes 25 After l6o Days Immersion in Seawater 

Specimen 

vincoated 

uncoated 

uncoated 

half-coated 

half-coated 

half-coated 

completely coated 

completely coated 

completely coated 

Exposure Parameter 

aerated 

deaerated 

aerated, stirred 

aerated 

deaerated 

aerated, stirred 

aerated 

deaerated 

aerated, stirred 

Corrosion Rate 
(mpy) 

3.^ X 

2.8 X 

4.6 X 

9.1 X 

7.6 X 

9.1 X 

3.0 X 

10-6 

10-6 

10-6 

10-5 

10-5 

10-5 

-h 10 ̂  

0.51 X 10-*̂  

l.U X 10-^ 
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even 10 ̂  of the total counts under the cobalt-6o peak. This magnitude 
of differential leaching is very unlikely. 

These results, however, do not imply that the coating is not corrod
ing. Its detection sensitivity was simply too low to provide data (the 
specific activity of the cobalt-60 from Haynes 25 was three orders of 
magnitude greater than that of the 0.8 Mev peak from the coating material). 

There are two possible causes for the higher corrosion rate of the 
completely-coated specimens. One, the emissive coating-Haynes 25 system 
functions as a galvanic couple with the Haynes 25 being the anode; and 
two, the higher corrosion rate is a surface area effect. The surface 
area effect is felt to be the more important of the two since the emis
sive coating has a relatively low electrical conductivity. Prior to 
the application of the emissive coating the surface of the specimen is 
grit blasted with #20 grit (for the half-coated specimens only the half 
to be coated was grit-blasted) and hence its surface area is much greater 
than the surface area of the uncoated specimens, whose surface has been 
polished with #600 grit paper. Since the corrosion rates reported here 
are based on the geometric surface area of the specimens, the reported 
corrosion rates of the half- and ccmpletely-coated specimens are much 
higher than if their actual surface areas were used in the calculation 
of their corrosion rates. This explanation is based on the assumption 
that the emissive coating does not affect the transport of cobalt and 
chromium ions from the Haynes 25 to the seawater. 

IV. CONCLUSION 

The results obtained indicate that a previously observed corrosion 
rate of Haynes 25 based on the amount of the chromium component released 
to the seawater was an experinental artifact due to inaccuracies aris
ing from the counting of extremely low activities of chromium-51. The 
present results, considered more valid because of the much higher chromi
um-51 activities counted, show that there is no significant differential 
leaching of the cobalt and chromium components of Haynes 25; this contra
dicts the earlier results. 

Comparison of the corrosion rates observed for uncoated, half- and 
completely-emisslvely-coated Haynes 25 indicated that the half- and 
completely-coated specimens had a significantly higher corrosion rate 
than that of the uncoated specimens. It was established that the in
creased corrosion rate was due only to the Haynes 25 and not to the 
corrosion of the emissive coating itself. The higher corrosion rates 
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of the half- and completely-coated specimens were attributed primarily 
to the fact that the actual surface area of the Haynes 25 for the coated 
specimens was much larger than its geometric surface area because of 
surface preparation prior to application of the emissive coating. 

In all cases there was no significant (in the operational sense) 
effect of aeration or seawater velocity on the observed corrosion rates. 
The rates in deaerated seawater were slightly lower. 
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