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MATERIALS-COOLANT INTERACTIONS 
IN EBR-II 

by 

W. E. Ruther, T. D. Claar, 
S. Greenberg, and R. V. Strain 

ABSTRACT 

Of the many materials deliberately exposed to the 
EBR-Il sodium coolant, only copper, beryllium copper, and 
tantalum experienced an undesirable direct reaction. 

Failures of thin sections of normally resistant met 
als (Types 304, 34 7, and 420 stainless steels and Inconel) 
were related to the presence of a contaminant (carbona 
ceous material or oxide) on the surface before insertion into 
the r eactor sodium. 

Components removed from the reactor after long 
exposures showed only minor dissolution attack. The attack 
was greater with increasing temperature; however, radia 
tion did not cause a detectable increase in the attack. Car 
bon transport among steels of diffe r ing carbon activity was 
inconsequential. 

Quantitative corrosion evaluations of vanadium al 
loys, stainless steels, nickel. and nickel - base alloys in the 
reactor coolant showed rapid corrosive attack only fo r un 
alloyed vanadium. 

I. INTRODUCTION 

The sodium-cooled Experimental Breeder Reactor II (E BR - Il) was 
conceived and designed as a demonstration plant to show the feasibility 
of a self - contained facility that combines electrical power generation with 
nuclear breeding and fuel reprocessing. Subassemblies for a long-
range materials-surveillance program were placed in the reactor before 
startup. However, little effort beyond solving immediate problems could 
be spared for materials evaluation while the EBR-II was attaining its pri
mary goals. Since thedemonstrationperiodhas been successfully completed, 
the role of the EBR-II in the LMFBR program has expanded to include a 
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· · d d' · t 'ts main 
t ·ny of materials-coolant interactions 1n a 1tion o 1 . f 

closer scru 1 f h · at1on o 
f t . as an irradiation test facility . The resul ts o t e examtn 
unc 10n d 1 

the first materials -test subassembly have been r epo r te . 

. h d . d ation of a 
Although other information, useful m t e es l g n a n o p er . m uch 

d
. ooled reactor has accumulated over the years o f o p eration, . d 

so 1um-c ' . · fl mar1ze 
f 't · ontained in internal communications and 1s only br1e y sum 

o 1 lS c t In this form it is largel y inacces sib l e t o i n teres ted 
m progress repor s. • d' h. 

t "d th EBR-Il ProJ·ect. The present r e port r e m e 1es t lS 
p ersons ou s1 e e . . bl 
situation by discussing essentially a ll th e reacto r- compatibility pr o em.s 
and material s-evaluat ion data obtained to d a t e , so tha t they w 1ll b e read1ly 

availabl e to o ther organ izations . 

Types 304 a nd 30 4L s t ainl e ss s t eel predo minate as the metal sur

faces in co ntact with the sodium coo lant o f the EBR-Il . However , where 
s o me spe cial property has been 

TABL£ 1. Material~ Originally in Contact with 
Liquid Sodium in fBR-11 Primary System 

Material 

required, other types of materials 
hav e been used, and these are 

'';';~~~:,'~,~~~: listed in Table I. Most of these 
------------------------------ materials, chosen over ten years 

a g o, have been satisfactory. In a 
few instances, ho w ever , direct 
compatibility problems with the 
sodium coolant have arisen. Such 
problems are the subject of Sec
tio n liLA of this report. 

Alloy Steel, SA£ 4340 
Aluminum Bronze fAmpco 18- 131 
Aluminum Bronze IAmpco 18-231 
Beryllium Coppe r IBerylco 251 
Borated n - 11~1 Type 304 Stainless Steel 
Carbon Steel, ASTM 325-55T 
Chromium-plated Types 304, 410, and 420 Stainless Steel 
Colmonoy 4 and 5 
Coppe' 
lnconel 
lnconel X 
Monel 
Nickel 
Stai nless Steel Types 303, 304. 316, 321, and 347 
Stain less Steel Types 410 and 420 
Stelllte No. 3 and 68 
Tantalum 
Tool Steel Types 18+1. 18-4-2, andRe)( AA 

700 
700, 800·850, QOO 
700 
700 
700 
700 
700 and 900 
QOO 

700 
700 
700 
700 
700 
300 to -IOOJ 
700 and 900 
700 and 900 
700 
700 and 900 

In several instances, the 
material o f construction was nor

mally compatible with sodium , 
but exposure of thin sections to 

an unexpected contaminant r e sulted in component failure . Analyses of 
these failures are presented in S e ction II; examinations of representative 
components removed from the reac tor comprise Se c tion III of this report; 
Section IV discusses two sets of in-r e actor corrosion evaluation 
experime nts. 

Wide ranges of mat e rials, circumstances, and evaluation techniques 
ar e invol ved. F o r this r e as o n , e a ch examinatio n is repo rted as a s e lf
contained unit consisting o f the histo r y o f the i ncident or material , th e re
s ult s of t h e inve s t igation , and the conclusio ns . 



II. EXPERIMENTAL PROCEDURE 

Figure 1 is a schematic diagram of the pertinent components of the 
two EBR-ll sodium systems. The reactor itself is cooled by primary
system sodium that enters at 700 °F and emerges at approximately 900°F. 
The added heat is given up to a secondary sodium cooling system through 
the intermediate heat exchanger. Each sodium system has provisions for 
maintaining its sodium quality by cold-trapping impurities . 

INTERMEDIATE 
rt-+----------...,._.-- HEAT EXCHANGER 

Fig. 1. Schematic Representation of EBR- ll Pri
mary and Secondary Sodium Sys tems. 
Neg. No. 52343. 

Systematic chemical analyses of the sodium and plugging tempera
ture measurements are used to monitor the quality of the sodium. 

Initially, the Primary Sodium Purification System was operated only 
if the plugging temperature rose above 300 °F. More recently , the primary 
purification system has been operated continuously with the trap at about 
240 °F . Table II lists typical values for the impurities present in EBR-II 
sodium; in general, all impurity levels are low. 

Subassemblies within the primary reactor tank are subjected to a 
sodium-removal operation before they are exposed to air for dismantling . 
Approximately 25 g of sodium clings to surfaces within a subassembly 
after it has been removed from the reactor . This sodium is removed in a 
transfer cask at a station between the reactor and the Fuel Cycle Facility 
(FCF) air cell. During the transfer of the subassembly in the shielded 
cask from the reactor to the FCF, 30 cfm of argon is circulated through 
the subassembly to remove gamma-induced heat and to prevent the fuel 
and cladding from melting . The sodium- removal ope ration starts by in
troducing humidified air {air bubbled through water) at a rate of 0 . 4 cfm 
to the recirculating argon . The amount of humidified air available to 
oxidize the sodium is gradually increased by continuing to add humidified 
air to the recirculating argon for 15 min while r emoving the gas mixture 

9 



10 

f 0 4 cfm The rate of humidified air flow is then raised to 
at a rat e o · · . h · lating argon 

f 15 30 . At the end of this penod t e recucu 
7 cfm o r - mm. . d b fl · ng purified water 
flo w is stopped, and the subasls/en:blr is 5r:~: ~ss~:; dry air through the 

through it at a rate of 5 ga mm or · . 
up 60 . letes the sodium- removal operatwn . 
sub~ssembly at 30d cffr::ot~e s:~:dc:;::psystem are washed in ethyl alcohol 
All 1tems remove 
and rinsed in distilled wate r. 

TABLE II . Impurity Level sa in EBR-11 Sodium 

Primary System, Secondary S y stem, 

Element ppm ppm 

ob 2 - 5 2 - 5 

c 1- 2 1-2 

H 1- 2 1- 2 

A1 < 0.6 < 0.6 

Bi 2 < 0.1 

Ca -0.05 < 0.01 

Co < 0.04 < 0.02 

Cr 0.03 0.03 

Cu 0.02 0.02 

Fe 0.06 - 0. 1 0 .1 

Mg 0.0 1- 0.06 0 .02 

Mn < 0.005 -0.005 

Mo < 0.07 < 0.07 
Ni < 0.05 < 0.05 

Pb 10-1 2 0 
Sn 20 - 25 < 0.5 

aRecen t analyses: September -D ecember 1969 . 

Method of Analysis 

Amalgamationz 

Oxyacidic flux3 

I sotope dilution4 

Atomic -ab sorption spec
tropho tometry fo llowing 
vacuum distillation fr om 
a tantalum c rucible 

bPlugging-temperature measu r ements indicat e an oxygen conte nt of ;S 1 ppm. 

Ill. DATA AND RESULTS 

A. Direct- compatibility Problems 

Direct- compatibility problems are of four types, as discus sed here. 

1. Partial Dis solution of a Copper Bus Bar 

In March 1967, after several years of satisfactory operation, 
sodium flow could not be established through a small auxiliary loop that 
contained the plugging-temperature valve assembly of the Primary Sodium 
Purification System. Inspe ction of the valve and the regenerative heat ex
changer revealed deposits of metallic copper, and the exposed ends of the 
bus bars in the primary circuit auxiliary pump we re identified as the 
source of the copper. Cladding the bus bars with stainless steel eliminated 
the source of copper, and continuous ope ration of the cold trap brought the 



copper concentration in the sodium down to a l evel of -O .1 ppm . As a fur
ther precaution, Monel and nickel transition members in the pump structure 
were also removed . 

Interactions of copper and stainless steel in sodium were 
studied to ensure that no permanent damage had occurred to the stainless 
steel parts of the reactor . Seven sections of the regenerative heat ex
changer in which the copper deposit had been noted were nickel plated to 
retain the copper, and these sections were examined metallographic ally . 
As shown in Fig . 2, the copper was in the form of a discontinuous deposit 
with poor adherence to the stainless steel surfaces; no microscopic evi
dence of interaction with the stainless steel was noted. Quantitative i n 
formation obtained with the electron- beam microprobe substantiated that 
no penetration of the stainless steel by copper had occurred, not even 
along grain boundaries. 

Fig. 2. Copper Deposits on ID of Inner Tube of EBR-Il Heat Exchanger Etched 
Electrolyticall y in l Oo/o Oxalic Acid. Mag. 500X. Neg . No. 47126. 

These r e sults were encouraging; however, since the tempera
tures in the heat exchanger were less than 700 ' F , additional high-temperature 
tests had to be made to ensure the integrity of the fuel-element cladding that 
operated at temperatures as high as 950 ' F . As might be expe cted from the 
temperature dependence of the copper solubility in sodium (log S varies in 
versely as 1/ T, there was no evidenc e of a co pper surface deposit on fuel 
elements removed from the reactor . 
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The small pumped loop shown in Fig. 3 was improvised frorn 

0
_
495

_in. - OD Type 304 stainless steel tubing. The temperature of the so-
dium was increased 1n the upper 

, . 

A TRAP !FILLED WITH SS OEMISTER 
CLOTH) INSUlATED BUT l.foiHEATED 

a ENTIRE LOOP ()(CEPT COOliNG SECTION 
wRPPPEO WlTH HEATED WIRE AND INSULATED 

HEATING SECTION ® 

REMOTE HEAD 
DIAPHRAGM PUMP 

FLOW--

COPPER 
TUBE 

INSERT 

TEMPERA TURf · 
CONTROLLED 

BLOWER 

Fig. 3. Copper Transfer Loop. Neg. No. 51839. 

heater section from -330°F at 
the pump to 1000 °F in the loop. 
The sodium then passed over a 
copper source at 4.2 liters / hr 
and subsequently wa s cooled to 
330°F in the lower portion of 
the apparatus. During the 
10 days of testing, 4 g of copper 
were transferred from the source 
to the cooler portions of the loop. 

Representative pieces of 

the loop tubing were examined 
metallographically, with particu
lar emphasis on the higher 
temperature sections. The 
coppe r- stainless steel inter-

faces were smooth, and no evidence of selective penetration of the stainless 
steel by coppe r was se en on any of the specimens. Figure 4 shows a typical 
example of a section exposed at 965-l000 °F. When examined by the electron
beam microprobe, the same specimen showed no copper intrusion into the 
stainless steel. 

c 
• ., -

Fig. 4. Section of Type 304 Stainless Steel Tubing, Etched Electrolytically in 
lOo/o Oxalic Acid , Taken from 965 -lOQQOF Region of Copper Transfer 

Loop. Mag. 500X. Neg. No. 47134. 



These studies showed that copper does not diffuse in detectable 
amounts into Type 304 stainless steel under exposure conditions in EBR-Il. 
This is apparently true whether the copper is in solution in the sodium or 
is deposited into contact with the steel by pr ec ipitation from the sodium. 
In 1969, Atkins 5 reported that there was no penetration of stainless steel 
by copper dissolved in sodium for much longer exposures at temperatures 
up to l300 °F . 

2. Wear Corrosion of Beryllium-Copper Bushing Rings 

Two sets of four narrow bushing rings are used on the lower 
portion of reactor control-rod subassemblies to minimize wear, reduce 
leakage of sodium, and prevent galling of stainless steel parts during 
movement of the subassembly . These rings, which have an L-shaped 
cross section, were made initially of Berylco 25 (copper containing 2 wt% 
Be-0 . 3 wt% Co) . Although no difficulty was experienced in operation, sur
veillance examination of a spent control rod (L-435) after about 10,000 hr 
in the reactor grid revealed that the exposed surfaces of the Berylco-25 
rings were worn or corroded flush with the stainless steel retaining rings. 
Figure 5 shows the cross section of an exposed Berylco-25 ring . 

As-po lished 

Fig. 5. Cross Section of Berylco-25 Bushing from Top Set 
of Control-rod Subassembly L-435 after 10,000 hr 

in Reactor Grid. Mag. 40X . Neg. No. 51769. 

A test control-rod subassembly (L-457) was prepared. The 
weights and dimensions of its bushing ring s were measured before inser
tion into the reactor. Rings of an aluminum-bronz e alloy--Ampco 18-13 
(copper containing 10.6-11.2 wt% Al-3.4-4 .0 wt% Fe)--were substituted 
for half the Berylco-25 bushings in this test subassembly. This control 
rod was in service in the reactor grid fo r 5500 hr, o f whi ch the reactor 
was at full power for 1354 hr . The temperature o f the sodium at the 
bushings was approximately 700 °F. 

13 
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t d the Berylco-25 alloy rings underwent deleterious 
As expec e ' 1 14 18o/< m 
· · d. tion and sodium exposure . The rings ost - 0 

changes dunng ura 1 ~ . b has 0 003 in . Their hardness 
. ht and d e creased 1n d1ameter y as muc . 4 DPH 

we1g . . . l f 345 DPH to a final range of 192-20 ' 
d ased from an 1n1tlal va ue o f . . 

ecre . t t re showed evidence of the agglomeration o prec1p1 -
and their m1cros rue u . h t 
tates. Other surveillance samples of Berylco-25 alloys 1n t e reac or 

showed the same effects, and these are shown in Fig . 6 . 

Berylco 25 is normally us ed in a precipitation-hardened con

dition . The change in microstructure and r edu c tion in hardness noted m 
this examination indicated that the bushings had been averaged by exposure 
t the temperature and neutron-flux conditions 1n EBR-Il. Because of 
v

0
acancy formation, the neutron flux would tend to enhance diffusion in the 

alloy and thereby would accelerate the overagmg process. Because this 
averaging process causes a loss of hardness and of wear resis.tance , it 
may have contributed to the poor corrosion res1stance of the r1ngs. Com

parison of the loss of metal at two exposure times, shown in Figs . 5 and 
7A, indicates that the d e terioration progressed as a function of time . 

In contrast, the Ampco 18-1 3 rings lost only about lo/o of their 
original weight , became slightly harder (initial , 147 DPH ; final, 168-
l 77 DPH), and showed relatively little change in microstructure . Figure 7 
compares an exposed Ampco 18-1 3 ring with an exposed Berylco-25 ring. 

The Ampco 18-13 alloy that is now used for the bushings is 
relatively unaffected by heat treatment. All phases of the alloy are stable 
from room temperature to a temperature near the melting point of the 
alloy. Therefore, heating and cooling of the alloy over a wide range of 
times and temperatures do not affect its prope rties . The results of the 
examination indicate that the properties of this alloy are also stable in 
the reactor e nvironment. The slight increase in hardness can be attrib 
uted to radiation damage rather than to age hardening . Because Ampco 18-
13 is not an age - hardening alloy , extended periods of residence i n there
actor e nvironment should not cause deterioration of these rings. 

3 . Bismuth- Tin Incident6 

The normal tin and bismuth content of reactor-grade sodium is 
l es s than l ppm . In 1967 , the presence of some unexpected radionuclides 
e13

Sn and llJmi n) in the primary sodium led to a reexamination of historical 
sodium analytical samples for tin content . Bismuth was also determined be
cause the logical source of tin contamination was the rotating-s eal alloy 
(Bi -42 wt o/o Sn). The results of this analytical program indicated that some 
of the seal alloy had entered the primary sodium in July 1965 and had caused 
a tin content of 15-20 ppm and a bismuth content of -2 5 ppm. The continuous 
operation of the cold-trap system starting in March 196 7 q u ickly reduced 
the bismuth to <2 ppm, but it did not alter the tin content . (Tin solubility at 
the cold trap temperature is > 1000 ppm. ) 
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A. Control Specimen before Exposure . Mag . 750X. Neg. No. 51772. 

Fig. 6. Mic rostructu res of Berylco-25 Alloy before and after Exposure in EBR-Il 
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A. As -polished Berylco 25. Mag. 40X. Neg. No. 51770. 

B. As -polished Ampco 18 -13. Mag . 40X. Neg . No. 5177 1. 

Fig. 7. Bushing Materials afte r EBR- ll Exposure in Control
rod Subassembly L-457 for -5500 hr 



A portion of a Type 304 stainless steel irradiation capsule that 
had been exposed for eight months to the primary sodium containing the 
high tin and bismuth content was sectioned and polished using anhydrous 
techniques. An electron-beam microprobe examination revealed no tin or 
bismuth present within the stainless steel or at the surface. This observa
tion, at least as regards tin, tends to be confirmed by the continued pres
ence of tin in the primary sodium at about the initial concentration . Any 
interaction of the tin with the very large surface area of the stainless steel 
in the reactor would have depleted the primary sodium. 

4. Tantalum Corrosion Product 

Tantalum was used to clad the original antimony metal sources 
used in the reactor. The cladding from source S0-1915 was examined after 
a total exposure of over five years at 700-725°F. 7 No significant loss of 
thickness was detected, although surveillance specimens had shown slight 
weight losses {0.5 - 3. 5 mg / cm 2

) caused by interactions with the sodium 
coolant. The undesirable feature noted with tantalum was the release of a 
fine-particle, highly radioactive corrosion product into the air of the in
spection cell. 

B. Failures 

Four types of failures have been associated with expos ure to EBR -Il 
operating conditions. 

l. Apparent Cracking of Type 304L Stainless Steel 
Fuel- element Cladding 

Areas of deep, selective grain-boundary attack we re found in 
the Type 3P4L stainless steel seamless cladding8 of fuel element C - 249 - 16 
during a metallographic study of fuel-to-cladding compatibility. The ele
ment was in the reactor from July 16 to December 4, 1966. Several axial 
grain - boundary fissures originated in the outer surface of the cladding and 
penetrated deep into the cladding, as shown in Fig. 8 . No similar areas 
have been found on other fuel elements, although more than 80 polished 
sections were examined in this investigation . 

Two hypotheses of the cause of the attack were offered and 
evaluated: 

a. Slight variations in the normal cleaning or storage of the 
fuel element could hav e exposed .heat- seasitized stainless steel to concen
trated sodium-hydroxide solution. 

b. The grain boundaries could have been selectively carbu
rized before or during the exposure to reactor sodium, thereby making 
the boundaries susceptible to cracking and to attack by etching. 

17 
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Fig. 8. Cladding of Element C -249-16 after 45-sec Etching 
in 5"/o Oxalic Acid. Mag . 400X. Neg. No. 49419. 

Sections of seamless and welded Type 304L stainless steel 
were exposed to 1022 ' F sodium for up to five weeks in a recirculating sys
tem equipped with a cold trap operating at - 215°F. After the specimens 
were removed from the sodium, they were cleaned by one o f two methods: 

a. Rinsing with ethanol until the hydrogen-producing reaction 
had virtually ceased, followed by ultrasonic cleaning in distilled water. 

b. Bubbling argon through water at 120 °F, and then allowing 
the moisture-laden argon to impinge on the surface of the specimens. The 
concentrated solution of sodium hydroxide that formed on the surface of 
the samples was allowed to remain there for 24 hr. The specimens then 
were cleaned ultrasonically in distilled water . 

Similar specimens were heat-treated in vacuum ampules at 1022°F for 
five weeks. 

Metallographic examination revealed no differences in micro
structure between the specimens that underwent the various sodium
removal treatments and the control specimens that were heat-treated in 
vacuum ampules . Normal variation in the EBR-Il cleaning pro cedure 
appeared unlikely to have caused the attack observed on element C- 249 -16 . 
The microstructures that devel oped when the stainless steel specimens 
we r e exposed to clean sodium or to vacuum for up to five weeks were 



caused only by the time and temperatur e of exposure and were independent 
of exposure to high-temperature sodium and to the subsequent sodium
removal technique. 

Bulk chemical analyses of the cladding of element C-249-16 
showed an increase in carbon content from an initial value of 0.025 wt% 
to a final value of 0 .035 wt %. Electron-beam microprobe examinations 
revealed that the carbon concentration was higher in the grain boundaries 
than in the matrix. A similar examination of another specimen of Type 304 
stainless steel exposed in EBR-Il showed no detectable carbon increase, 
even though sensitization had occurred. Thus, it was concluded that the 
carbon increase in the suspect element was caused by selective carburiza
tion at the grain boundaries and not by sensitization. 

Various techniques were used to duplicate the microstructure 
of the cracked element by causing diffusion of carbon into the stainless 
steel in a sodium environment. The closest duplication of the defected 
structure was obtained when Apie zo n-N grease was used to contaminate 
the stainless steel surface before sodium exposure. Figure 9 shows 
these results. 

Fig. 9. Type 304L Stainless Steel Tubing That Had Been Streaked 
with Apiezon -N Grease and Exposed to 1022°F Sodium for 
One week afte r a 45 -sec Etching in 5"/o Oxalic Acid. 
Mag. 400X. Neg. No. 50314. 
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The isolated o ccurrence of th e attack on C- 249 -16, its carbon 

enrichment, and the similarity of its microstructure to that of grease
contaminated stainless steel strongly suggested that carbonaceous con
tamination during manufacturing or assembly was responsible for the attack. 

2. Failure of Type 347 Stainless Steel Valve Bellows 

In February 1968, sodium began to leak from a 1/ 2-in. block 

valve (designated SN -1 7) in the EBR -Il secondary sodium system. 
Valve SN-17 had been in service approximately four years and had aver
aged 24 cycles / yr at an operating temperature of about 580°F. Visual 
examination of the valve indicated that a Type 34 7 stainless steel bellows 

was the source of the leak. 

Metallographic specimens were prepared from sections of the 
bellows containing two previously detected pin holes. Light grinding and 
polishing revealed the sodium- side entrances to be the two failure loca
tions. A branched c rack about 800 1-1m long and 60 1-1m wide appeared at 
the major perforation. The defect responsible for the smaller of the two 

leaks was about 180 1-1m long and 10 1-1m wide. 

Transverse sections of the bellows near the defects showed an 
over lying corrosion product and general intergranular penetration to a 
depth of 5~ 10 1-1m o n the sodium side. Figure 10 shows that the penetrations 
we re particularly pronounced in the highly stressed areas of the bellows . 

. . 
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Fig. 10. Transverse Section of Bellows of SN-17 Valve after 10-sec Etching 

In 5"/o Oxalic Acid Showing Penetrating Fingers of Sodium Corrosion 
Product at Highly Stressed Region. Mag. 1000X. Neg. No. 51283. 



The general appearance is similar to that obtained when stainless steel is 
exposed to sodium that contains an oxygen content greater than 100 ppm. 9 

Microlaps were observed in a section of the bellows near the 
valve handle (cooler end). These probably represent imperfections in the 
surface of the as-produced bellows and would facilitate the corrosion pene
tration of the metal. 

Chemical analyses performed on well-cleaned sections of the 
bellows showed that no carburization occurred during service in the reactor . 

Several convolutions of the bellows that exhibited intergranular 
penetration were analyzed using an electron-beam microprobe . An increase 
in the oxygen concentration, accompanied by a simultaneous decrease in the 
iron, nickel, and chromium concentrations, was detected in nearly every 
area of penetration. There was no evidence of a carbon-concentration gra
dient from the matrix to the areas of intergranular penetration. Such evi
dence substantiated the metallographic observation that the corrosion 
product appeared to be an oxide. 

The probable explanation for the intergranular penetration and 
failure was found when it was learned that valve SN-17 might have been used 
in an oxygen-contaminated sodium system before it was installed in EBR-II. 
The valve had been acquired on an emergency basis from another Argonne 
division. 

Cleaning a bellows - seal valve for reuse is difficult, even wh en 
the bello w s surface is absolutely smooth, because any sodium hydroxide 
retained after washing can cause caustic cracking after the application of 
heat and stress. In the case of the SN-17 valve, microlaps in the bellows 
surface and deep intergranular penetrations (from its earlier service) 
would have made it virtually impossible to remove adequately all traces 
of sodium hydroxide. 

3. Failure of Inconel-600 Rupture Disc 

In March 1969, failure of an Inconel-600 rupture disc from the 
EBR-II secondary sodium system was detected. The disc (12-in. dia x 
0.003 in. thick) was exposed to 775°F sodium on one side and to air on the 
other. 

Visual examination revealed that the disc was perforated about 
3/4 in. from a circumferential restraining ring and left a network of thinned 
metal and open areas about 1/2 in. in diameter . When the disc was initially 
removed from the system, the perforated area was covered with a hard, 
crusted corrosion product that had restricted the flow of sodium. Qualita
tive analysis of the corrosion product revealed no elements extraneous to 
Inconel 600. 
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. . f -polished 
that microscopic examination o an as 

Figure ll shows . . tergranular 
d d network indicated extensive In 

section of the corro e . 1 other loca-
transver.se and loss of whole grains m most areas. n . 
penetratiOn, crackmg, d d 'th little or no indication of Inte r-

l smoothly corro e WI · 1 tions, the meta was . . f t . 0 ld not be located pree1se Y 
. The anginal per ora wn c u 

granular penetratwn. t. of the attack on the metal oc-
within the network area. A greater por IOn 
curred from the air side of the rupture disC. 

Fig. 11. As -polished Transverse Section of the Corroded Network Show
ing Cracks and Missing Grains Adjacent to Perforat ed Area in 
!nconel -600 Rupwre Disc. Mag. 800X. Neg. No. 51087. 

Air side 

Sodium side 

An electron-beam microprobe analysis of the metal in the per
forated area indicated a significant increase in the carbon content of the 
grain boundaries as compared with the l evels detected in uncorroded areas 
of the disc. These findings substantiated suspicions that the lnconel 600 
may have suffered embrittlement as a result of contamination by some 
carbonaceous material (grease, thread lubricant, etc . ) during manufactur
ing or assembly. The microprobe results showed that the layer on the air 
side of the disc was enriched in nickel with respect to the composition of 
the alloy matrix. 

Apparently, the initial perforation or crack permitted sodium 
to react with the atmosphere on the outside of the disc and then to form 
sodium oxide and sodium hydroxide. As these compounds combined with 
the metallic sodium present and reacted with the disc metal, they caused 
cracking around the original penetration site. The caustic stress-corros ion 
cracking of lnconel 600 is well established for concentrated caustic solutions 
at elevated temperatures. 10 



4. Fracture of Type 420 Stainless Steel Roll Pin 

A Type 420 stainless steel roll pin in a sensing rod fractured 
in service after approximately six years' exposure to 700 °F primary-tank 
sodium. This pin and three similar pins from a second sensing rod were 
examined metallographically. The dimensions of the pins were 5/32 in. OD x 
0.09 in. ID x l in. long. The pins were hollow, with a closed "c" cross sec
tion. Their function was to secure a solid shaft within a larger hollow con
centric shaft at three places along the sensing rod, which was used to locate 
subassemblies in the storage basket. 

All pins exhibited surface scales, which appeared to be oxides. 
The reaction layer was more evident on the inner surface than on the outer 
one. The thickness of the reaction layer on the failed pin was approximately 
2 x 10- 4 in. at its maximum; however, as shown in Fig. 12, the attack was 
not uniform. The product penetrated intergranularly (also shown in Fig. 12) 
to depths of about 5 x 10-4 in. The same type of surface attack, although de
veloped to a lesser extent, was found on an unexposed pin, suggesting that 
the forming and heat-treating operations before use were largely responsi
ble for the type of reaction layer. 

~ 

. . . -
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As-polished 

Fig. 12. Inner Surface of Failed Roll Pin Examined at Idaho. 
Mag. 1000X. Neg . No. 1081-6. 

The microstructure of all pins was that of partially tempered 
martensite, as shown in Fig. 13; immersion in nital etchant (glyceregia)* 
revealed a slightly decarburized zone, about 4 x 10- 4 in. deep, on the pin 
exposed to primary sodium. Bulk chemical analyses gave values of 

*Glyceregia: a mixture by volume of 1 part cone HN03. 2 parts cone HCl, and 3 parts glycerin. 
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0.35 ± 0.01 wt o/o carbon for 
the pins; this figure was well 
above the 0.15 wt o/o carbon 
specification fol' Type 420 

stainless steel. 

Microhardness trav

erses failed to reveal any 
significant hardness gradients. 
The values ranged from 417 to 
468 DPH . The converted val
ues of 397 - 433 BHN are some
what less than the typical 
values of46l-534 BHN re
ported11 for quenched and 
stress- relieved Type 420 
stainless steel. 

Because the examina
tion revealed nothing to pin
point the cause of failure, the 

low impact strength of Type 420 stainless steel, co upl ed with the micro -
t hes noted on the surface, probably resulted in fracture during the 

Fig. 13. Typic al Microstructure of Type -420 Stainless Steel 
Roll Pins after 10 -sec Etching in Glyceregu . 

Mag. 1000X. Neg. No. 50776. 

no c . 12 
relatively minor shock loading encountered 1n use. There are now no 
similar pins in operating components of the EBR-ll. 

C. Examination of Components 

A wide variety of components were examined in this study, and 

several are discussed here. 

1. Type 304L Stainless Steel Fuel Cladding 

Numerous samples .of fuel-element cladding have been examined 
by optical microscopy to determine the effects of the reactor primary so
dium and the sodium-removal operation on the Type 304L stainless steel 
cladding. The outer surface of each element is subjected to flowing sodium 
at 700-ll00 °F. The inner surface of the cladding is exposed to stagnant 
sodium that fills the annulus between the cladding and the fissium-alloy* 
fuel pin. 

Samples have been taken from elements subjected to a wide 
variety of fluences, operating temperatures, lengths of exposure to the 
primary sodium, and postirradiation handling and storage procedures. A 
brief history of some of the elements from subassemblies that were sub
jected to unusual conditions and then subsequently examined is listed below. 

*composition: 2.27 -2.61 Mo, 1.78-2.10 Ru. 0.23 -0.33 Rh, 0.15 -0.23 Pd, 0.07 -0. 13 Zr. 0.028 -0.052 Si , 
0.004-0.016 Nb, balance uranium. 



C-21868. This subassembly was irradiated to 1.4 x 10 22 n/cm2 ; 

however, the sodium flow through the subassembly was restricted to simu
late fuel and cladding temperatures similar to those expected at 62.5-MW 
operation. 

C-2169. This subassembly was irradiated to 2.3 x 10 22 n/cm2 

(the highest to date for driver fuel) at approximately 950 °F maximum clad
ding temperature and then subjected to the normal sodium-removal process. 

C-21938. This subassembly was irradiated to l.l x 10 22 n/cm2
, 

subjected to the sodium-removal operation, and disassembled, and nonde
structive examination was performed on the elements. The subassembly 
then was rebuilt, irradiated an additional 0.3 x 10 22 n / cm2 to a total of 1.4 x 
10 22 n / cm2

, and subjected to another sodium-removal operation. This sub
assembly contained 70% enriched fuel and therefore operated at tempera
tures similar to those expected at 62 . 5-MW operation (maximum cladding 
temperature l040 °F) . 

C-278. This subassembly was irradiated to a maximum fluence 
of 1.5 x 10 22 n / cm2 and then cycled between the reactor and the FCF air cell 
four times . During each cycle, this subassembly was exposed to the primary 
sodium for 24 hr and then subjected to the sodium- removal operation. 

B-339 . This subassembly was irradiated to l.l x 10 22 n/cm2 and 
subjected to the normal sodium- removal operation. Several elements from 
the subassembly were stored in a canal at the Idaho Nuclear Chemical 
Processing Plant for 24 months . 13 

Examination of the cladding from these and other EBR-II driver
fuel elements has shown no evidence of selective attack by the sodium envi 
ronment. The only microstructural change that occurs is sensitization 
(precipitation of carbides at the grain boundaries). For operation at higher 
temperatures (i.e., l080 °F maximum), the degree of sensitization of the 
cladding has been observed to be most severe in the region just above the 
reactor midplane and least severe (or nonexistent) at the bottom of the fuel 
element (as shown in Fig . 14) . 

Carbide precipitation, as shown in Fig . 15, has been frequently 
observed in the grain boundaries and has been more severe near the inner 
and outer surfaces of the cladding. Because the degree of sensitization has 
been similar at the two surfaces, the reactor primary sodium has been 
neither carburizing nor decarburizing the cladding to any significant extent. 
The degree of sensitization has not always been uniform in a sample but has 
varied randomly at various positions around the circumference of the 
samples . 
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9663- 4 Top 300X 9663 -1 

9662 -4 Mid length 300X 9662 -1 

9661 -4 Bottom 300X 9661 -1 
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Fig. 14. Irradiated Cladding tvlic rosrructure o f Element 53 --Subassembly C -21865 as a Function o f Pn<itinn 
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Fig. 15. Transve rse Sections of Irradia ted Cl adding from Ele
ment 41 --Subassembly C-278 after Etching in 10"/o 
Oxalic Acid Showing Sensitization at Both Su rfaces 
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Examination of as- received samples of the claddin g tubing 
after they were heat-treated in a vacuum for varying periods of time a t 
!!00 °F has revealed sensitized microstructures similar to those observed 
in the irradiated cladding (see Fig. 16). Chemical analysis of 0.002-in. 
thick layers machined from the surface of as-received tubing has shown 
twice the carbon concentration near the surface than at the center of the 
tubing wall. This variation of carbon concentration in the tubing has 
appeared to occur during the fabrication of the tubing by the manufacturer 
and accounts for the effect noted in Fig. 15. 

OD 

lD 

158A3 -1 A. After 1-hr exposure 
250X 

OD 

ID 

T ., 

11482-1 
B. After 8 -hr exposu re 250X 

Fig. l6. Microstructures of As-received Cladding after Vacuum Heat 
Trea tment at ll00°F and Etching in lO'I'o Oxalic Acid 



The effect (or lack of it) of the sodium-removal process on the 
irradiated cladding has also been investigated. Examination of cladding 
samples that have been subjected to multiple sodium-removal operations 
or have been stored under water have shown the same microstructures and 
lack of corrosive attack as those receiving a single sodium-removal opera
tion and short storage periods in air prior to examination (see Fig. 17). 

11061 -1 

141A3 -2 

Bottom 400X 11064-1 Top 

As -polished Samples from Element 22. Subassembly 6-339 (stored in canal) 

OD 

. ---
1D 

Midlength 200X 141A4-2 Top 

Samp les Etched with 60 cc Lacti c Acid . 30 cc HN0 3, 10 cc HCl, and 0.5 g FeCl3 
from Element 41, Subasse mbly C -278 (multiple sodiu m removal) 

400X 

200X 

Fig. 17. Lack of Corrosive Effect of Sodium-remova l Treatment or Storage on Irradiated Cladding 

2. Type 304 Stainless Steel Guide Thimbles 

Replaceabl e tubes of hexagonal cross section are used to guide 
control and safety rods in their movement through the core of the EBR-II. 
One of these tubes has been examined in detai l. 14 Only those aspects of the 
examinations that relate to coolant interactions will b e discussed her e. 
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The guide thimble for control rod number 12 wa s re_moved. 
after 15,500 MWd in the reactor. Sections were taken at two powts whlch 
had seen different temperatures and total fluences. The section exposed 

at a sodium temperature of -806 ' F and a fluence of 4.6 x 10
22 

n/cmz re
vealed a solution-annealed microstructure similar to that of the as
received tube. Another section, exposed at a slightly higher temperature 
and a lo wer fluence (-860'F, 1.2 x lOzz n/ cmz), exhibited some carbide 

precipitation at the grain boundaries. 

The sodium-exposed surfaces of both sections were quite uni 
form with numerous shallow, smooth - bottomed pits. Microprobe examina 
tion showed no change in surface concent rations for iron, chromium, and 

nickel. 

A similar guide tube for a safety-rod assembly was removed 
after a somewhat longer exposure (-4i years of operation). As before, 
representative sections were taken with several different histories of 
temperature and total fluence as shown in Table III. Figures 18-20 ill us 
trate the corrosion interface for the different exposure conditions. 

TABLE Ill. Specimens from Safety - rod Guide Thimblea 

Estimated 
Estimated Total Fl uence, 

Designation Temp, OF n/cm' 

HI~ 700 2 X IO " 
Hl2 720 6 X IO " 
H7 806 2 X IO " 

aoriginal g uid e thimble in reactor position 3Dl. 

(?. 

Fig. 18. Corrosion Inte rface for Specimen H14 after 15 -sec Etching 
m 5o/o Oxalic Acid. Mag. 250X. Neg. No. 52076 . 



·, 
_, 

Fig. 19. Corrosion Interface for Specimen H12 after 15 -sec Etching 
in 5"/o Oxalic Acid . Mag. 250X. Neg. No. 52077. 

>. 

Fig. 20. Corrosion Interface for Specimen H7 after 15-sec Etching 
in 5"/o Oxalic Acid. Mag. 250X. Neg. No. 52075. 
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ature showed less 
d t the lower temper 

The two samples expose a ' ff e in total thickne ss 
. eaningful di erenc 

surface erosio n than did H7 . but no m ements had been taken 
s (No measur 

was found among the three speCimen · ce of a grain boundary 
. ) The point of emergen . 

of the unirradiated thickness . . d ' 1 tion but penetratwns 
f red site for ISSO u ' . 

onto the exposed surface was a avo . t 1 and no grain boundanes 
d · bly Into the me a • . 

did not appear to exten apprecia . . A . oprobe analysis of speci-
1' h d onditwns · micr were visible in the as - po IS e c . . . . on nickel or chromium 

' t' 1 variations In lr ' , 
men H7 in which no composi Iona . . . 't of the grain boundaries 

th f ce or In the VICinl y 
were detected near e sur a detectable carbon co n-

. b t . There was no supported the visual o serva wns . 
centration 1n the grain boundaries . 

3. Control-rod Driver Number 6 Gripper Assembly from 

1 d b S emblies are attached to and dis connected The cont r a -ro su as . 
· · embly Because of a failure from their respective dnves by a gnpper ass · 

of a bellows in the gas phase of the reactor, a gripper a~sem~ly became 
· f · t ' The drive was cut up for easier disposal after available or examina 10n. 

it was removed from the reactor ; so trying to analyze the probable cause 
of the bellows failure was not profitable . However , the gripper components 
offered a good opportunity to evaluate the extent of ca rbon mass transport 

occurnng In EBR-ll . 

Dnve No . 6 was installed in the original loading of the reactor 
and removed in January 1968 . The gripper end was in the outlet sodium 
plenum and was exposed to 830-840°F sodium at a reactor power l evel of 
45 MW. During shutdown , the temperature would normally have been 700°F. 

a . Clamp Gripper . The sections of the clamp gripper chosen 
included a semicucul ar (3/8-in . dia) wear piece of Stellite (No . 3 or 6) 
welded to Type 304 stainless steel. 

The Stellite surface was regular and smooth , as shown in 
Fig. 21, and the microstructure at the surface showed no deviation from 
that of the bulk material. The wel d bridge between the Stellite and th e 
Type 304 had a crack. Etching the crack area revealed that the crack was 
not at the junction of the two different metals , but was a crack in the 
Stellite 6B weld material. Becaus e cracks of this type have been noted in 
several other instances, a change in welding practice has been initiated. 
Currently, Type 308 weld rod is used successfully to join Stellite and 
Type 304 stainless steel. 

b . Tip Sensor . A section of Type 420 stainless steel (12 to 
14 wt% chromium) was examined . The surface was smooth with essen
tially no adherent corrosion product. Electroetching revealed an essen 
tially continuous microstructure to the very edge and no evidence of 
Significant carbon migration . 



Fig. 21. As -polished Stellite Clamp Gripper. Mag . 250X . Neg. No. BK3216. 

c . Jaw Gripper. The jaw gripper, fabricated of chromium
plated Type 420 stainless steel, allowed a d e termination of the durability 
o f chromium plat e exposed to EBR -ll sodium. As shown in Fig. 22 , slightly 
less than 0.003 in . of plating (initially specified as 0.0005-0.0035 in.) wa s 
present on the outer surface of the part. The plating was fissured, but this 

\ , ~ \; 
• I 
I 

..... - . . .. 

Fig . 22. As -polished Outer Sur face of Jaw Gripper Showing Thick 
Chromium Plating . Mag. 250X. Neg . No. BK3215. 
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l ot a result . . lating and probab y was n 
is a characteristic of thlck chromlum p resent on the inner surface 

M h less chromlUm was P . · 
of sodium exposure. uc d the chromium was mls slng com -

1 on an mner ra lUS' ff ed 
of the jaw; in one p ace . 1 t d area appears to have su er 

1 t 1 As shown in Flg. 23, thls unp a e . 
peey. h f<OOOlm. 
slight decarburization to a dept . o . 

Fig. 23. Compositional Zone at Unplated Surface of Jaw Gripper after 10 -sec 
Etching in Warm 10"/o Nita!. Mag. 500X. Neg . No. BK3225. 

d. Pin. The pin was made of Rex AA tool steel. No evidence 
of a decarburizea-;:one was detected on either a chromium-plated area or 
an exposed bare end. There were s everal small irregular-shaped pits on 
the exposed end that could have been the result of sodium attack, but more 
likely they were the result of the mechanical efforts to remove the pin. 

4. Type 304 Stainless Steel Piping (Secondary Sodium System) 

A section of Type 304 stainless steel pipe (2 in. nominal) was 
removed from the reactor's secondary- sodium system vent line (designated 
as 2-31-549) during the major shutdown of EBR-Il in the winter of 1968-69. 
The specimen was cut about 18 in. from the main (12 in.) sodium supply line 
leading to the steam generating plant (designated 2-31 - 500). The primary 
objective of the examination was to determine whether a significant amount 
of carbon migration had occurred from the Croloy-2ialloy steam gen 
erator of the secondary system to the austenitic stainless steel piping. 

The 2 - in. pipe had been in operation for approximately six years 
at a sodium ilo wrate of 3-5 gpm. The sodium temperature was about 830°F 
when the reactor was producing heat; during shutdown, the temperature 



dropped to about 580°F. The section that was chosen did not represent the 
optimum specimen for study, because greater mass transfer of carbon 
might be expected to occur in the Type 304 intermediate heat exchanger 
(or even in the Type 304 stainless steel piping immediately downstream 
from the Croloy-2t steam generators), but no feasible way of obtaining 
these other specimens could b e devised. 

Sodium in contact with the pipe had a typical analysis of less 
than I 0 ppm oxygen (by the mercury- amalgamation method) and about 
2 ppm carbon (by the oxyacidic-flux method). 

The exterior (air side) of the pipe had a thin oxide film, as is 
normal for Type 304 stainless steel heated in the operating t emperature range. 
The interior wall surface looked metallic, but was somewhat frosted or 
etched. Metallographic study of a transverse section of the pipe corrob
orated the appearance of slight attack on the inner surface, as is seen in 
Fig. 24; the air-exposed outer surface was smooth and unattacked, as shown 
in Fig. 25. Close examination of the inner surface at higher magnification 
(see Fig. 26) showed a gray coating varying in thickness from 3 to 6 ~m on 
the metal. Although the coating appeared to be a deposited metal powder 
rather than a corrosion product, no positive identification was made . The 
coating was brushed off and dissolved in 6N HCl, and the solution was ana
lyzed spectrographically. The major constituents were iron, chromium, 
and nickel in the ratio of 20:4:1. The accuracy of the analysis was not 
adequate to decide if this was a meaningful deviation from the 9:2: l ratio 
in Type 304 stainless steel. 

Fig . 24. As-polished Inner (Sodium) Surface of Secondary 
System Pipe. Mag. 400X. Neg. No. 51412. 
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Fig. 25. As -polished Outer (Air) Surface of Secondary 
System Pipe. Mag. 400X, Neg . No. 51411. 

Fig . 26, Deposit on As -polished lnner (Sodium) Surface 

of Pipe. Mag, 1000X. Neg, No . 50413, 



Some of the grain boundaries near the inner (sodium) surface 
were selectively attacked to a depth of 2-3 mils during electrolytic etching 
in 5 wt o/o oxalic acid, as shown in Fig. 2 7. This attack is usually a result 
of the movement of carbon (or nitrogen) into th e boundaries during the 
high-temperature exposure. The inner surface of the pipe was removed 
to a maximum depth of 3 mils, and the chips were analyzed chemically for 
carbon and nitrogen. For comparison, chips taken from the center of the 
pipe wall were also analyzed. The results are shown in Table IV. 

Fig. 27. Inner (Sodium) Surface after Electrolytic Etching by 5"/o 
Oxalic Acid for 45 sec. Mag. 400X. Neg. No. 50414. 

TABLE IV. Chemical Analyses of Type 304 Stainless 
Steel Pipe after Sodium Exposure 

Location Carbon, wt o/o Nitrogen, wt o/o 

Near sodium surface 0.13 0.022 
(0.003-in. cut) 

Center of pipe wall 0.06 0.021 

Although the carbon content of the surface metal layer exposed 
to the sodium environment increased significantly, the increase may not 
have been due to the transfer of carbon from the sodium to the pipe wall. 
No unexposed piece of pipe from the same heat was available for compari
son to verify this carbon transfer. 

The presence of carbon in the grain boundaries at the surface, 
coupled with the shallow pitting observed, raised the possibility of crack 
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. t' of pipe was flattened and 
initiation during plastic deformatwn. A sec wn . h er micro -

. d No crack initiation was noted under the h1g -pow 
reexamme · . t h ' The structure was 

' ther as - polished or after electrolytlc e c 1ng . scope, e1 . 
identical to that of the as - exposed piece of p1pe. 

D. Evaluations of In-r eactor Corrosion 

Final judgment as to the adequacy of a component for service in the 
LMFBR primary system must be based upon actual performan~e of the ~om
ponent. If the component involves new materials, a necessary 1ntermed1ate 

step is the in - reactor testing of such matenals · 

1 . Spool Specimens 

Vanadium-titanium and vanadium - titanium-chromium alloys 
had demonstrated sufficient corrosion resistance in l ow- oxygen sodium at 
temperatures up to 1300 °F 15 • 16 to warrant consideration as alternates to 
stainless steel for LMFBR fuel jacketing. Accordingly, a series of ex
posures of these alloys was carried out in the primary sodium of EBR-11. 
Type 304 stainless steel was included to serve as a standard of comparison . 
In addition, a variety of high-temperature, high-strength alloys of potential 
LMFBR interest were also included. 

The samples were cylindrical spools 9 . 5 mm OD x 4.2 mm ID x 
19 .2 mm l ong (5 . 73 cm2 exposed surface area) mounted on Type 304 stain 
less steel rod extensions* of fuel-element test capsul es located in the core 
of EBR-11. The exposure positions used were about 28 in. above the core 
center : position 4N2 for all but subassembly XO ll ; position 2Nl for sub
assembly XOll. The samples were on the downstream end of the test as
sembly and thus were exposed to flowing sodium at the exit temperature of 
the given e l ement. 

The method of assembly is illustrated in Fig. 28, which shows 
the three caps ul es included in subassembl y X009 after r emoval (and initial 
cleanup) from the reactor. 

The results o f th e first experiment have been reported , 17 but 
are repeated here for completeness and because improved methods of cal
culation have resulted in presumably more accurate values of fluence, 
temperature, and sodium velocity. 

. . The composition and metallurgical conditions of the samples 
are hsted m Tables V and VI. The vanadium and vanadium- base alloys 
were furmshed bythe Foundry and Fabrication Technology Group of the 
ANL Matenals Sc1ence Division. The other alloys were obtained from 
commercial sources . 

*Inconel 600 or X -750 p · . s nngs were used to prevent aXial sample movement. 
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Fig. 28. EBR -ll Corrosion Samples. ANL Neg. No. 106 -9287. 

TABLE V. Composition of Vanadium-ba se Alloys 

Alloying 
Elements.b 

Heat Treatment wt'lo lmpurities,b ppm 

Alloy and Codea Ti 

Unalloyed vanadium Annealed 1740"F; 0 
V·20 wt '- Ti Stress relieved 12900F; E 20.2 
V·20 wt 'f, Ti Annealed 1650"F; H 20.2 
V-40 wt 'f, Ti Annealed 1650"F; T 41.0 
V-15 wt '- Ti-7.5 wt '- Cr Annealed 1650"F; W 7.5 

acocte designation will be used in Table VII to facilitate communication. 
bBillet analysis. 

Cr 

410 
480 
480 
240 

14.9 250 

TABLE VI. Composition of High-temperature Alloys 

Al loying Element. wt 'lo 

Alloy and Code Fe Cr Ni Mo Co 

304 SS; annealed; A Balance lg,2o 9.56 0.18 0.08 

316 SS; cold·drawn; Y Balance 17.01 12.81" 2.30 0.05 

Hastelloy·X; solution-treated; K 18.69 22.07 Balance 8.99 1.31 0.13 

lncoloy BOO; annealed; M 46.32 20.38 30.83" 0.08 

lnconel 600; annealed; S 6.75 15.64 77.01a 0.05 

Timken 16-l5-6;b annealed; P Balance 15.0/17.5 14.0/17.ti' 5.5/7.0 0.08 max 

Timken 16-25·6;b annealed; V Balance 15.0/17.5 24.0/27.ti' 5.5/7.0 0.12 max 

Multimet; annealed; X Balance 21.59 20.22 2.94 20.39 0.12 

a Includes small amount of cobalt. 
bspecification. 

390 250 50 
358 138 13 
358 138 13 
790 260 99 
702 400 16 

Others 

Mn 0.92; P 0.017; S 0.014; 
Si 0.66 

Mn 1.62; Si 0.68; P 0.036; 
S 0.028; Cu 0.18 

W 0.81; Si 0.90; Mn 0.66; 
p 0.008; s 0.008 

Mn 0.95; S 0.007; Si 0.37; 
Cu 0.30; AI 0.39; Ti 0.35 

Mn 0.18; S 0.007; Si 0.27; 
Cu 0.07 

Mn 6.5/8.5; Si 1.00 max; 
N 0.15/0.25 

Mn 2.00 max; Si 1.00 max; 
N 0.10/0.20 

W 2.50; Si 0.69; Mn 1.47; 
N 0.12; Nb+ Ta 1.13; P 0.016; 
s 0.015 
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le The The samples were exposed in units of four per capsu · 

number of capsules per subassembly varied from one to seven. Table VII 

lists the subassemblies, capsules, sample, and exposure data. 

TABL£ VII. Sodium-exposure Data 

Sodium n/cm2 
Total Time 

Sodium Temp Fluence, Equivalent in Primary 
at Top of Velocity, 

>0.1 MeV Full-power Days Tank. months 
Subassembly Capsule Sample Numbersa Capsule,b °F m/sec Total 

XOOl SMP·I A04; M6; 53; HI 
M9} 7.1x i01° 1. 1 x w1° 119 at 45 MW 

SMV·I M7; H5; Kl; TI 820 4.lc 

VMV·I A07; Tl; K8; 06 887 

SO; K4; M4 810 4.1 1.7xi011 5 X 1010 181 at 45 MW 31 
XG05 NMV-11 A8; 

A4; 58; K7; M9 M4 4.0 1.5 x 1011 7.3 x w1o 178 at45 MW 43 
XA~ NMV-11 136 at 50 MW 

X Oil SOV-3 W1; P3; H4; 51 

m) HOV-4 H3; M~ P5; 01 816 
TVOV-1 X1; M5; V4; P4 M3 

7.8 x w1o 1.1 x 101° 15 
SOY-I 11; V3; W3; K1 M7 4.8 118 at45 MW 

SOV-1 AO; WI ; V4; K3 819 
HOV-10 VI; XI; £6; K5 M8 
HOV-15 KO; H1; Sl ; A9 833 

XOI5 TVMV-1 AI ; 54; K6; Ml 851} 4.0 1.5 X ]1)11 4.1 X Jo1° 
160 at 45 MW 19 

NMP-1 A1; £1 ; H6; £2 873 82 at 50 MW 

asamples li sted in order from top. Letters define material according to codes in Tables V and VI. Numbers are sample numbers within a materials 

group and are for identification purposes only. . . . 
bcalculated by w. J. Larson using the HECTIC code, which takes into account rad1al heat transfer between coolant channels w1th1n the subassembly. 
Original val ues reported for X009 were calculated using measured inlet temperatures and fission rates . The present values are presumably more 
accurate. 

CQriginally reported as 3.7 m/sec. 

Oxygen concentration of the sodium during the first portion of 
these exposures is known within only a relatively narrow range (i.e., prob
ably between -2 and 8 ppm). This is unfortunate, because oxygen concen
tration is the most important factor controlling the behavior of vanadium 
alloys in sodium at the temperatures encountered in this program. 

Weight-change data were determined for all materials and are 
listed in Tables VIII and IX for the vanadium alloys and high - temperature 

TABLE VIII. Weight-change Oata for Vanadium Alloysa 

Oays at Weight loss. 
hr\aterial Power Capsu le No. Temp, 0f mg/cm2 

119 VMV-1 887 610b 
118 HOV-4 816 J03b 

V-20 wt ~ Ti 119 SMV-1 810 5.9' 
119 SMP- 1 M9 11.1' 
118 HOV-4 816 8.8 
118 SOV-3 838 12.5 
118 HOV-15 833 10.7 
118 HOV-10 M8 13.5 
141 NMP-1 873 17.0 
141 NMP-1 873 31.8 
141 NMP-1 873 30.1 

V-40 wt 1. Ti 119 SMV- 1 810 J.]C 
119 VMV·l 887 10.4' 
118 SOV-7 847 6.1 

V- 15 wt ~ Ti-7.5 wt" Cr 118 SOV-7 M7 7.4 
118 SOV-1 819 7.6c 
118 SOV-3 838 7.3 

a!emperal.ures of eKposure and days at lull power are inc lud ed in this table. for other eKposure 
bmformatlon. see Table 111. . 
c~ecause so much of the sample disappeared. this number is of no quantitative significance. 

surface-hardened layer was detected on these specimens. 



TABLE IX. Weight-change Data for High-temperature Alloys 

Days at Calculated Weight Change, 
Material Power Capsule No. Temp, °F mg / cm 2 

304 ss 119 SMP-1 849 a 
119 VMV-1 887 a 
128 SOV-1 8 19 -0.53 
242 NMP-1 873 -6.3 
242 TVMV-1 85 1 - 15.1 
281 NMV -11 820 +0.2 I 
414 NMV- 12 844 -0. 12 

316 ss 128 TVOV-1 843 -0.09 
Hastelloy-X 119 SMV-1 820 a 

119 VMV- 1 887 a 
128 SOV-1 819 +0.05 
128 HOV-15 833 0.0 
128 SOV - 7 84 7 -0.12 
128 HOV-10 848 +0. 33 
242 TVMV-1 851 - 3.0 
281 NMV-11 820 +0.08 
414 NMV-12 844 +0.05 

Incoloy 800 119 SMP-1 849 a 
119 SMV-1 820 a 
128 HOV-4 826 a 
128 TVOV-1 843 0.0 
242 TVMV -1 851 -1.8 
281 NMV-11 820 -0.07 
414 NMV-12 844 -0 . 11 

lnconel 600 119 SMP-1 849 
128 SOV- 3 838 0.0 
128 HOV-15 833 +0.12 
242 TVMV-1 851 -9 . 7 
281 NMV-11 820 +0 .09 
414 NMV-12 844 0 . 0 

T1mken 16-15-6 128 SOV-3 838 0 .0 
128 HOV-4 826 
128 TVOV-1 843 -0.07 

Tlmken 16-25-6 128 SOV-7 84 7 0.0 
128 HOV-10 848 a 
128 SOV- 1 8 19 +0 .09 

Multi met 128 TVOV-1 843 0 .0 
128 HOV-10 848 +0 . 26 

aNo data available. 

alloys, respectively, in order of increasing exposure. Because dimensions 
were determined only to 0 . l mm, measured dimensional changes were noted 
for only two vanadium samples. 

The unalloyed vanadium samples were severely pitted after ex 
posure, and their diameters were reduced as much as 2 mm. The larger 
weight loss is equivalent to approximately 50% of the initial sample weight. 
After being removed and cleaned, the vanadium alloys had a lustrous black 
coating. The metal weight losses observed were equivalent to a loss of 
2 mils (0.002 in.) or less, which was too small to be detected directly by 
the methods used in this program. 
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d · t ·t ium binary alloys 
In tests outside the reactor, vana Ium- I a~ . formed 

and vanadium-titanium- chromium ternary alloys have Invanabl:raturess 

hardened layers on the surfaces when expose:o~t e~~:a~:~::~palloys have 
to sodium containing traces of oxygen or car . 
behaved similarly to binary alloys of the same titan_ium ~ont:;\l!nv~;::d 
EBR-ll exposures, some of the vanadium alloys Indicate In a 

not exhibit a hardened layer after exposure. 

The presence of a hardened layer is import~nt because of pos 

sible deleterious effects on mechanical properties, particularly on thin 

t
. · e fuel-element 1·acketing. Possible reasons for the absence of 

seClOllS , l. . , . 6 
a hardened layer on reactor-exposed samples have been discussed, but no 

explanation for the variable behavior has been offered. 

About half the stainless steel, other iron-base alloy, and nickel 

alloy samples experienced weight changes of 0.0 5 mg/ cm
2
_ or less, which is 

well within experimental error . Only specimens exposed m capsules TVMV - l 
and NMP-1 of subassembly X015 had weight losses definitely beyond the 
range of experimental error (a weight change of l mg is equivalent to 

0 . 18 mg/cm2 ) and large enough to cause concern. 

Optical metallography has indicated a few areas of slight surface 
roughness in the Type 304 stainless steel sample Al in capsule TVMV-l. 
However, examination with the electron microprobe has shown no change in 

composition at the surface . 

Table VIII shows that the vanadium alloys exposed in cap-
sule NMP-1 also had abnormally high weight losses. The samples in these 
two capsules were somewhat more difficult to remove from the supporting 
rod than was usual , but this probably cannot account for the large material 

losses. 

The exposure period of subassembly XO 15 overlapped that of 
the other four subassemblies containing corrosion sampl es . Thus, changes 
in sodium quality were probably not responsible for the results observed. 
For an appreciable part of the exposure , the temperature appeared to have 
been higher than reported. However, results cannot be explained with any 
high degree of certainty. 

Samples of Type 304 stainless steel, Hastelloy- X, lnconel 600, 
and Multimet were examined with the electron microprobe for changes in 
surface composition. The Incoloy 800 showed a decrease in chromium con
c.entration at the surface . Inconel 600 showed chromium and nickel deple 
tion at the surface. The other materials were unchanged . 



2 . Nickel Subassembly 

A search of the corrosion literature failed to provide assurance 
that unclad nickel or chromium-plated nickel subassemblies could be used 
safely as reflectors in the EBR-II primary sodium. The basic difficulty was 
that mass-transport phenomena were understood poorly in a quantitative 
sense, and no reported test had closely approximated the exposure conditions 
in the reactor . 

Two full-size test subassemblies were prepared ; these consisted 
of 30 carefully weighed nickel rings stacked on a solid nickel bar to provide 
gamma heating and sodium flow equivalent to the actual reflector design. 
The sodium temperature vaned from 700 °F at the inlet to 940 °F at the out
let, with a flow of 1.2 gpm . The first of these subassemblies has been eval u
ated after an exposure of 58 days at power (2910 MWd). The second will be 
examined after approximately one year of exposure . 

Table X presents the results of the first exposure . Individual 
weight losses varied somewhat from specimen to specimen, probabl y be
cause of handling and cleaning difficulties , but all weight losses were low. 

TABLE X . Weight Loss of Nickel-200 Ringsa 
Exposed 2910 MWd in Position 7F5 

Weight Loss, 
Ring No. mg/cm2 

(Top) 0.061 
2 0 .065 
3 0 . 049 
4 0.062 
5b 0.019 
6 0 .044 
7 0 . 044 

8 0 . 0 59 

9 0 . 0 51 
lOb 0 . 007 
11 No data 
12 0 .027 
13 0.050 
14 No data 
15 No data 

Ring No . 

16b 
17 
18 
19 
20 
21 
22b 

23 
24 
25 
26 
27 
2ab 

29 
(Bottom) 30 

Weight Loss, 
mg/cm2 

0 . 024 
0.030 
0 .014 
0 .026 
0.036 
0 .028 
0 .0 53 
0 .03 5 
0.067 
0 .011 
0.041 
0 .026 
0 .020 
0.021 

c 

aRings 2.16 in. OD x 2 in . long ; 88 cm2 exposed to sodium flowing 

at 1.2 gpm. 
bchromium-plated nng. 
CBecause the bottom ring was so badly scratched after the experi
ment, the weight change could not be co nsidered accurate . 
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·mens at the top of the subassembly 
The average loss of the f~ur spect f the first four weighable speci -

( 94o •F) 0 06 mg / em · the average o . ht 
- was . (-7o'o•F) was 0.02 mg/cm2 . The maximu:r' wetg 

mens near the bottom somewhat less than 3 ~in . of uniform ntckel loss. 
change corresponded to 

Chromium plating reduced the weight loss. However' the weight 
to the ex erimental error that the effect of tempera

changes werhetslooscslof:: the plate~ rings was not immediately apparent. 
ture on wetg 

IV. DISCUSSION 

The failures of reactor components described were shown to be re

lated to existing flaws and/ or to external contamination rat_her than to de
terioration of normally compatible materials . The poor mtcrostructure of 
the cladding of fuel element C-249-16 and the cracking ~f the secondary 
rupture disc were associated with carbonaceous contamtnatto n ; the bellows 
failure and the cracking of a thin-section roll pm appeared to be the result 
of flaws present before insertion into the reactor system . Th_e coolant 
apparently played a minor role i n the dev elo pment of these fatlur~s.' beyond 
providing the high-temperature conditions . However, afte~ the 1~1t1al pene
tration of the bellows or rupture disc , the presence of sodtum oxtde and 
sodium hydroxide contributed to the further deterioration of the component. 

Considering the complex1ty of the reactor system, the failure rate 
has been low. The current comprehens ive quality-assurance program in
stituted in the EBR-11 Project should assist i n mai ntaining this low rate . 

A . Components 

An examination of components removed from the reactor indicated 
that their interaction with the sodium coolant was extremely small at the 
tank temperature of 700 •F and was limited to a slight dis solution of the 
stainless steel at the higher temperatures . 

The only optically observable microstructural change that occurr ed 
during the irradiation of the Type 3 04L stai nl e ss steel cladding and the sub
sequent sodium-removal operation was sensitization (precipitation of car
bides at the grain boundarie s) . Observation of many transverse sections of 
spent fuel elements further indicated that the degree of sensitization was a 
function of both the operating temperature and the original carbon concen
tration of the tubing . For those elements operating at a shghtly higher-than
normal temperature, the degree of sensitization appeared to be dependent 
also on the neutron flux, being greate st at the highest flux regions rather 
than at the highest temperature zone of the element. No discernible corro 
sive attack was noted at the coolant- cladding interface, even after extended 
storage in treated water. 



Type 304 stawless steel components (gu1de th1mbles and secondary 
p1pmg) exposed to the sodium coolant for extended periods experienced 
some dissolution, particularly where grain boundanes i ntersected the ex
posed sur face. However , this dis solution did not cause any compositional 
changes near the surface for the major constituents . 

The carbon transport between steels of differing carbon activity was 
inconsequential, probably because of the extremely low carbon-diffusion 
rate at temperatures near 700 °F. The slightly higher-than-normal carbon 
concentration in the surface of the secondary piping cannot be conclusively 
attributed to the p1ckup of carbon from the sodium , because this increased 
carbon concentration may have resulted from carbon contamination during 
the heat treatment of the piping by the supplier . 

From the limited data available , no discernible increase in direct 
sodium attack seemed to be caused by the high radiation level within the 
core of the reactor . The slight attack on the guide thimbles was related 
to the temperature and showed no correlation with total fluence . 

B . Corrosion Evaluations 

The spool-specimen experiments were aimed primarily at demon
strating that vanadium alloys would not detenorate hopelessly in a large 
sodium-cooled reactor , even with cold-trap control of the impurity level 
of the sodium. In that sense , the experiment w as successful. Only the un
alloyed vanadium was severely attacked . The three alloys lost weight in 
duect proportion to the time and the temperature of exposure . The lim
ited available data indicated that V- 40 wt % Ti and V -15 wt % Ti- 7 . 5 wt % 
Cr were noticeably more corrosion-resistant than was V-20 wt% Ti in the 
rapidly flowing sodium. The weight loss of the better alloys was equivalent 
to uniform penetrations of substantially less than 10- 3 in . for their expo
sures of over 100 effective full-power days (time in primary tank of up to 
15 months) . 

Most of the iron-base and n ickel-base alloys showed trivial weight 
changes dunng their long exposure to the flowing sodium. The exceptions 
were those specimens in subassembly X015. For an appreciable part of 
the exposure, the actual temperature of that subassembly appeared to have 
been much higher than the calculated value . Two vanadium- alloy specimens 
in this subassembly also experienced somewhat more weight loss than would 
be expected from a linear extrapolation of other data. 

The nickel spec1men and the chromium-plated specimens in the spe
Clal test assembly experienced very slight attack and led to a recommenda
tion to proceed with unclad nickel as a reflector matenal for the EBR-II . 

The small number of coolant- compatibihty problems experienced in 
the operation of EBR-II generates optimism for the LMFBR concept . Although 
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no direct reference has been made to the surveillance of all the materials 
listed in Table I, a continuing program of examinations 1 has indicated no 
significant deterioration of any reactor materials, other than those de

scribed in this report. 
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