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INVESTIGATIONS OF MATERIALS COMPATIBILITY
RELEVANT TO THE EBR-II SYSTEM--

FY 1977 AND THE TRANSITION PERIOD*

by

K. J. Longua, W. E. Ruther, J. A. Shields,
W. H. Olson, and A. F. Clark

ABSTRACT

The failure of newly designed thermocouple assemblies in the steam
system was caused by severe corrosion due to residual brazing flux left inside
the protective tube.

Examination of a failed bellows-and-pivot-rod assembly inside the
turbine initial-pressure-regulation assembly revealed intergranular cracking
in the heat-affected zone at the root convolution of the welded bellows.

The annual inspection of the steam plant included an in-service type
of inspection. There was no evidence of material degradation or defects in
any pipe welds. Only one minor anomaly was observed: the lack of complete
fusion in the root area of a weld in a sodium-drain-line elbow.

Burst tests of fuel-element tubes were performed in irradiated and
unirradiated defected hexagonal subassembly ducts, using both single and
multiple defected tubes to simulate fuel-element failure. No significant de-
formation was observed after the tests on irradiated ducts.

A fabric to be used inan enclosure to protect the EBR-II fuel transfer
arm was tested successfully in sodium at 135-200'C.

Thermal-shock testing of stainless steel-clad thermocouples at rates of
260*C/s confirmed their capability to withstand sudden changes in temperature.

Out-of-reactor experiments indicated that graphite and reticulated
vitreous carbon will trap 1mCs and are compatible with 371*C sodium.

Experiments were performed with thermal-expansion-difference tem-
perature monitors to determine the extent of stress relaxation during calibra-
tion. At low temperatures (500'C), there appears to be a slight rduction in
volume; at higher temperatures, some stress relaxation occurs.

Inspection of both the large- and small-plug annuli of the rotating seals
indicated no deposit buildup during the past year.

*Tbe transition period, July 1-September 30, 1977. was used when the start of the fiscal year of the
U. S. Government was changed from July 1 to October 1.
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I. INTRODUCTION

This report is the eighth in a series 1 7 of yearly investigations of
components of the EBR-II reactor plant and on out-of-reactor experiments
in which materials or techniques are tested before they are used in the EBR-II
reactor system. Wide ranges of materials, circumstances, and evaluation
techniques are involved. Therefore, each investigation is reported separately.

General information on the configuration of the EBR-II reactor plant,
sodium chemistry, and sodium-removal techniques is contained in Ref. 1.

Additional information on mechanical properties and compatibility of
materials exposed in the blanket and fuel-storage regions of the EBR-II reactor
plant is contained in a series of reports on the materials-surveillance sub-
assemblies examined to date. 8-1 1

II. DATA AND RESULTS

A. Analyses of Malfunctions

Only two minor component failures related to inadequacies in materials
compatibility occurred during this period. Neither had the potential for causing
reactor shutdown, so no reactor operating time was lost.

1. Temperature -monitoring Thermocouples

A new Chromel-Alumel thermocouple was designed to provide
better thermal contact with various components being monitored in the steam
system. Two failed after three months of service. One was removed from
evaporator EV-702 and metallurgically examined. The thermocouple assembly
was constructed from twisted Chromel-Alumel wires and positioned in a
3/16-in. (~4.8-mm)-dia Type 304 stainless steel thin-walled tube. The wires
and the tube end were silver-brazed to form the couple and to plug the tube.
The braze area of the tube was ground flat to make good thermal contact with
the component to be monitored. The opposite end had a cap attached to a lock-
ing device to hold the thermocouple in place. This end of the tube was also
crimped to support the thermocouple lead wire.

Visual and scanning-electron-microscope (SEM) examination re-
vealed severe corrosion at the brazed end of the tube. The wall thickness at
the end of the tube had been reduced about 50%, and the braze material was
also severely attacked. Figures 1 and 2 illustrate the appearance of the
brazed end. Energy-dispersive analysis by X ray (EDAX) of the corroded
area indicated the presence of chlorine, cadmium, and zinc, which are braze
and flux constituents, and nickel, iron, and chromium, which are stainless
steel constituents. This analysis did not indicate the presence of silver, prob-
ably because the electron beam was unable to penetrate the corrosion products.
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Fig. 1. Brazed End of Thermocouple Assembly Fig. 2. Bond of Silver Braze and Stainless Steel

from Evaporator EV-702, Showing Re- Tube End of Thermocouple Assembly.
sults of Corrosion. Mag. ~"10.0X. Mag. ~"46.8X.

The failed thermocouple assembly was sectioned to examine its

interior. The inside surface of the stainless steel tube, the Chromel-Alumel
wires, and the braze area were severely corroded, as illustrated in Figs. 3

and 4. The massive corrosion products and the appearance of the material

indicated possible chloride corrosion. This corrosion also occurred between

the braze material and the tube, indicating poor bonding or no bonding. The
massive corrosion inside the tube indicated that the source of chloride could

have been inside the tube and was probably residual flux.

Fig. 3. Appearance of Thermocouple Junction, Fig. 4. Corrosion between Braze and Inside of
Braze, and Tube. Mag. ~11.36X. Stainless Steel Tube of ThermocoupIe

Assembly. Mag. ~201X.

To verify that the residual flux was the chloride source, a new
thermocouple was sectioned for examination. Microscopic examination of
the inside of the tube revealed a considerable amount of residual flux. This
residual flux was never removed after the brazing operation.
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The thermocouple failed through chloride corrosion attack. When
the thermocouple was heated, the residual flux present released chloride,
fluoride, and other corrosive agents. The flux is designed to produce these
gases during brazing to clean the surfaces so the silver braze will form a
bond. These thermocouples had a poor bond between the braze and the tube.
Thus, the released chloride attacked the thermocouple wires and the tube,
and then leaked through the bond so that the outside surface was also corroded.

2. Bellows-and-pivot-rod Assemblies

Three bellows-and-pivot-rod assemblies used in the initial-
pressure-regulation (IPR) assembly of the turbine failed in a relatively short
time (about one year). In comparison, the original assembly lasted for about
1. years. Figure 5 shows one of the assemblies. The bellows in all four as-
semblies failed at the root of the convolution near the flange end. To determine
the failure mechanism, the last assembly that failed was sectioned to obtain
samples for material analyses and SEM and metallographic examinations.

Fig. 5. Bellows-and-pivot-rod Assembly from Initial-pressure-regulation Assembly of Turbine

Very little was known about the fabrication method and the type
of material. Therefore, nondispersive X-ray fluorescence was used to de-
termine the materials of construction. This analysis revealed that the bellows
and flange were Type 316 stainless steel and the pivot rod was plain carbon
steel.

SEM examination of the failed surface indicated an intergranular
failure. (Intergranular failure is defined as failure along the grain boundaries
rather than through the grains.) The fracture surface also showed some dis-
coloration, indicating corrosion. Figure 6 illustrates the intergranular ap-
pearance of the fracture.
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Following the SEM examina-

tion, the samples were prepared for

metallographic evaluation. Examina-

tion in the "as-polished" condition
revealed that two adjoining root areas

" of the bellows convolution had cracked.

A third root area broke free of the

sample while the bellows was being

handled. All cracks were found in

the heat-affected zone of the root
weld, and all were initiated from the

outside (steam-side) surface. Fig-

Fig. 6. SEM Photography of Bellows Fracture, ure 7 shows these cracks. Further
Showing Intergranular Appearance of examinations in the as-polished and
Fracture. Mag. 1014X- etched conditions revealed that the

failure occurred along grain bound-

aries adjacent to the weld fusion line. Figure 8 illustrates the appearance of

the etched sample. Intergranular corrosion had occurred in the base ma-

terial in several locations.

Fig. 7. Cracks in Heat-affected Zone of Fig. 8. Cracks in Heat-affected Zone of Root
Root Weld of Bellows: "As-polished" Weld of Bellows: "Etched" Condition.
Condition. Mag. 17.25X. Mag. 335X.

Examination of the base metal indicated that sensitization (carbide
precipitation) had occurred. The carbide network around the grains is ap-
parent in Fig. 8. The failure occurred intergranularly through the carbide
precipitation.

The detailed corrosion mechanism is extremely difficult to pin-
point. Many factors probably contributed to the final failure. Each convolu-
tion forms a rather small crevice in which corrosive agents such as hydroxide
could concentrate; the working action of the bellows causes stress, and the
sensitization of the material makes it prone to corrosive attack. These three
factors probably all contributed to the failure.
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B. Examination of Components

The opportunities for examination of components of EBR-II are limited
to those components removed for maintenance (or replacement), those that
have failed, and those that have been modified to provide inspection ports.
The yearly inspections of the steam-generating system are being continued
to provide up-to-date information on service experience and to provide com-
plete information on the materials used in EBR-II.

1. Steam System

The annual inspection of the EBR-II steam system was performed
during the March 1977 long reactor shutdown. This annual inspection is
typically a visual examination to determine any evidence of gross corrosion,
pitting-type corrosion, scale formation, or possible material degradation.
This year, various pipe welds and structural welds in supports were also
visually examined, radiographed, and ultrasonically tested.

a. Steam Drum. Examination of the steam drum, the separator
screens, and the internal feedwater piping revealed all surfaces to be covered
with a reddish-brown material assumed to be a magnetite/hermatite mixture.
Analyses of this material were similar to those last year, 7 and the amount
present was about the same. Neither the steam drum nor its internals re-
vealed any evidence of severe corrosion, erosion, or material degradation.

The two 2* Cr-I Mo carbon steel corrosion coupons in the
steam drum were removed, examined, and replaced. The mill marks, stamped
numbers, and irregularities were unchanged, indicating little corrosion oc-
curring. The coupons were weighed, and the minor weight gain was attributed
to the buildup of adherent corrosion film.

b. In-service Inspection. A plan for in-service inspection of the
EBR-II steam and secondary-sodium systems has been completed. This plan
required the inspection of various pipe welds and components in those systems.
The inspection was done to obtain baseline data and to ensure the continued
safe and reliable operation of the plant.

The plan was initiated during the March 1977 long reactor
shutdown. Implementation required visual, ultrasonic, and radiographic in-
spection of several welds. In addition, five weld joints were ultrasonically
examined, and two weld joints were dye-penetrant-checked. Various support
structures and a valve were also visually examined for corrosion and general
condition. Initial data on pipe hangers and valve operating times were obtained
and will be correlated in future inspections.

The pipe welds were radiographed using the single-wall
technique, a normal, standard method of radiography.
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Ultrasonic inspection was made by using a 45 shear wave in

both the axial and circumferential directions. The axial shear wave was used
to inspect the weld material and the heat-affected zone for circumferential
flaws. The circumferential shear wave was used to detect axial flaws within
the heat-affected zone and the seam weld, where one existed.

Ultrasonic-test standards for each size of pipe inspected
were fabricated from archive material. These standards consisted of two
inside-surface and two outside-surface notches, cut axially and circumfer-
entially. Each notch was 25.4 mm long and had a nominal depth of 10% of the
pipe wall thickness. Measured notch depths were used in signal calibration.

The pipe areas inspected were (1) line Na-2-31-500, large
yard line, southeast elbow; (2) line Na-2-31-500, transition weld; (3) line PW-
1OC-8S-515-4, evaporator EV-708 effluent line at steam drum; (4) line PW-8C-
8S-501-1, evaporator EV-708 influent line at steam drum; and (5) line 4Na-2-
34-532, sodium-drain-line elbow. Visual examination of these welds indicated
that the steam lines (PW) had a wide, high-crown, rough-weave weld and that
the sodium lines (Na) were smooth with a slight crown. The sodium drain line
had a weld similar to the weld in the steam lines. The only flaw revealed by
radiography and ultrasonic testing was in the west weld of the sodium-drain-
line elbow. The flaw was linear and was probably caused by lack of fusion in
the root area. Stress analysis'2 of the weld joint showed the maximum stress
to be 5.9 MPa, which is considerably less than the maximum stress intensity
of 172.7 MPa allowed by the ASME Code, Section III, Subarticle NB-3652.

Other areas visually inspected were (1) a support leg on both
the sodium surge tank and the sodium storage tank and (2) a sodium drain
valve. The welds attaching the support legs were rougher than those in the
steam lines and were rippled with excessive overbead. However, the welds
and the heat-affected zones were in satisfactory condition. The drain-valve
body, a casting, was somewhat discolored by oxidation at operating tempera-
ture, but did not show any anomalies. The valve-to-pipe welds were smooth
and had little overbead. Both the valve-body-to-pipe welds and the heat-
affected zone were satisfactory.

To complete the inspection for the year, an elbow on
line S6-13-301, located on the turbine floor, was examined. Both ultrasonic
testing and radiography indicated a satisfactory weld.

c. Feedwater Reheater No. 1. During the March 1977 long
reactor shutdown, the second-pass portion of feedwater reheater No. I was
retubed. This reheater is a shell-and-tube heat exchanger. Feedwater flows
through the tubes and is heated by turbine-extracted or low-pressure steam
on the shell side. The tubes are of the U-bend type and are fabricated from
Admiralty metal having a nominal composition of 71% copper, 28% zinc, and
1% tin.
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Reheater No. 1 had been in service since plant startup.
Several tubes had developed leaks and required plugging. The retubing in
March was necessary, because plugging of the additional tubes needing to
be plugged would have resulted in insufficient capacity.

When the old tube bundle was removed, the tube leaks were
all found in or near the U-bend. Several leaks were cut out and metallo-
graphically examined. This examination revealed stress-corrosion cracking
of the copper alloy. Figures 9-11 are typical of the cracks found. This type
of cracking is common where the tubes are stressed and ammonia is present
in the water. The ammonia is formed by chemical breakdown of the morpholine
added to the feedwater as a volatile pH control to inhibit corrosion in the
feedwater system. The stress in the tubing is a residual stress from insuffi-
cient annealing of the original tubes.

Fig. 9

44 Typical Crack in Feed water-rehcater Tube

Fig. 10

Microstructure of Crack in
Feedwater-reheater Tube.
Mag. 81X.

-l -E
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Fig. 11

Intergranular Nature of Crack
in Feedwater-reheater Tube.

2. Reactor System: INCOT Dummy Plug

A surveillance program was started to investigate the remote
possibility of erosion caused by level changes in the reactor tank. The sodium
level can change due to cycling of either coolant-pump flow or sodium tem-
perature, and there was concern about possible erosion at the interface of the
sodium and the sodium aerosol. Therefore, components that had been in the
interface area for long periods of time will be visually examined upon their
removal.

One component was available during the report period: the dummy
plug for the in-core test facility (INCOT). The plug had been in the interface
area for about one year. It was cut so the interface region on the plug could
be examined. Examination of the plug, made of Type 304 stainless steel, re-
vealed no erosion.

3. Seals of Rotating Plugs

The continuing problem of maintaining the EBR-II rotating-plug
seals has been described in previous yearly reports. In FY 1976, the upper
annulus of the large-plug seal was thoroughly cleaned, using a special glove
box and manually operated tools. The result was a significant improvement
in the operation of the large plug.

As a precautionary measure, a similar vertical access hole to
the upper annulus of the small plug was constructed in March 1977. This
annulus was inspected. A small quantity of deposits was observed on the
wall of the annulus as well as on the seal trough. There is no evidence to
suggest that these deposits are sufficient to interfere with rotation of the
small plug, so there is no need to perform a major cleanup in this region.
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The upper annulus of the large-plug seal was also inspected to
determine its condition about one year after the major cleanup. There was
no deposit buildup, and the annulus remained completely open.

With the argon side of the seals open, rotational problems with
the seals are confined to the air side, and sticky plugs did delay plug rotation
and fuel handling on several occasions. With proper scheduling of the cleaning
effort, these delays can be kept to a minimum. There has been a buildup of
1mCs in the primary sodium over the past two years as a result of breaches
in fuel-element cladding. Cesium appears to migrate through the seal alloy
and, like sodium, oxidizes on the alloy surface. Consequently, the cleaning
of dross from the alloy surface is complicated by an increase in the activity.
A., personnel involved in cleaning must wear protective clothing and equip-
ment, making a difficult task even more difficult.

C. Out-of-reactor Testing in Support of EBR-II

Investigating the effects of sodium exposures and high temperature on
materials to be used in EBR-II is often advantageous. The results of these
out-of-reactor exposures permit a realistic evaluation of the risk, if any, to
the reactor of subsequent in-reactor experiments. Five such investigations
were completed during this report period.

1. Deformation of EBR-II Ducts due to Bursts of Simulated Fuel
Elements

The equipment used in this study and the initial results were de-
scribed in last year's report. 7 Briefly, Mark-II fuel-element tubes, one
deliberately defected, are inserted in a simulated subassembly fuel-element
cluster, and a 250-mm section of hexagonal duct is drawn over the cluster.
The defected tube is located adjacent to the center of a duct flat. While the
entire simulated subassembly is immersed in 482C sodium, the defected tube
is pressurized with xenon gas until it ruptures.

a. Tests with Irradiated Duct. A section of an irradiated hex-
agonal duct dj'ierately defected with a longitudinal slit was used for a series
of six'tests in which sequentially higher tube burst pressures were applied.
The section was removed from the core region of subassembly X1I2A and
had experienced a fast fluence in EBR-II of about 3.2 x 1026 n/m (E > 0.1 MeV)
at core midplane and subassembly centerline. A longitudinal slit was ma-
chined in the center of one flat. The slit was 5.6 mm long, 0.70 mm wide,
and about 0.45 mm deep along most of its length. This depth of defect, repre-
sented 45% of the wall thickness of the duct and exceeded, by a factor of 10-15,
the deepest gouges observed on the exterior of subassemblies after discharge
from EBR-II.
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The parameters and results of the six pressure tests are
listed in Table I. The volumes and pressures of the compressed xenon gas
inside the burst tube exceed those to be expected during loss of flow in
Mark-IA and -II driver-fuel elements at their burnup limit. Small, equal
outward deflections of 0.05-0.07 mm were measured for all profile points
after the second test. About half this distortion had disappeared after the
third and fourth tests. Significant deformation of the duct was measured only
after the fifth test at a burst pressure of 28.9 MPa. The maximum permanent
deformation, in the vicinity of the defect center, was still only 0.4 mm after
a sixth test at a burst pressure of 34.6 MPa. No tearing or cracking was ob-
served in the duct wall at the tips of the defect.

TABLE I. Experimental Parameters for Burst Tests with
Irradiated Subassembly Duct

Burst-tube Burst-tube Deformation
Volume, Pressure, of Duct,

Test No. t03 mm3  MPa (psig)a mm (in.)

0.2 12.8 (1865) None
2 2.0 10.3 (1500) >0.07 (0.003)
3 10.0 12.5 (1810) None
4 2.0 23.1 (3350) None
5 2.0 28.9 (4200) 2 (0.008)
6 2.0 34.6 (5020) 0.4 (0.014)

aPeak pressure in plenum of Mark-II element at 6 at. % burnup
during loss of flow is 12.4-17.2 MPa (1800-2500 psig) for a
compressed-gas volume of 2 x 103 mm3 .

These results contrasted with those of preliminary tests on
unirradiated, undefected ducts in water, where localized duct deformation of
up to 1 mm was observed for a burst pressure of 17.2 MPa.

b. Tests with Unirradiated Ducts. Four experiments with unirradi-
ated ducts simulated the burst of an experimental fuel element recently returned
to the reactor in a fresh duct. The ducts used in these tests did not contain in-
tentional defects. The test parameters and results are listed in Table II. Local-
ized duct deformations were noted in the duct wall nearest the ruptured tube.
The effect of cold work in reducing the deformation was very pronounced.

TABLE II. Experimental Parameters for Burst Tests with
Unirradlated Subassembly Ducts

Maximum
Burst-tube Burst-tube Deformation

Duct Volume. Pressure, of Duct.
Test No. Material 103 mm3  MPa (psig) mm (in.)

la Annealed 2 13.5 (1560) 1.2
Type 304 SS (0.047)

2 Annealed 10 10.7 (1560) 0.68
Type 304 SS (0.027)

3 Annealed 10 14.0 (2030) 1.1
Type 304 SS (0.043)

4 12%-cold-worked 10 14.3 (2080) 0.2
Type 316 SS (0.007)

aTest conducted with argon gas.
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c. Multiple-burst Testing. An attempt was made in the labora-
tory to burst several fuel-element tubes simultaneously in an unirradiated
hexagonal duct under water. In each of two tests, six defected tubes were

REMAINING WALL THICKNESS AT DEFECT, mm
40000 0.025 0.051 0.076 0.102 0.1276

3000

2000

10001

0

I I I I

-- 24

- -2t

-eo~o -

I I I I V

0 I 2 3
REMAINING WALL THICKNESS

aa.
0.7 .

3.8W
cr.
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6.-U

4 5

AT DEFECT, I0" in.

Fig. 12. Calibration of Failure Threshold at Room
Temperature for Multiple-burst Testing
of Defected Fuel-element Tubes

(see Sec. II.C.l.a) in that six tests with

placed adjacent to the same duct flat,
pressurized to just below their failure
threshold (as given in Fig. 12), and
isolated by solenoid valves. The pres-
sure upstream of the valves was raised
above the threshold, and the solenoid
valves were opened simultaneously.

The shortest time recorded
between successive bursts in either
test was 30 ms. Furthermore, the
duct deformation was not more than
measured previously for a single
burst. This behavior indicated that
all deformation was caused by the
first burst, and strain-hardening
precluded further deformation by
later bursts. Similar behavior was
observed with the irradiated duct
increasing burst pressure were con-

ducted without significant change in duct deformation.

d. Interpretation of Test Results. The results of the prooftests
on the irradiated subassembly ducts in hot sodium have allayed previous con-
cern regarding the consequences of possible failure of driver-fuel elements
at their burnup limit in EBR-II during off-normal conditions, particularly
loss of flow. Clearly, these tests could not exactly simulate all conditions
that might be expected in an actual subassembly. For this reason, worst-case
conditions were assumed for the tests--for example, that an element will
breach adjacent to a defective flat of a subassembly duct. This conservatism
requires some further discussion in the context of applying the results of the
present tests to a loss-of-flow situation in EBR-II.

Breaches that have developed in the annealed Type 316 stain-
less steel cladding of Mark-II driver-fuel elements at higher burnup under
steady-state conditions have occurred primarily at the dimple region. The
dimple is a slight indentation made in the cladding during manufacture to re-
strain axial movement of the metallic fuel column. Cladding stresses are
high in this region from gas pressure loading and stress concentration.1 3

Breaches in this region have released fission gas only slowly for internal
pressures of 6.9-12.8 MPa. The plenum gas must first force bond sodium
through the porous irradiated fuel in the dimple region. This action increases
the plenum volume, thus reducing the plenum pressure. No evidence of damage
to fuel elements adjacent to breaches has been observed. For these reasons

U)

U)
W
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it is concluded that pressure pulses have not occurred with breaches in
Mark-.II fuel elements, and none are expected. Nevertheless, the present
tests used a sudden release of all stored gas in less than 5 x 10-4 s.

If one element in a subassembly is assumed to fail abruptly
in its plenum region during loss of flow, all elements would be expected to
fail in a similar manner. However, it is extremely improbable that the ele-
ments would fail simultaneously. This was demonstrated by the attempted
simultaneous multiple-burst tests described in Sec. II.C.l.c.

Variation in thermal and neutronic conditions in a typical
subassembly further reduces the likelihood of simultaneous element failures.
The inner elements in a subassembly operate at higher temperature than their
outer neighbors with the corner elements at the lowest temperature. This
temperature distribution persists during the initial stages of loss of flow, so
that inner elements are likely to fail first, and outer elements later, initially
on their inboard, hotter side away from the duct flats. Failure of inner ele-
ments will cause relatively less duct damage than failure of outer elements.
Inboard failure of outer elements in the cluster would, in turn, be less dam-
aging than outboard failure.

Similarly, a typical subassembly will operate at higher tem-
perature and fluence on its core side. The above conditions indicate that
failure of individual elements will be staggered in time and spatially dependent
on the core-wide environment before as well as during loss of flow, with inner
elements in the subassembly failing first on their inboard side. Nevertheless,
the most unlikely worst-case condition of element failure next to the duct wall
was used in the tests.

The test conditions used are considered conservative, es-
pecially since the irradiated duct contained a very deep defect in the vicinity
of the defected element. The likelihood seems remote that a driver-fuel ele-
ment would produce a pressure pulse in-reactor at the most detrimental
location for a defect on the subassembly duct.

2. Compatibility of Coate Glass Fabric with Sodium

A flexible enclosure is being designed for protecting the EBR-II
fuel-transfer arm while it is being remos e from the primary tank. The
material of the enclosure must be able to withstad temperatures of 135-200C
and must not react rapidly with sodium globules that might drip from the
transfer arm. A silicone-rubber-coated glass fabric, Type CHR 1015,* was
selected for compatibility testing.

*CHR 1015 is a product of Connecticut Hard Rubber Company, New Haven, Connecticut.
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A strip of this fabric measuring about 12 x 2 x 0.4 mm was half-
immersed in sodium at 135 C for 5 h. The upper half was exposed to argon
gas containing traces of sodium vapor and aerosol. The specimen showed
slight discoloration on the sodium-immersed side. There was no loss of
flexibility, but a very slight loss of resiliency was detectable. A weight loss
of 0. 12 mg/cm 2 was recorded after the specimen had been cleaned in ethyl
alcohol and distilled water.

A strip of spliced fabric was exposed in similar fashion for 5 h
at 177 C. The half exposed to the liquid sodium turned a very light brown,
but the physical properties of the fabric and the splice were unimpaired, as
judged by simple flexing tests.

Another piece of the fabric, 10 x 10 x 0.04 cm, was supported
horizontally by the edges, and globules of hot, clean sodium about 2 cm in
diameter were placed on it. This experiment was performed in air in a
hood. The first two globules were at an initial temperature of 175-178C.
After solidifying, they were removed easily, and a third globule at 202C was
placed on one of the two sites they had occupied. The sodium did not burn,
and there was no reaction between the sodium and the fabric.

3. Thermal-shock Testing of XX08 Thermocouples

Seven thermocouples were thermally cycled by immersion in
liquid sodium to test their capability to withstand rapid changes in tempera-
ture. The thermocouples tested were selected from the surplus of the
thermocouples procured for instrumented subassembly XX08. All were
Chromel-Alumel, MgO-insulated, and stainless steel-sheathed, and had
ungrounded junctions.

Each thermocouple was inserted into a guide tube so that the
measuring junction protruded about 230 mm from the end of the tube. The
tube was inserted through an O-ring sliding seal into the argon-gas plenum
over a reservoir of sodium heated to 371C. The guide tube and thermocouple
were lowered until the thermocouple indicated 204C. At this temperature,
the thermocouple junction vas about 230 mm above the sodium meniscus.
Next, the guide tube was attached to a motorized vertical lead-screw drive,
which provided a uniform immersion speed of about 500 mm/min.

With this apparatus, each thermocouple was subjected to five im-
mersions into the 371C sodium. A chart-recorder trace of emf output was
made for each thermocouple tested.

Typical test results for the seven thermocouples are summarized
in Table III. One thermocouple, serial number B-04, showed a rate of tem-
perature change of only 212C/s; the rate of temperature change for the other
six thermocouples was more than 2 6 0 C/s. The slower response of thermo-
couple B-04 is due to its larger (1.63-mm) diameter.
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TABLE Ill. Typical Values from Thermal-shock Testing of Seven Thermocouples for
Instrumented Subassembly XX08

Typical Values for Time and Temperature

TemculIdniiainA B Rate of Change of
Thermocoupfe fdenfificafion Change in Temperature time for TC Output emf Temperature during
Outer Diameter. Spacer-wire Length, during Immersion, to Change from 10 to 90% Immersion IA/61.

Serial No. mm (in.i mm lin.) 0C 1 F) of Final Value, s *C/s /%'

8 1.24 10.0491 25.4 I 120 12161 0.30 400 1720
11 1.24 10.0491 25.4 ii 102 1184 0.36 284 15111
12 1.24 10.0491 25.4 il 120 12161 0.34 353 16351
20 1.24 10.049) 25.4 Ili 129 12321 0.30 42 17731
31 1.24 10.0491 25.4 I I 122 12201 0.36 339 1611'

E-04 01737 (0.029) 0 98 11761 0.24 401 1733
B-04 1.63 10.0641 0 138 (2481 0.60 229 14131

The sheath integrity of the thermocouples also was checked, both
before and after the testing, by measuring insulation resistance. The insula-
tion resistance of the thermocouples was greater than 108 0 both before and
after testing. From this it was inferred that no significant amounts of sodium
or moisture (via ambient air) had enered the MgO insulation.

All seven thermocouples are judged to have passed these tests
successfully.

4. Trapping Cesium with Graphite

Tests were conducted to determine the effectiveness of graphite
and reticulated vitreous carbon (RVC) for removing '"Cs from EBR-II primary
sodium. Graphite used in these tests was grade ECV, manufactured by
Union Carbide. RVC is an open-pore, foamlike, glassy carbon manufactured
by Cheniotronics International, Inc., of Ann Arbor, Michigan. It is available
in several porosity grades designated by the number of pores per inch (PPI).
Both 45- and 60-PPI specimens were used in the tests described below.

The results of preliminary capsule and sodium-loop tests of
graphite were described in last year's report.? Since that report was released,
one additional sodium-loop test has been completed. A 310-mm length of
25.4-mm-dia pipe filled with 6.35-mm-long, 6.35-mm-dia graphite pellets
was operated at 371'C in the sodium loop. With sodium flowing through the
graphite-packed trap at 1.58 x 1015 m3/s, and the cold trap shut down, a gold
leaf containing 3.7 MBq of 1"Cs was introduced into the specimen chamber.
Radiation levels at the specimen chamber and at the graphite trap were re-
corded. Nearly all the 1"Cs was trapped by the graphite in the first 30 min.
The following "best-fit" exponential equation was derived from the experi-
mental results:

C/Co =e -'908531
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where

C = 137Cs concentration at any time t,

Co = initial 137Cs concentration at time t = 0,

and

t = time in minutes.

If the 137Cs is assumed to have been very rapidly removed from
the foil and uniformly mixed in the sodium, the efficiency of the test trap was

E = (0.0853M/F)100,

where

M = inventory of sodium in the loop = 0.25 gal (0.946 x 103 m3 )

and

F = flow rate of sodium in the loop = 0.25 gpm (1.58 x 10"5 m3 /s).

The efficiency is therefore 8.53%.

Tests of graphite and RVC have also been conducted in EBR-II
primary sodium. Tests completed to date have used the primary-sodium
flow-through sampling station. The test assemblies consisted of a 330-mm
length of 13-mm-dia tubing with test specimens located in-line at three posi-
tions 100 mm apart. For graphite tests, the tube contained nine cylindrical
pellets 6.4 mm in diameter by 6.4 mm long, with three pellets at each position.
For the RVC tests, the tube contained three cylindrical specimens of
45-PPI RVC, 102 mm in diameter by 25.4 mm long, with one specimen at
each position.

Graphite has been exposed to sodium for four hours at two flow
rates: 1.58 x 105 and 6.3 x 105 m3/s. Results of the tests are summarized
in Tables IV and V. The RVC test showed some evidence of breakup of the
inlet specimen. Loss of material may account for the lower activity of that
specimen.

TABLE IV. Cesium-137 Activity Adsorbed by
Test Specimens of Graphite and RVC

Radioactivity, MBq
Specimen and Exposure Inlet Midtube Outlet

Graphite Test 1: 4 h at 1.58 x 10-5 m3 /s 3.5 4.4 3.0
Graphite Test 2: 4 h at 6.3 x 10-s m3/s 3.7 3.8 3.1

RVC: 4 hat 6.3 x 10-5 m/s 61 135 115
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TABLE V. Parameters and Efficiencies of Graphite and RVC Tests

Graphite

Test I Test 2 RVC

Total specimen weight, g 3.2 3.2 0.3

Total specimen surface area, cm2  17.1 17.1 166

Sodium velocity, m/s 0.3 1.5 0.8

Efficiency/Area,a %/cm2 0.05 0.01 0.2

aEfficiency is defined here as the percent 13Cs activity retained by the speci-
men of the total 13Cs activity in sodium passing the specimen.

RVC is being tested for compatibility with sodium. Tests com-
pleted to date were aimed at determining if RVC is damaged by freezing and
melting of sodium, or by exposure to sodium at 371C. Test equipment con-
sisted of a sodium autoclave to which a Pyrex-pipe, argon-filled transfer
chamber was attached. A small block (15 x 15 x 20 mm) of 45-PPI RVC was
suspended in a metallic specimen holder that could be lowered into the sodium
or raised into the Pyrex pipe.

Initially, the sodium was brought to 150C, and a vacuum was es-
tablished over the sodium and in the transfer chamber. The sample of RVC
was immersed in the sodium, and the autoclave was pressurized to 34.5 kPa.
These steps ensured that the RVC would be completely filled with sodium.
The sodium was then cycled to approximately 80C and back to approximately
150C, passing through the melting point. The RVC specimen was then pulled
into the Pyrex transfer chamber and examined for signs of physical deteriora-
tion. None was noted. The entire cycle was repeated five more times, with
still no discernible disintegration of the RVC. At the conclusion of the tests,
the sodium in the RVC was dissolved in chilled n-butanol. There was no loss
of integrity of the block of RVC.

A second sample (11 x 12 x 37 mm) of RVC, this one 60-PPI ma-
terial, was immersed in sodium at 371C for 18.6 days. The specimen was
removed from the sodium, cleaned in chilled n-butanol, examined, and weighed
at 4.8, 11.6, and 18.6 days. The results are summarized in Table VI.

TABLE VI. Results of Exposing 60-PPI RVC to Sodium at 371'C

Exposure Interval, Weight Gain,
days mg Specimen Condition

0-4.8 50.7 Slight loss of RVC at one corner.

4.8-11.6 33.6 Edges rounded; some RVC gone from surfaces.

11.6-18.6 21.3 Negligible change from last interval.

5. Hydrogen-meter Leak Detectors (HMLD's)

A water-to-sodium leak-detection system was installed in April
1975.14 Eight HMLD's of the system failed prematurely. Five were examined,
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and the results were reported in Ref. 7. During this report period, two more
leak detectors of the original eight were examined.

These two HMLD's (HM-I-101 and -LL-103) were destructively
examined at ANL-East. As before, each HMLD in turn was first welded to a
vacuum system. The sodium was drained from each into a cooled collection

vessel, and the residue was removed
1 cm by evaporation at 480 C. Helium was

HEMISPHERICAL introduced into the normal sodium
HEAD side of the system after 2 h of evapo-
NICKEL BELLOWS ration. A leak detector connected to

the normal high-vacuum side of the
system was used to obtain positive

5.1cm evidence of a leak before the system
was opened to air. Each HMLD was
then disassembled, and the bellows

WELD assembly was connected to a helium
leak detector. A hypodermic needle

INCONEL SPOOL PIECE cozing helium was used to pinpoint
-."WELD the leak.

LEAK LOCATION

TYPE 304 STAINLESS STEEL The small leak in HM-I-101
was found on the stainless steel side
of the weld flange between the stain-
less steel and Inconel spool piece, as
shown in Fig. 13.

Unfortunately, the leak in
VACUUM HM-LL-103, which had registered

on the lowest scale of the leak de-
tector during sodium removal at

Fig. 13, Section of Hydrogen-meter Leak De- 480 C, was too small to detect when

tector, Showing Location of Leak the unit was cool. This HMLD showed
no sign of leakage of bulk sodium into

the vacuum system in service. However, a swab containing phenolphtalein
solution turned pink when applied to the inside of the vacuum system; the
change indicated the presence of traces of sodium oxide or hydroxide.

The continuing good performance of the replacement HMLD's
strongly indicates that the mechanism for failure proposed in Ref. 7 was
correct.

6. Thermal-expansion-difference (TED) Temperature Monitors

The TED temperature monitor (Fig. 14) is a capsule of Type 304
stainless steel which has been evacuated, filled with sodium at about 300'C,
and sealed. When heated to a temperature above-its fill temperature, the
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monitor's sodium expands, causing the capsule to yield and acquire a perma-
nent volume change. The capsules are first set at about 350*C out of the
reactor to establish a baseline from which volume changes can be measured.
After the capsules are irradiated at a higher temperature, immersion-density
measurements can establish the change in volume due to the thermal expansion
of the sodium. This volume change, normalized by the mass of sodium in the
capsule, can in turn be related to the temperature in-reactor. In practice, a
representative group of TED's is heated to various temperatures out of the
reactor and their volumes are measured to provide a calibration curve.

304L SS BARREL AND
304 SS END PLUGS

TIG WELDS

CD WELD

0174 in. SU:, M

0.0625in. 302 SS
ZZA/ BALL

0009 in.

1.125 In.

Fig. 14. Thermal-expansion-difference (TED) Temperature
Monitor. Conversion factor: 1 in. = 25.4 mm.

Figure 15 schematically describes th uncertainty in calibration
that may arise due to stress relaxation. Curve A represents the calibration

curve obtained if no creep occurs
during the calibration; it represents
the thermal expansion of the sodium
minus the amount of compression
applied to the sodium due to the
strength of the stainless steel TED.
If, however, all the sodium compres-
sion is relieved because of stress
relaxation in the TED walls, curve B

VOLUME CHANGE PER SODIUM MASS (AV/mN.) would result. The amount of stress
relaxation that occurs then determines

Fig. 15. Curves Showing TED Calibration Errors the actual calibration curve. (The
Arising from Stress Relaxation broken line shows how such a curve

may look.) It is important to know
the actual amount of stress relaxation during calibration, because irradiation
creep will cause relaxation in-pile and thereby contribute to the total error
in temperature measurement.

A series of experiments was performed to investigate and charac-
terize the extent of relaxation that might occur during calibration. TED's were
obtained from a single production batch, and calibration curves were generated
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using hold times of 15 and 30 min and 1, 2, 4, 6, and 24 h at each calibration
temperature. In generating the curves, each batch of TED's was first set
for the specified time of 15 min at 350*C; after immersion densities were
measured, the TED's were heated for the other specified times at 425, 500,
575, 650, 725, and 800*C. Between the heating periods, immersion densities
were measured.

Figure 16 shows the experimental apparatus used. A stainless
steel heat sink was bored to accept nine 10-mm-dia silica-glass tubes. The
heat sink and tubes were contained in a Lindberg horizontal tube furnace
with proportional temperature control. Temperature surveys before the
experiment established that temperatures within the heat sink were uniform
to within 2*C. A helium atmosphere was maintained in the tubes to minimize
TED oxidation. The TED's were inserted into the eight outer tubes of the
heat sink with a calibrated push rod, and temperatures were monitored in
the central tube during calibration runs.

Fig. 1G. Equipment for Stress Relaxation of TED's during Calitration. ANI. Neg. No. 103-V5981.

Figure 17 is a plot of the change in volume of TED monitors as
a function of calibration (hold) time for the various calibration temperatures.
The plots are made as isotherms. The data points were obtained isochronally
to duplicate normal calibration practices. At the lower temperatures (5500'C),
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Fig. 17. Change in Volume of Ted Monitors
as a Function of Calibration Time
at Various Temperatures

there appears to be a slight reduction
in volume during the calibration. At
higher temperatures, some stress
relaxation occurs. The cause of the
volume decrease is unknown, but is
believed to be related to the manner
in which the data were generated, and
not to a physical volume decrease.
Nonetheless, it is a phenomenon to
be considered in optimizing calibra-
tion procedures.

Figure 18 is a plot of the
curves obtained for the longest and
shortest calibration times in this work.
The data were fit with a polynomial of
the form

T (0C) = a0 + ai(AV/mNa) + az(AV/mNa)2 .
15

Table VII summarizes the co-
efficients of the polynomial for the
various calibration times. That table
and Fig. 18 show clearly that, depend-
ing upon calibration procedures, dif-

ferent calibration curves may be obtained. Figure 19 is a plot of the difference
in calibration temperatures obtained for the longest and shortest set times as
a function of normalized TED volume. The temperature difference reaches
a maximum of about 14.2 C at a normalized volume of 88.63 mm3 /g. This
difference occurs in the 650-690 C range, which is higher than the tempera-
tures that might be expected in reactor. Even so, this value provides an
estimate of the potential for in-reactor stress relaxation, since irradiation

Fig. 18

TED Calibration Curves for
15-min and 24-h Calibra-
tion Times I
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TABLE VII. Coefficients of Polynomial
Approximation for TED Calibration

Calibration
Time ao a1  a2

15 min 351.5 4.500 -7.689 x 10-3

30 min 352.2 4.553 -8.283 x 10-3

1 h 353.1 4.484 -7.941 x 10-3

2 h 351.9 4.463 -7.749 x 10-3

4 h 353.8 4.377 -7.339 x 10-3

6 h 353.3 4.301 -6.761 x 10-3

24 h 354.8 4.105 -5.464 x 10-3

AT - (Tllg).H( T 4 mw)
20

10

5--

0

0 20 40 60 SO 100 120 C~

AV/mNI, mm3/9

Fig. 19

Discrepancy in Calibration Temperature
for Long and Short TED Calibration Times

creep occurs in shorter times and at lower temperatures than thermal creep.
There is thus the possibility for temperature errors of this magnitude to
occur with irradiated TED's. Further analyses are being performed to
evaluate the effects of thermal creep, irradiation creep, and irradiation
swelling on the performance of TED monitors.

V
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