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SUMMARY

A fuel jacke£ failﬁre fhat occurred in May 1961 in the Type 30k4
stainless steel clad fuel element exposed in the Vallecitoé Boiling Water
Reactcr superheated steam loop (SADE) was attributed to chloride stress
corrosion cracking. In order to better understand the failure, a test
program’ was- carried out to try to reproduce the rapi@ stress corrosion
attack in the simulated superheat reactor environment of the CL-1 super--

heat facility.

The methods of corrosion testing under heat transfer conditions
reported.previously'(}) were modifieds
.l. To apply a longitudinal stress on thé test sheaths to produce
a 0.1 per cent elongation in 1000 hours;
2. To increase the chloride content of the moisture carryover
with fhe steanm by increasing’the chloride in fhe recirculating
watef to 1.5 ppm;. | ' | o

3. To expose the solids deposits to various metal temperatures.

After 1000 hours of exposure, ho significant attack was noted on thée test

sheaths.

Tﬁe test procedures were furfher“altered to simulate the significant
amount of SADE fuel element exposure to saturated steam at varying ﬁempera-
tures with little to no superheat being generatgd. A 776-hour total
exposure vas carriedrout with fhe teét conditions cycled several times

in the following sequence:
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1. Inlet - SUEOF saturated steam; Outlet - 1050°F superheated steam;
2. 1Inlet --350°F saturated steam; Outlet - 360°F superheated steam;

3. Inlet - S54LE°F saturated steam; Outlet - SSOOF superheated steam;

The entrance heater (calculated metal temperature during normal opera-
tion 800-900°F) was covered with numerous fine cracks that did not penetrate
completely through. the 0.030-inch sheath. The rvacks were predominantly

tranegranuler.

Discontinuities were located by ultrasonic technigques in the middle
(metal temperature ~ 1000°F) and exit (metal temperature ~»1200°F)
Asheaths. The discontinuities were confirmed as intergranular penetra-
tions of 0.006 to 0.010-inch depth respectively by metallography. Both

types of attack had been found cn the SADE fuel element cladding failure.

Chloride salts of chromium, copper, iron and nickel have been found
by X-ray diffraction in the deposit taken from the test sheaths. Some
laboratory tests with unsensitized and sensitized Type 304 stainless
indicated that wéter solutions of copper or iron chioride salts chemically

attacked the sensitized material intergranularly independent of stress.

The test results indicated that chemical and chloride stress cor-
rosion attack can act either singularly or in combination to produce the

type failures experienced in the SADE and CL-1 tests.

The presence of stress had little apparent effect on the uniform
corrosion rate of the test sheaths, except when the stresses were high
enough to cause creep. The creep resulted in scale spalling with scome

AY

accelerated corrosion in the areas of scale cracking.
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STRESS CORROSION OF TYPE 304 STAINLESS STEEL

IN SIMULATED SUPERHEAT REACTOR ENVIRONMENTS

| INTRODUCTION \

The 300 sqries stainless steels have been selected as the reference
fuel-cladding material for utilization in several superheat reactor (SHR)
systems now being designed. A report (l) was recently issued summarizing.
the results of a corrosion and corrosion-product release study of Type
304 stainless steel, exposed in out-of-pile facilities under heat transfer
conditions to superheat steam containing oxygen and hydrogen representative
of a typical boiling water reactor (BWR) steam source. In the tests
carried out up to metal temperatures of 1300°F, intergranular attack had
occurred in areas of scale fluxing and the real potential of chloride

stress corrosion was indicated.

A fuel jacket failure that oceurred in May 1961 in £he Tyfe 304k stain-
less clad fuel element exposed in the Vallecitos BWR superheated steam
1065.(SADE) was éttributéd ﬁéhéhioride stress corrosion cracking (g). The
source of the prbﬁlémAwas indicétedlas a combinafion of abnormally high
water seepage from the BWR into SADE and abnormally high chloride ion con-

centration in the VBWR coolant.

Becauseiof the need to better understand the stress corrosion experi-
ence with the SADE element, the Task E out- Of-plle corrosion studies of the
Atomic Energy Commission sponsored Superheat Program were reoriented to try
to reproduce the rapid stress corrosion attack of the Type 304
stainless steel in thé simulated=superheét reactor environment of the CL-1

superheat facility.



It is the purpose of this report to summarize the results of the test
program carried out in the CL-1 superheat facility for simulation of a
stressed fuel cladding test with heat transfer in the presence of typical

BWR quantities of oxygen and hydrogen and an excessive quantity of chloride.

CONCLUSIONS

The following conclusions are based on the out-of-pile stress corrosion

studies completed to date on Type 304 stainless steel:

1. The ability to reproduce the corrosion behavior of the in-reactor
SADE fuel element claddirg failure was demonstrated in‘the CL-1
superheat facility.

2. Laboratory tests indicate that water solutions of copper or iron
chloride salts can chemically attack the sensitized material

\

intergramularly independent of stress.

A7

Chemical and chloride stress corrosion attack can act either
singularly or in combination to produce failure in the presence of
moisture.

4, The presence of stress has little apparent effect on the uniform
corrosion rate, except when the stresses are high enough to cause
creep; The creep can result in scale spalling with some accel-

erated corrosion in the areas:of scale cracking.

MATERIALS

The heat transfer specimens used in the course of the portion of the
program reported herein consisted. of Type 304 weldrawn tubes from two
commercial sources. Kach test sheath was 36 3/4-inches long x 9/16 inch
Ch x Q.SOO»inch ID. The ends of the sheaths were machined to 0.560-inch

OD and the last 1/4 inch on each end threaded. The sheaths were then marked,



degreased in acetone, pickled for one-half hour in a 130°F 20 per cent
nitric acid bath, washed, dried and weighed No other surface treatment

was performed

The specimens for isothermal t=s8ting were purchased in l/2-inch wide
by 1/16-inch thick strips, with #1 round edges and #2 finish. They were

degreased and cleaned by the same procedure used with the tubes.
The chemical composition of the test materials are listed in Table I.

TABLE I

Composition of Type 304 Stainless Steel Materials

Code C Mn P ] 8i Ni Cr Fe

Heat Transfer Tubes -
Q 0.048 O.gg 0,021 0,021 O.45 10.75 g .02 Bal
1 1

Y 0. 05 ° 0.016 0.006 0.73 9.32 Bal
Coupon Strip
Arnealed 0.064 1.24 0,024 0.020 0.58 9.40 18.02 Bal g g @y,
1/2 Hard* " 0.08 1.12 0.03% 0.015 0.56 8.89 18.05 Bal 0.17 Mo
* Room Temp. Y.S. 134,000 pei ' |
Elongation 11 1/2%

After the test tﬁe tubes were‘examined by means of a ateréo-microscope
and weighed, descaled and sectioned ;s reépired for the barticulérvtest.
The descaling was performed &8 deswribed previously (_l ‘The stressed-
beam specimens were examined for cracks by means of a stereo-microscope

without removing the specimens from the stress holder.

METHOD

The stress corroéion tests were carried out in the CL-1 superheat
corrosion facility, preﬁiously described (l & §2 and shown in schematic
diagram in Figure 1. Earlier work (l) had shown the tendencj.of the solids

in the moisturé carried with the gteam from the sféam drum to deposit on
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the surface of the heater sheaths. Although the recirculating coolant
in the test facilities contained a total solids content of 1 - 2 ppm and
chlorides of 0.03 ppm or below, a relatively heavy fan shape deposit of
metal chlorides developed (~0.002 in.in 1000 hours) at the inlet to the en-
trance heater sheath as shown in an enlarged view in Figure 2. X-ray

Diffraction (XRD) indicated the presence of CrCl., CuCl

3 5 FeCle, FeCl_ and

3
N1012 in the deposit.

It was anticipated that Type 304 stainless steel sheaths could be
made to crack in test in the CL-1 superheat facility by simulating the
environmental and operating conditions to which the SADE fuel element
(SH4B) had been exposed (g). In particular it was considered important
to simulate the following SADE characteristics:

1. Deposits exposed to various metal temperatures in the range
800 - 1300°F.

2. Applied stresgses constant and near yield.

3. Heat transfer up to 175,000 Btu/fte-hr.

4. Increased chloride content in moisture carryover with steam.

The following equipment and system changes were made to accomplish the

above characteristics in the CL-1 superheat facility:

1. A longitudinal stress was applied to the test sheaths as sketched
in Figure 3. The test sheaths were extended outside the test
housing, threaded and a constant tensile force applied through
attached end beams by means of air cylinders. The stresses on
the two higher temperature sheaths were set to produce 0.l per cent
elongation in 1000 hours.

2. The isothermal testing was accomplished by utilization of stressed



FIGURE 2 DEPOSIT ON INLET TO ENTRANCE SHEATH (5X)
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beam specimens in holders as shown in Figure 4. The holders
have been fabricated so that the applied stresses are predeter-
mined by the spacings of the pins for a specimen of given thick-
ness providing deflections in accordance with the following

relationship:

2
Deflection * (Applied stress)  (span length)
i constant (modulus of elasticity) (sample thickness)

The loaded holders were placed in the superheat coupon section where
they were expoped to 1050°F superheated steaw frow Lhe vullel of
the heater section.

3. The nominal chloride content in the recirculation water was raised
from <0.1 ppm to 1.5 % 0.5 ppm. A strong-base anion exchanger
in the chloride form together with a strong-acid cation exchanger
in the sodium form were used in the purification system in place
of the usual respective hydroxyl and hydrogen forms. In this
manner, after a batch addition of sodium chloride had brought the
chloride to the required level, any anions removed in cleanup
were replaced by chloride ioms teading to counter the chlorides
lost in the steam carryover. Batch additions were still required
to keep the level within the desired limits. A Sargent Potentio-
metric Chloride Analyser was used for the rapid determination of

the chloride in the water phase to an accuracy of f 0.1 ppm.

The facility operating comditions during the various test runs are
summarized in Table II. The typical heavy fan shape deposit that has been
noted previously on the inlet to the entrance heater (Figure 2), was
allowed to form for 4OO - 500 houre during the three parts of run L49.

The entrance heaters and sheaths were subsequently placed in the loop in

positions such that the area with the heavy deposited carry-over salts

«1 0



FIGURE 4 STRESSED-BEAM TEST HOLDER AND SPECIMENS
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TABLE II

OPERATING CONDITIONS DURING TESTS

Run No. ko koA 4L9B 50-50A  50B-50C 50D
Length of Test, Hrs. Los L7 kot 210 238 2k2
Steam Flow, 1b/hr 453 1438 413 456 Lho khn
Moigture lu inlet steam, % 1.0 1.0 = = 3 i

Oleum ‘lemperatures, °F

Inlet 546 546 546 546 546 546
Outlet of entrance heater 656 656 658 656 660 694
Outlet of middle heater 846 8l 847 81 845 868
Outlet of exit heater 1051 10kk 1041 1038 1041k 1046

Inlet Steam Gas Content

Oxygen, ppm (range) 16-28 22-34 17-42 12-29 18-25 10-26
(mean) 23.2 30 28.5 23 21.h4 20.5

Hydrogen, ppm Srange) 2,7-6.1 2.4-7.3 3.7-1.4 2-5 1.2-4.7 1.8-3.6
mean) 3.8 .7 5.4 3.8 3.3 2.69

Chloride in Recirculating Water

Time, hrs. 378 L7 296 187 235 220
ppm (range) 1.6 1.5 1.9 1.9 10 1.6
(mea.n) 0.6-2.2 0.7-2.5 1l.2-2.3 1l.2-2,2 1l.4-2,3 1.0-2.2

Applied Stresses, psi

Entrance Sheath 12,000 12,000 12,000 25,000 25,000 25,000
Middle Sheath 12,000 12,000 12,000 14,000 14,000 14,000
Exit Sheath 6,000 6,000 6,000 7,000 7,000 7,000

Test Sheath Location

Entrance Heater -1 0-2 Y-3 Y-b Y-8 Y-2
Middle Heater 0~k Q-4 Q-l(rev; Y-5 Y-5 Y-5
Exit Heater 0-3 Q-3 Q-2(rev) Y-3(rev) Y-3(rev) Y-3(rev)

Average heat flux: 175,000 Btu/hr.-ft°

Calculated metal temperatures:

Eutrance Heater 800-900 F
Middle Heater 900-1100 F
Exit Heater 1200-1300 F



was exposed to a calculated metal temperature of 1100°F in the middle
heater position (Q-1) or 1300°F in the exit heater position (Q-2) for

run 49B. The entrance heater (Y-3) utilized in run 49B was subsequently
reversed similarly and placed in the exit heater position corresponding
to a 1300°F metal temperature for runs 50 and 51. The stresses applied
longitudinally to the test sheaths were increased as indicated in Table IT

for the complete run 50.

Although the SADE fuel element SHUB had failed by stress corrosion
within the first 12 days of exposure(g), the several steps taken in runs
49 and 50 to simulate the SADE exposure were not adequate to reproduce
the stress corrosion cracking. One heater sheath did fail apparently by
chloride stress corrosion cracking in the area of the test housing seal
gasketing where the temperature of the essentially stagnant coolant was
200 - 250°F. The failure, however, appeared to be independent of the
test conditions im the dynamic portion of the CL-1 superheat facility,
(see page 25.) Further analysis of the SADE operation log revealed
that the SADE fuel element was exposed to saturated steam at varying
temperatures (with corresponiing varying saturation pressures) part of
the time. With little to no superheat being generated by the fuel, a
large percentage of the total surface area of the fuel could become wetted

during this period by the moisture carryover with the VBWR steam.

Baged on the sbove considerations the mode of operation for run 51
of the CL-1 superheat facility was further modified to accomplish the
following:

1. Operate at conditions similar to previous runs with full super-

heat for about 200 hours.

2. Decrease boiling temperature and pressure with low superheat
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(power to provide'~10°E)for approximately 100 hours to permit a
large area of the surface of the superheat sheaths to be wetted
by the moisture carryover with the steam and to enhance the solids
content therein to deposit similarly over a large area.

3. TIncrease boiling tempersture and pressure to standard (546°F, 1000
psi) with low superheat for about 50 hours.

L, Repeat above cycle (steps 1, 2 and 3) with time units about
halved.

5. End run with decreased temperature - pressure and no superheat for
final exposure condition.

6. Change stress loadings during cycle to keep the heater sheaths

near yield.

The attained operating conditions for the complete cycling exposure

have been included in Table III.

RESULTS
Runs 49-50

Figure 5a indicates the fan-shaped deposit on the inlet to the en-
trance heater sheath (Y-3) after a 4OO-hour exposure with the recirculating
coolant containing A« 1.5 ppm chlorides. 'he deposit was similar in appear-
ance to the 1000-hour exposure pictured in Figure 2 which resulted from
an essentially chloride-free system. A similarly prepared sheath, Q-1,
is shown in Figure 5b after having been exposed for an addillonal 400 hours
in the middle heater location to s calculated metal temperature of 1100°F.
Some of the deposit is seen to have remasined in place. Heater sheath Q-2
was also exposed &8s the emtrance heater for about 400 hours to obtain the

fan-shaped deposit from the chloride bearing system and then exposed for

2l
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TABLE III

CPERATING CONDITIONS - CYCLING TEST

Run No. 50D Sl 51A
1000 psi |Low Press. 1000 psi 100C psi Low Press. 1000 psi 1000 psi Low Press.
Full Low Low Full No Low Full No
Superheat |Superheat Superheat Superheat | Superheat** Superheat Superheat Superheat*#
Elapsed Time, Hours 242 96 Ly 120 120 20 ™ 60
Stean Temperature, °F
Inlet 548 349 546 546 390 548 b1 355
Outlet of Entrance
Heater (Y-2) 69k 343 541 673 346 54l 676 3kl
Outlet of Middle
Heater (Y-5) 867 34k Skl 852 337 55k 857 335
Outlet of Exit
Heater (Y-3) 1046 362 550 1041 329 558 1050 395
Pressure, psig
Outlet of Exit Heater 900 86 983 879 78 1000 894 Th
Steam Drum 1000 118 1000 1000 133 1010 1006 129
Applied Stresses, psi
Entrance Heater 25,000 25,000 25,000 25,000 25,000 25,000 25,000 25,000
Middle Heater 14,000 14,000 1k,000 14,000 25,000 25,000 14,000 25,
Exit Heater 7,000 7,000 7,000 7,000 25,000 25,000 7,000 25,000

* Steam to first heater wae dried with calorimeter during Run 50D.

#% Although there wa8 no power to the superheat heaters, the middle and exit superheat sheaths were still exposed
to superheated steam because of the pressure drop caused by the high steam velocities in the heater secticns.

Chloride in recirculating water @ ~~ 1.5 ppm.



a. 427 hours exposure as inlet end of entrance heater (Y-3)

b. 427 hours exposure as outlet end of middle heater (Q-1)
after 495 hours exposure as inlet end of entrance heater.

c¢. 427 hours exposure as outlet end of exit heater (Q-2) after
447 hours exposure as inlet end of entrance heater.

FIGURF 5 DEPOSITS ON SHEATHS,1.5 ppm CHLORIDE IN
RECIRCULATING WATER.
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an additional 400 hours in the high temperature location to a calculated
metal temperature of 1300°F. Figure Sc depicts the completed exposure with
the little to no deposit left in place. Considerable scale spalling was
noted in the 1300°F region under the deposit, but very little on the 1100°F

specimen.

Metallographic examination of the 1300°F area, as shown in Figures 6a
and 6b, indicates a much greater amount of corrosion products formed during
this 400-hour exposure with deposited salts at a metal temperature of 1300°F
as compared to the 2465-hour exposure without deposited salts as shown in
Figure 6c. The scale was found to be porous and spalling with evidence of

intergranular attack.

Metallographic examination of the 1100°F region (Figure 7) showed a
non-typical scale with indications of spalling. Some evidence of inter-

granular attack was noted.

Run 51

Upon completion of the cycling test, as detailed in Table III, the
entrance sheath, Y-2, was covered with numerous fine cracks as shown in
Tigure 8a. There was no evidence during loop operation or during the hy-
draulic removal of the test sheath from the heater that the cracks extended

completely through the wall. The cracks examined were predominantly trans-

granular as shown in Figure 8b. They were similar in nature to those
cracks found on the SADE SHUB element where sensitization of the Type

304 was less prevalent (2).

The middle and exit sheaths were examined by ultrasomnic methods for

cracks. Two indications of cracks were noted on each sheath. A 0.010-inch

Wil



c. 2465 hours exposure without stress, no chloride added, glyceregia etch.

FIGURE 6 HEAT TRANSFER EXPOSURE - TYPE 304 SS CALCULATED
METAL TEMPERATURE - 1300 °F UNDESCALED (500X)
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FIGURE 7 HEAT TRANSFER EXPOSURE (Q-1) - TYPE 304 SS,CALCULATED
METAL TEMPERATURE - 1100 °F, 400-HOUR EXPOSURE WITH
STRESS, CHLORIDE ADDED. AREA UNDER DEPOSITED SALTS.

NOT ETCHED, UNDESCALED (500X)
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a. Poartion of shenth with several cracks
(Line in middle is spacer scratch)

b. Section through typical crack (250X)

FIGURE 8 ENTRANCE HEATER SHEATH (Y-2) STRESS CRACKED,776-HOURS
EXPOSURE WITH HEAT TRANSFER - CYCLING TEST - CHLORIDE
ADDED TO WATER.
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deep intergranular penetration wae found in a metallurgical examination of
the suspect areas of the exit heater as shown in Figure 9. Examination

of the middle sheath (metal temperature ~w1000°F) showed a 0.006-inch
intergranular penetration ~~0.006-inches wide. TFigure 10 shows the typical
scale formation found in the 1000 and 1125°F metal temperature areas,

respectively.

Corrosion

The results of a corrosion study of Type 304 stainless steel in a
simulated superheat reactor environment were reported previously (i) .
Satisfactory performance up to llOOoF was indicated from the sheaths
tested unstressed with heat transfer up to a metal temperature of 1100°F
and isothermal coupons tested at 1050°F. The potential activity problem
from metal-to-system losses increased in significance with increase in

metal temperature above 1100 F (1).

Some further corrosion information was obtained from the tests
carried out with longitudinally stressed sheaths and chlorides added to
the recirculating water. The entrance ard middle sheaths were normal in
appearance. The high temperature exit sheaths, however, showed increasing
spalling with temperature from 1200°F. The spalled end of the exit sheath,

Q-3, is shown in Figure 1l after 94Z-hours exposure.

Since the present series of runs was aimed at evaluating metallurgical
effects of chlorides, little quantitative data were obtainsble. Some
semi-quantitative results were obtained by weighing the exposed sheaths
before and after cutting out a l-inch plece for metallurgical evaluations.
Corrosion rates were determined by correcting for the removed piece as

representative, descaling the remainder of the sheath and calculating the

e O



a. Neur edye of attacked area. Complote beundary
damage is indicated by tilted grains.

b. Near center of attacked area.

FIGURE 9 EXIT HEATER SHEATH (Y-3) SHOWING INTERGRANULAR ATTACK,
776-HOUR EXPOSURE WITH HEAT TRANSFER - CYCLING TEST -
CHLORIDE ADDED TO WATER (500X)
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a. Calculated metal temperature - 1000 °F(Y-5)

b. Calculated metal temperature - 1100 °F (Y-3)

FIGURE 10 TYPICAL SCALE FORMATION. HEAT TRANSFER EXPOSURE
WITH STRESS CYCLING TEST - CHLORIDE ADDED TO WATER.
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FIGURE 11 TYPICAL SPALLED CORROSION FILM ON STRESSED SHEATH
(Q-3) IN 1200 - 1300 °F METAL TEMPERATURE RANGE, CHLORIDE

ADDED TO WATER, 942-HOURS EXPOSURE.

FIGURE 12 ENTRANCE SHEATH FAILURE IN TEST HOUSING END BOX
FITTING, TEMPERATURE: 200-250 °F (100X)

24



rates therefrom. The results are reporited in Teble IV.

TABLE IV

Corrosion with Heat Transfer and Stress

Calculated Applied Metal-to-system
Metal Temp. Time Stress Total Corrosion Loss
Sheath op Hours pai mg /dm mg /dm®
Q-4  900-1100 o2 12,000 187 65
Y-5 900~1100%* 1222 14,000 157 2.1
¥-3 800-900 425 12,000 285 *
1100-1300%% 1222 7,000

* Additional scale spalled off during removal of the sheath from the
internal heater by means of the hydraulic heater extractor (g).

*%  Metal temperature varied during cycling run as listed in Table III.

The total corrosion results are comparable to those experienced in
the earlier tests without stress on the sheaths and without chloride in
the recirculating water (l). The metal-to-system loss for sheath Q-4 was
an order of magnitude higher than previously experienced and would indicate
an adverse effect of the applied stress. The metal-to-system loss during
the cycling rum, as calculated from exposed weight before and after de-
cycling, had little significance since the mode of low superheat operation
was utilized to purposely encourage the carryover solids in the moisture

to deposit throughout the length of the heater sheaths.

Low Temperature Stress Faillure

The entrence superheat sheath (¥-4) utilized for run 50-50A was removed

-25-



after 210 hours of operation because of loss of integrity. A thorough
examination revealed stress cracking in the unheated portion of the sheath
opposite the gasket used for maintalning the pressure seal between the
end fittings and the test housing. The sheath at the point of cracking
was exposed to near stagnant water at a temperature of 200°F to 250°F and
longitudinal stress of 25,000 psi. The gasketing material opposite the
cracks analyzed 1280 ppm soluble chlorides and 12,700 ppm total chlorides
present. Some of the chloride could have leachéd into the water in con-
tact with the sheath. The cracks appeared to be transgranular in nature

as indicated in Figure 12,

Isothermal Testing

Stressed specimens of annealed and one-half hard Type 304 stainless
steel were exposed in stressed beam holders with the initial applied
stresses as shown in the tabulation in Table V. No attempt was made to
correct for the relaxation of the applied stresses with time caused by

the 1050°F temperature of operation.

TABLE V

Type 304 SS Stressed Specimens in 1050°F Superheated Steam

Oxygen ~. 20 ppm.

Applied No. Time No.
Stress, psi Sgggles Hours Cracked
Annealed
30,000 2 500 0]
60,000 2 2598 0
One-half Hard
60,000 2 500 0
100,000 2 2598 0
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Because of the location of the superheat coupon section downstream
from the superheat heaters, there is little chance for chlorides to be
carried over with the superheated steam and deposited on the stressed
specimens. The heated sheaths serve as excellent scavengers of any solids
carried over with the steam, The specimens apparently were resistant to stress

cracking in the representative quantity of oxygen present in the steam.

It should be noted further that the 1.5 ppm chloride added to the
recirculating water in the CL-1 facility produced no apparent damage to
the 300 series stainless steel materials of loop construction or to
similarly stressed beam specimens placed in the various environments of

the faciiity for monitoring the integrity of the facility.

DISCUSSION

The results of the investigations in SADE and in the CL-1 super-
heat facility are beginning to fit together to permit a better under-
standing of the mechanism of the type of stress corrosion encountered.
The stress cracks occurring below 1000°F in SADE and the entrance super-
heat sheath in the CL-1 facility (calculated metal temperatures of 800-900°F)
have been transgranular. In both cases the materials under test had
started in the annealed condition and apparently had not been taken high

enough in temperature to become sensitized.

In those cases in SADE and the CL-1 facility where the metal tem-
perature exceeded 1000°F, the Type 304 stainless steel was found to be
sensitized. In these latter instances, the attack found with most of the
SADE cracks and the attack on the middle and exit superheater sheaths from

CL-1lwere intergranular.



Some laboratory tests were carried out to study the type of attack
that could be expected on semsitized and unsensitized Type 304 stainless
steel in the presence of the chloride salts of chromium, copper, iron and
nickel. A summary of these {tests has been included in the Appendix.

It was indicated om U-bend sgpecimens at 212°F that water solutions of
copper or irom chloride salts chemically attacked the semsitized
material intergranmularly imdependent of stress. The attack appeared to
be of the type found with many of the SADE cracks and with the attack

on the higher temperature superheater sheaths.

Some recent metallographilc resnlts from the failed SADE fuel element
SHhC(E) further confirms the relatiomship. Figure 13 shows an area of
the SHLC cladding away from the failed area. The intergranular attack
with grains missing appears similar ‘o the chemical attack produced in
the standard chemical tests used for indicatimg the semsitization of
300 series stairless steels and reproduced with copper and irom chloride
salts on sensitized U-bend specimens. The failure area ia shown in
Figure 14, Intergranular attack with complete grain removal is indicated.
The missing gralas indicate complete bonndary attack with probable ioss

of the grains occurring during the preparation of the specimens.

The experieance with Uhe heavy fan shape deposit of metal chlorides
formed on the inlet to the entraace hesker sheaths and later moved to the
high wetal tewmperature areas lu the CL-1 facility emphasizes the major
role that moisture and form of deposit play im the cracking of Type 304
stainless steel in the preseace of chlorides, The heavy salt deposit at
the entrance effectively formed a protective coating that prevemted
moisture from reaching the chloride-metal iaterface. Under normal operating

conditions the steam was completely drield befora the coolamt could make
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FIGURE 13 FUEL ELEMENT SH-4C INTERGRANULAR ATTACK OF CLAD
AWAY FROM FRACTURE, SHOWING GRAINS MISSING
FROM MATRIX. (100X) POLARIZED LIGHT

FIGURE 14 FUEL ELEMENT SH-4C SEVERE INTERGRANULAR ATTACK,
AND CRACKS EMANATING FROM THE STEAM SIDE OF
THE 0.028 IN. WALL. (100X)
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contact with the metal. In utilizing the cycling mode of operation, which
more nearly represented the enviromment to which the SADE fuel elements
were exposed, the moisture in the steam could contact large areas of

the sheaths during the period when little or no superheat was generated.
Edeleanu and Snowden (2) have previously demonstrated that on 300 series
stainless steels "..c.0...The cracking with chloride contamination is
rapid only near the dewpoint and it is slow at 20% superheat., At much

"

higher superheat values it may not ocCUYeceeevooss

Because of the Torm of the deposgit, the effect of the mixed heavy
metal salls depuslited on the sheaths and exposed im the CL-1 facility at
llOOoF and l300°F in oxygenated steam was mainly on the character of the
scale, The accelerated tests at elevated temperature in air with an
"unlimited" salt reserveoir produced large amounts of loose surface
scale with but minor imtergramular attack. No evidence of excessive

surface attack has been observed to date on SADE elements.

It can be postulated that, depeading upon the ratios of the various
chloride salts on the semsitized superheat sheaths, the failures can be
either completely imtergranular chemical attack, chloride stress corrosion
cracking or a combirmation of both. The presence of moisture is a requi-

site in any case,
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APPENDIX

SALT ATTACK TESTING

In the work done on corrosion of Type 304 stainless steel and re-

(1),

ported in GEAP 3779 the XRD analysis indicated the presence of CrCl

3)
CuCla , FeCl3 , and NiCl, as locally deposited salts en the superheaters.
XRD analysis of deposited material on the SADE fuel element SH-U also
identified the lines as closely fitting the chlorides of Cu, Ni, Cr, and
Fe(l-".). Chenical analyses of deposited material from the same element re-

ported > 9,000 ppm of chloride.

Sodium chloride was not identified in either of the above XRD analyses.
It is not known if it was present during operation and then dissolved
during the flooding that occurred in the removal of the element. The metal-
lographic examination of SADE failures did not show any evidence of unusual
surface attack. The attack in the case of the first failure, as reported
in GEAP 3796(-2-2 was intergranular and spread over a wider area than seemed

normal for chloride stress corrosion.

In order to better understand the mechanism of failure, unstressed,
annealed Type 304 was exposed for 14 hours at 1250°F in air to CuCl,, FeClg,
CrCl3 , and N:I.Cl2 na.ltsf Figure A-1 shows the degree of attack of the dif-
ferent salts. They all produced considerable surface attack with the CuCl2
showing the greatest degree of intergranular attack. No attempt was made

to preserve the loose scale in the mounting of the specimens.

The tests were then re-run using NaCl as the salt with annealed Type
304, RA330, Hastelloy X, Type 406, and Inconel. Figure A-2 shows the degree

of attack. Considerable surface attack was noted.
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a. CUCIZ

b. FeCl3

c. CrC|3

d. NiCl,

FIGURE A-1 ANNEALED TYPE 304 SS EXPOSURE TO CHLORIDE SALTS 14 HOURS,
1250 °F IN AIR. (500X)
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a. Type 304 SS

b. RA 330

c. Hastelloy X

d. Type 406 SS

e. Inconel

 J

FIGURE A-2 METAL EXPOSURES TO SODIUM CHLORIDE 14 HOURS, 1250 °F IN AIR,
ANNEALED (500X)
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Four U-bend specimens of Type 304 were exposed to CuCl, salts for 1k
hours at 1250°F. There was consideralbe scale spalling in the areas
stressed in tension, almost none on those in compression, with loosely
adherent scale on the lower stressed areas. Three of the specimens had
additional stress applied and were exposed to 550°F oxygenated water for
168 hours. There were no failures and metallographic examination showed
no noticeable effect of the CuC12 salt corrosion products in the grain

boundaries.

Sensitized U-bend specimens were exposed to 20,000 ppm chloride in solu-
tions of CuClp, CrCls, NiCly, FeCly, and NaCl at 200-212°F. The specimens
were examined after exposures of 30 minutes and two hours. The metallo-
graphic examinations showed no attack by the NaCl or the NiCle. Figures
A-3 to A-5, magnified to 100x, show the degree of attack by the other

solutions. These salts, expecially the FeCl3 and CuCl, produce an inter-

2
granular chemical attack on the sensitized 304.
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a. 30-minute exposure

b. Z-hour exposure

FIGURE A-3 SENSITIZED TYPE 304 SS U-BEND, EXPOSED TO CUPRIC CHLORIDE
SOLUTION, 200-212°F, 20,000 ppm CHLORIDE (100X)

a. 30-minute exposure

b. 2-hour exposure

FIGURE A-4 SENSITIZED TYPE 304 SS U-BEND, EXPOSED TO FERRIC CHLORIDE
SOLUTION,200-212 °F, 20,000 ppm CHLORIDE (100X)
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FIGURE A-5 SENSITIZED TYPE 304 SS U-BEND, EXPOSED TO CHROMIC CHLORIDE
SOLUTION,200-212°F, 20,000 ppm CHLORIDE,2-HOUR EXPOSURE (100X)
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