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ABSTRACT

The corrosion experience at the Heavy Water Components
Test Reactor (HWCTR) 1s evaluated after three years of
service. Wlithin the moderator-coolant system, corrosicn
caused no operating problems or equipment failures., Adherent
black cxlde covered all mlld steel surfaces in the moderator-
coolant system, and no significant pltting waes observed,
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CORROSION OF EQUIPMENT IN THE
HEAVY WATER COMPONENTS TEST REACTOR

INTRODUCTION

The Heavy Water Components Test Reactor (HWCTR) was operated for
a three-year period from 1962 to 1964 to test candldate fuel elements
for heavy water moderated and cooled power reactor systems., Operation
was termlnated on December 1, 1964, in keeping with an AEC decision to
emphasize the organic-cooled reactor concept for 1ts principal effort
in hegvy-water-moderated power reactors. Shutdown and lay-away of
the HWCTR permitted thorough examination cf the equipment.

Cne of the secondary obJectives of the HWCTR program was to
evaluate mild steel as a construction materlal for power reactors.
Also, the corrosion performance and wear of other metals and components
were to be evaluated. Thls report degcribes the observed corroslion and
wear, as well as the procedures and technlques that were used to minl-
mize and measure corrcsion, during the period of .operation. A previlious
report covered the precperational period,(l during which time a
magnetlte film was formed on the mild steel surfaces in the primary
coclant (D,0) system.




SUMMARY

The performance of equipment and constructlon materials in the
HWCTR was evaluated by inspecting equipment, by analyzing the water in
the primary system for corrosion products, and by inspecting corrosicn
coupons that were exposed 1nside the moderator-coolant system,

Mild steel components within the moderatcr-cocclant system were
always covered uniformly with an adherent black oxlde, and experlenced
no measurable pitting. Based on corroslon ccupon examinations, the
corrosion rate (descaled welght lovss) and the rate of iron release to
the D;0 were very small after the first slx months of exposure. No
operating problems were experienced because of partlculate matter in the
Dz0. The purification system was operated satlsfactorily wlthout a-
prefiiter, and activity buildup at low-flow areas and on piping caused
only mlnor increases in radilation,

The performance of all stainless steel components, including 17-4
PH steel, was excellent, No cracks or failures occurred, and the
measured corrosion rates were low.

There were nc corroslon problems with Zircaloy; however, three
safety rod guide tubes cracked after approximately 6000 hours of
exposure In the core of the reactor, The fallures were caused by high
gtresses (tensile and reslidual) and the presence of unfavorably
orlented zirconium hydride.

The chemistry of the DZ0 moderator-coolant was particularly
adapted to the corrosion problems of mild steel. The water was main-
tained alkaline with lithium hydroxide at pD 10.7 #0.5. The dissolved
oxygen was kept low (<5 ppb) during nuclear cperation by maintaining
excess dissolved deuterium.

The secondary cooling water was treated entirely by chemical
addition; that is, without delonization or deseration, Catalyzed
godium sulfite was added to scavenge oxygen, trlsodium phosphate was
added for pH control, and a solution of the sodium salt of "Versene'*
was added to prevent scale formation on heat transfer surfaces. Per-
formance of mild steel surfaces was good &s long as chemlcal controls
were properly maintained, However, adequate scavenging of oxygen from
the secondary cooling water was lost for several months early in 1564
because of inferior catalyzed sodium sulfite. Severe pitting (up to
85 mils) occurred on the steam generator tubes, which had minimum
wall thicknesses of 109 mils; four tubes falled. An examination of
one cof the falled tubes revealed that thils fallure was caused by crevice
corrosicn beneath a supporti baffle,

*Trademark of the Dow Chemical Company.
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DISCUSSION
DESCRIPTION OF FACILITIES

The HWCTR is a pressurized reactor that 1s moderated and cocled
wlth heavy water.(Z) The deslgn pressure and temperature are 1500 psl
and 315°C, The maximum design power 1s approximately 70 MW (thermal).
There are 12 test fuel posltions and 24 driver fuel positions. Two
of the test fuel positicons were desligned as isolated coolant loops
(ICLs) for testing fuel under a varlety of conditions. The flow dlagram
for the primary cooclant and pressurlzling gas 1s presented in Figure 1.

As shown In Table T, mild steels are used for all high pressure
system pipe, steam generators, main system purge cocler, gas pipe,
main storage tank, and scme of the low pressure plpe. All secondary
cecolant equipment I1s mild steel except the heat exchangers which are
elther stainless or "Incenel."
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TABLE I

Metals of Principal Interest in HWCTR Corroslon Studles

Metal Use

304 S8 Reactor vessel lining, pumps, hold tank, filters
deionizer, purification ¢ollection tank, seal head
tanks, ICL heat exchanger shell.

316 S8 ICL pipe, surge tanks, purification pumps, ICL

head tanks, ICL heat exchanger nozzles.

ASTM A-106 "B" Main system pipe.

Mild Steel

ASTM A-212 "B" Reactor vessel (lined with 304 8S, 0.25 inch

Mild Steel thick), steam generator shells.

”Inconel"(a) ICL heat exchanger tubes and manifolds.

Zircaloy-2, -4 Fuel c¢ladding and housings, instrument and housings,
ICL pressure tube,.

ASME-SA-210 Steam generator tubes, purge cooler tubes.

Mild Steel '

17-4 PH S8 Control and safety rod drives, main and JICL pump
shafts, Impellers, casling wear rings.

ASME-SA-285 Main storage tank.

304 $8-1% boron Control rods, safety rods.

(a) Trademark of International Nickel Company.

Of partlcular interest is the fact that the tubes in the steam
generators and main purge coolers are mild steel, They are 3/4-inch
tubes with 0.109-inch minimum wall thickness,

In the reactor wvessel no mild steel is exposed to moderator. All
housings, fuel sheaths, and one ICL pressure tube are Zircaloy-2. The
second ICL pressure tube 1s Zircaloy-4. The control and safety rods,
and the target (burnable poison) components of the driver fuel assemblies
are boronsted stailnless steel. The other equipment in the vessel (guide
plates, thermal shields) is 304 stainless steel.



CHEMICAL CONTROL OF ENVIRONMENT

Primory Coolant

To minimize corrosion of the mild steel, the Dy0 moderator-coolant
was maintained alkaline at pD 10.7 £0.5 with lithlum hydroxide. By
using a mixed~resin Lit-0D- ion exchanger 1n the purlficatlion system,
the rate of pD change was slow and positive. A typlcsl rate of con-
ductivity increase was 0.35 mlcromhos/(cm){month), which corresponds to
a pD increase of approximately 0.25 pD unit/month. When necessary, the
ph was lowered by diverting the purification stream through a Dt-0D~
mixed-resin delonizer.

Careful control of dissolved oxygen was essentlal because of the
susceptibllity of the mild steel to general corresion and pitting.
Deuterium gas was added tc the pressurizing gas (helium), and controlled
at 1.5 to 3.0% by volume, which gave a dissolved deuterium concentration
of 10 to 20 std ce/kg of D0 in the high pressure system. The dissolved
deuterium combined radiolytically with dissolved oxygen to give a
dissolved oxygen concentration of less than 0.004 atd cc/kg, or approxi-
mately 5 ppb.

Figure 2 shows a gas flow dlagram and typical operating condltions
and gas concentrations, The gas that was dissclved in the reactor
purge stream was evolved into the gas space iIn the hold tank when the
water was cooled and depressurized. Thls gas flowed through & metering
orifice to the storage tank, from whlch it was returned to the high
pressure gas space over the reactor core,

A pas chromatcgraph was used to determlne the concentrations by
volume of the Dy, 0m, and Ny in the gas that was evelved into the hold
tank from the reactor purge stream. The total evolved gas flow was
measured and was recorded 1in the control room, as was the Dg0 purge
flow., The concentrations of dissolved D, N, and Oy in std cc/kg of
D,0 were calculated from these three measurements.

The reactor operated at power approximately 45% of the time since
the initiel power operation in August 1962. During much cof the time
that the reactor was shut down it was necessary to have the reactor
head removed. Some alr dissolved in moderator durlng these occaslons,
even though attempts were made to minimize exposure to slr. For this
reascn, the mild steel was exposed to more severe condlitlens than would
be expected in a power reactor operating with higher on-line efficlency.

Stainless steel was protected against chloride stress corrcsion by
careful control of the chloride contents of the moderator and of such
auxiliary materials as lubrlcants, gaskets, O-rings, lnsulatlon, cleaning



agents, and filters. (1) The moderator chloride analyses, made three
times per week with a Technicon "Autoanalyzer", showed concentrations
between 5 and 25 ppb.
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'
]

. 25°C
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FIG. 2 REACTOR PURGE AND GAS FLOW SCHEMATIC SHOWING TYPICAL CONDITIONS

Secondary Coolant

The secondary coolant system was a once-~through system. Chemically
treated well water served as coolant for miscellaneous heat exchangers
and as boller feed makeup for gteam generation. The steam and blowdown
were dlscharged to the environment. Figure 2 is a simplifled schematic
of the secondary cooling system, showlng typical concentrations of

chemlcals,

The well water was characterlzed by low sollds, low pH, high
carbon dloxlde, and high dissolved oxygen content., Average analyses
of well water are shown in Table IT,




TABIE IT

HWCTR Wells ~ Average Analyses

Determination

Concentration

Well 58 Well 60 Well 67

pH

Free mineral acidity, ppm
COs, ppm

0z, ppm

Hardness, ppm
Conductivity, pmho
Silica, ppm

Total iron, ppm

Chloride, ppm

4.6
1.9
37.9
6.2
2.8
25
8.2

0.65

2.3

L ok 5.3
6.3 5.3
37.8 23.3
3.3 6.4
2.9 3.3
55 23
8.2 5.4
0.48 0.1
2 -

In the HWCTR system, oxygen had to be completely removed
within one minute to prevent oxygenated water from reaching

process eguipment.
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FIG. 3 COOLING WATER SYSTEM SCHEMATIC
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Treatment of the cooling water was entirely by chemical addition;
that 1s, no delonizatlon or deseration was used, The basle¢ treatment
conelsted of the following:

1) Sodium sulfite (catalyzed) was added for cold water
reactlion with dissolved oxygen.

2) Sodium phosphates were added 1n & "goordinated pH-phosphate
control® plan to provide alkalinlty for corrosion control
and to prevent deposition of glllica 'scale.

3) & chelating agent, "Versene',* was added to complex calcium
and magnesium compourids to eliminate deposition of cbjection-
gble hardness scale on heat transfer surfaces.

Preliminary off-site testing of thls mode of control, using small
heat exchangers, indicated that it would be satlsfactory. Laboratory
tests, using the conventional Winkler method for the determination of
dissolved oxygen, seemed to validate the assumptlon that the presence
of residual sulfite precluded the presence of dissolved oxygen,

This system cperated satisfactorily, with no evidence of cxygen
corroslon pitting, until July 1964, when a tube fallure occurred in
one of the steam generstors. Inspectlon of the cooling water (shell)
side of the generator showed that severe pltting corrosion had occurred
over the short time interval of a few months, since a recent Ilnspection.
At this time, sulfite analyses were helng performed every eslght hours
and dissolved oxygen analyses, using the standard Winkler method, were
belng performed twice per month for backup protection.

A review of performance data showed that the sulfite residual in
the feedwater had always been malintained grester than 10 ppm and the
bimonthly analyses for dissoclved oxygen had always indicated zero.
However, the conditlon of the steel tublng clearly indlcated a type
of piltting characteristic of oxygen attack. Further investigation re-
vealed that the partlcular brand of catalyzed sulfite that had been
in use since October 1961 had been changed in early 1964. Purchase
specifications for the two commerclal brands of sulfite were ildentical.
No gpeclfication of the reaction time of the sulfite with dissclved
oxygen was contalned 1n the purchase specificatlons,

An intensive, short-range, laboratory investlgation was undertaken
to determine the cause of the apparent presence of free oxygen in the
feedwater, concentrating malnly on the sulflte oxygen reaction 1n the
HWCTR well water wlth the two commercilal sulfite products. All laboratory
tests were run at rcom temperature. Some fleld tests augmented the
laboratory results which indicated that the newer sulfite had indeed
failed to react wlith all of the dlssolved oxygen under the condltions
of treatment.

*Trademark of the Dow Chemical Company.
-8 -
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The reactlon between sulfite and oxygen is catalyzed by lons of
metals such as Cu, Co, Fe, Ni, and Mn, but is Inhiblted by materials,
such as organics, that react with the catalyst or capture free radicals
from the reaction chain, The two commerciel sulfltes used at HWCTR,
denoted a8 Brand B for the sulflte used from October 1961 to February
1964, and Brand A for the sulfite used from PFebruary 1964 to July 1964,
are gpecial formulations that use Fe3T and/or Co?' as catalysts. The
compogltions of these products are given In Table ITI.

TABLE ITI

Sulfite Composltions
(Vendor's specifications)

Compogition, %

Brand B Brand A
10/61 - 2/64 2/64 - T/6%
Sodium sulfite 91.0 91.0 min
Sodium sulfate 7.0 4.0 max
Sodium carbonate 0.85 (a)
Sodium bisulfite 0.19 (a)
Calcium sulfite 0.25 (a)
Equivalent $0, (a) | 46,2 min
Chloride as NaCl 0.20 - (a)
Ammonia as NH,Cl 0.15 (a)
Moisture 0,20 0.2 max
Sodium phenate 0.15 max (a)
Insoluble sulfur 0,25 (a)
Water insoluble (a) 2.0 max
Cobalt 0.06 0.02 £0.005
Total Fe {a) 0.3
pH (a) alkaline to
phenclphthalein

{a) Not Included in the vendor's specifications.




Tests of the two brands of catalyzed sulfite showed a slow reaction
time for Brard A. TFigure 4 illustrates the two kypes of behavior
encountered in the tests. Either the reaction time proceeded almost
to completion within one minute or it required & latent period of
several minutes, Other tests showed that the réaction of Brand A was
affected by both the source of water and by phosphate addition but
that it could be made consistently effective byladdition of 0.3% Co2t
as a supplementary catalyst. Figure 5 illustrates the slow reaction
of Brand A with HWCTR well water In the presence of 30 ppm phosphate,
This curve represents conditions within HWCTR experience during the
pericd when corroslion occurred. It was concluded that Brand A failed
to remove dissclved oxygen from the water with sufficient rapidity to
minimize corrosion to the steam generator,

Tests also showed that the standard Winkler methed for cxygen
analysis 1s unsatisfactory in the presence of residual sulfite. A
modified Winkler method was developed in which the excess sulfite was
removed by lodine as a prelimlinary step. Using the modified method,
laboratory tests and samples taken from the HWCTR feedwater system
while using Brand A sulfite showed that 2 to 5 ppm 05 could have been
in the treated feedwater going to the steam generators during the
pericd that Brand A sulflte was used.

Based on these data, sulfite B, or sulfite A with 0.3% Co?% added,
was gpecified for use. In addition, a Hays Corpcration Model 625
OXygen analyzer was inetalled as an independent check on the oxygen
content of the feedwater. No further difficulty wilth water treatment
occurred, The 05 content In the feedwater indicated by the oxygen
analyzer normally ranged between 0.01-0.03 ppm. Sample analyses, using
the modlfled Winkler method, corroborated these results,

A description of the corrosion that occurred in the steam gene-

rators, and in other parts of the cocling water system, is presented
in another section of this report.

- 10 =
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MILD STEEL CORROSION

Moderator - Coolant System

Corroslon of mild steel was monltored by inspecting corrosion
coupons from the reactor (in-core and out-oﬂ-core) and storage tank,
inspecting equipment, and by analyzing the moderator for corrosion
products. i

Numerous Iinspectlons were made of mild steel equipment and pipe,
includling the purge cooler heads, steam generator heads, plpe in several
locations, and two sections of tube that were removed from the steam
generators. Without exceptlon, the condltlons were excellent even after
extended shutdowns for as long as three months, during whilch time con-
slderable dlssolved oxygen was In the water, All of the surfaces were
covered uniformly wilth adherent black (magnetite)} film, and showed no
rusting, general corrosion, nor pitting. TFlgure 6 shows three views
of a stesm generator tube section that was removed in August 1964,

The middle view shows the magnetite film, which 18 approximately 0.001~
inch thlck. The maxlmum corrosion penetratlon was also approximately
0,001-1inch, Some surface roughness wasg present on these tubes at the
time they were installed. They were rusty when recelved from the vendoer,
and were chemlcally cleansed before install&tion.(l)

Prior to inltial nuclear operation, corrcsion coupcns were placed
in the DL0 system at the followlng locatlone:

Regsctor vessel, in-core

i

Reactor vessel, above core in D0

1

Reactor vessel, at Dy0-~gas'interface

1

Reactor vessel, 1n gas space

Storage tank, in D0

Couponeg were removed periodically and examined for weight loss,
pitting, iron release to moderator-coolant, and cracking {of stressed
samples). All weight losees were measured on descaled coupons. A
total of 61 coupons were examined. The data on weight logs and pitting
are presented in Table IV, and the weight loss data for coupons exposed
to D0 in the reactor vessel are shown in Figure 7. The pericd of high
corrosion rates and oxide film growth apparently ended prior to 3400
hours (six months) of exposure, After 4400 hours, the corrosion rates
were very low, For example, the average welght loss between 4400 and
15,240 hours of exposure was only 0,27 mg/cm®, or 0.018 mg/cm® per
month,

- 12 -
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The rates of iron release to moderator are shown in Table V,
During the first six months of exposure, the average releage wag calcu-
lated to be 0.16 mg Fe/cm? per month, The average "steady-state" release
rate, between 6 and 33 months, was approximately 0.04 mg Fe/cm® per
month,

Although no pltting was found on mild steel pipe, tubes, or equip-
ment, minor pltting did oceur on the corrosicn coupons, as shown in
Table IV. The maximum plt depths of the last coupons examlned were
lower than those of three previously removed sets of coupons. Two of
the mlld steel coupons from the last set are shown in Figure 8, along
with some stainless steel specimens.

TABLE IV

Mild Steel Corrosion Coupons from Moderator Cooclant
: Pit bopths, mils

Exposure, hours Descaled Weight Loss, (*) ma/cw® —x308 A-230 Adip 285
Iocation Where Expoged Total Criticel A-106 A-21C A-212 A-285 |Max Mesn Max Meen Max Mean Max Mean
4, 400 380 4.94 (2)0’) 2.31 (2) 3.27 (2) 3.02 (2) : <0.1 <0.1 0.1 <0.1
In reactor, above core 9,580 3270 3.90 (3) 2.53 (3) 3.31 (2) 3,06 (2) 3.9 2.6 3.1 1.8 4.6 2.5 3.% 2.2
12,840 4sB0  3.97 (2)  2.56 (2) 3.56 (2} 2.70 (2) 7.3 3.7 6.7 3.4 1.7 39 6.0 3.3
15,240 5500 3.98 {2]  3.39 (2} 3.28 (2) 3.00 {2} 7.7 3.8 5.3 3.0 6.6 15 6.6 3.4
23,880 9130 T.27 (1) b.10 (1) - - 31 1.8 21 12 2.6 1.8 -
5000 asBe sk (1) 1.se (1) . . - . _ .
12,80 4ss0 1,38 (8) - - - 6.0 2.0 - - .
Main storage tank 9,860(°) - .24 {1) 1,06 {1} 2.70 (1) 2.42 {1} 4.0 3.1 2.3 1,9 5.9 k2 3,9 3.3
e,170'%) . 3s3 (1) L (1) 2.32 (1) 081 (1) 5.3 2.1 b8 1.7 2.8 14 1.6 0.8
In reactor core 2k, 100 9130 5,44 (1) 5.80 (1) - - - - - .

(a7 "A-" nunbers give ASTH degignation of stesl from which mild steel coupona were made,
{b) Numbers in parenthesed are number of coupond examined to obtain values shown.

{¢) Exposure includes 65 days during precperational light water tests.

{d) Streseed coupons located spproximately six inches bslow water-gas intarface in remctor.
{e) A1l exposure at 20-25%C and approximately 10-inchea H,0 pressure.

TABLE V

Iron Release to Moderstor-Coclant From Corrosion Coupons

(mg Fe/cm® per month)

ASTM

Period No,-» A-106 A-210 A-212 A-285 Avg

0 to 6 months 0.20 (2) 0.1% (2) 0.17 (2) 0.15 (2) 0.165
0 to 33 months 0.091 (2) 0.07¢ (2) - - 0.080

6 to 33 months 2/ 0.019 0.056 - - 0.038

(a) By difference,

- 14 -
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FIG. 7 WEIGHT LOSS OF DESCALED MILD STEEL COUPONS FROM MODERATOR -COOLANT

NEG 60816

0.62X%
As-Removed

NEG 60826 0.67X
1 2 3 4 5

Descaled

1. A- 106 Mild Stee! 3. 3048SS, Sensitized
Max Pit Depth=3,0 miis 4. 3045S-1% Boron

2. A-210 Mild Steel
Max Pit Depth= 2.1 mils 5. 31655, Annealed

FIG. 8 CORROSION COUPONS FROM D,0 ABOVE CORE IN REACTOR
Exposure: 995 Days (23,880 hours )

- 15 -




Two corrosion coupons that were examlned were exposed during the
preoperatlonal light-water test period and then left in the reactor for
further exposure (Table IV). It may be significant that these two
coupecns showed less corrosion than the others that were not placed in
the reacter untll after the llght-water test period.

One holder, containing nine stressed, mild steel (A-106) coupons,
was exposed at the Dy,0-gas interface 1n the reactor. The arrangement
of the coupcns and the results of the examination are shown in Figure 9.
The primary purpose of this set of coupons was to determine 1f caustlc
cracking would occur on stressed mild steel surfaces where lithium
hydroxide salt deposlts might accumulate. No salt deposits cculd be
seen on the coupons when they were removed, and no coupons cracked,

The corrosion (descaled weight loss) of these coupons, in the D0, .was
lower than that of the other mild steel coupons, including A-106, that
were exposed deeper in the D0 for the same time period (see Table IV).

1
:: . Descaled Weight Pit Depths, mils
Coupons Loss, mg/tm? Mox Mean
_—.--.-—_1.— —
'l = 1 0.87! 4.3 2.1
2 1.14 7.0 1.8
o s 3 0.97. 1.9 2.1
4 0.95 2.8 1.3
L] 5 0.95 39 1.7
""" T 6 1.29 4.5 2.0
7 1.40 5.0 2.0
&0 | 8 1.37 5.1 2.1
] 9 1.46 6.0 2.1
2
Note: No cracks were found
— 8

FIG. 9 STRESSED MILD STEEL {(A-106) COUPONS FROM D,0 - GAS INTERFACE
Exposure: 12,840 hours

Samples of circulating particulate matter ("crud") were filtered
pericdically from the reactor purge stream with 0.45-micron filters.
These samples were analyzed to determlne particulate concentration,
iron content, and radionuclide activities. The analytical results are
shown in Tables VI and VII. All of these samples were taken during
steady power operatlon,
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TABLE VI

(a} Corrected for decay to time sample was taken,
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Concentrations of Partlculgte Matter
in Moderator-Coolant as
Conecentration,
Date Sample Taken ppb Percent Fe
7/24/63 85 15.6
10/16/63 68 3.4
1/11/64 89 -
1/21/64 61 3.3
6/23/64 7.3 58
6/25/64 3.4 -
11/13/64 7.6 53
11/20/64 1.8 43
(a) Samples were alr dried to obtain welght.
TABIE VII
Radliconueclide Actiwvities in Par%i ulates
Filtered From Moderator-Coolant, t&/) d/m/mg
Date
Sample
Radionuclide Taken— _T/24/63 10/16/63 1/21/6k4 6/23/64%  11/13/6%  11/00/64
2oy, - 5.4 x 10° 2.3 x 10%° 3,3 x 107 4.4 x 10® 1.3 x 107
140Bg-Ia 3.5 x 10 1.3 x 10®° 6.8 x 10® 3,6 x 10° 1.9 x 10® 6.5 x 10°®
Sigy 3.8 x 10% 3.6 x 10® 1,8 x 10 3.3 x 10% 3.0 x 10° 4,0 x 10°
82¢o 8.3 x 10* 7.0x 10* 3.1 x 10* 3.5x 10° 7.6 x 10 8.1 x 10°
85zZr-Nb 2.3 x10° 4,7x10* 1.5x 10 1.2 x 10% 1.1 x 10® 7.2 x 10°
Sope - - 2.2 x 10¢ - 6.8 x 10° 5,3 x 10°
t4lge 1.2 x 10* 9.9 x 10* 7.3 x 10* - 7.3 x 10° 5,0 x 10°
182me - 7.7 x 10* - - 2.3 x 10% 2,7 x 10%
S4Mn - - - - 2.4 x 10® 2,1 x 10°
187¢cs - 3.9 x 10* - - 2.3 x 10%® -
124gy - - - - 1,2 x 10% -
Riad 1" - - - - 1.7 x 10° -
4850 - - - - 7.8 x 10* 6.0 x 104
los-iocep, 3.3 x 10* 7.5 x 10* 4.4 x 10* - - -
8571 h.2 x 10* 7.9 x 10° - - - -



From Table VI 1t is evldent that the particulate concentration
and iron content changed markedly between January and June 1964, During
this Interval the reactor was shut down for nearly three months, and
for much of that time the moderator was exposed to the atmosphere. It
is believed that this extended exposure to relatively high oxygen con-
centrations caused a more protective layer of Y-FeyO0s (haghemite) to
form over the magnetite film on the mild steel surfaces,'®'®’ However,
the oxide was not ldentified.

Radicnuclides that depesit on surfaces of pipe and equipment cause
radiation te increase from these surfaces., The rate of activity bulldup
is undoubtedly influenced by the ccncentration of particulates in the
moderator-coolant and the specific activities of the long-lived radio-~
nuclides in thls suspended material. Radiation measurements were made
periodically at selected locatlons to deftermine actlvity buildup.
Typlcal results are shown in Table VIII.

TABLE VIIT
Typlcal Radiation From Pipe,
mr/hr at 3"
Location 12/62 1/63 6/63 5/64 10/6% 12/64
10" plpe al maln pump
suction 12 16 17 25 39 30
10" valve body in

reactor inlet pipe 5 10 11 10 22 30

Oxide films from mild steel coupons that were exposed in the
reactor D,0 (above core) were dissclved and analyzed for radionuclides
to determine sources of the radiation. Results are shown in Table IX.
These coupons were lnstalled prior to 1nltisl nuclear operation and
removed after terminatlon of operation. Analyses were made 45 days
after reactor shutdown; therefore radionuclides with short half-lives
were hot determined. All results were corrected for decay tc the time
of reactor shutdown,

Although ten, or possibly eleven, fuel failures occurred in the
HWCTR, most of the radiation from these mlld steel surfaces was from
activated corrosion products. For comparlson, the typilcal radlc-
nuclide activities in the moderator are shown 1ln Table X.
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TABLE IX

Radionuclides in Oxide Films of Mild Steel

Corrosion Coupons, d/m/mg Te
ASTM
Radicnueclide No, = A~210 A-106 Average
82¢o 6.0 x 10* 5,2 x 10* 5,6 x 10%
58pe 3.8 x 10* 5,9 x 10* 4,8 x 10%
P57 r-Nb 1.1 x 1c* 7.3 x 10® 9.2 x 10®
los-lcem, 7.2 x 10° 5.6 x 10° 6.4 x 10°
it4lng 6,9 x 10% 2,6 x 10® 4,8 x 108
S80o 2,3 x 10° 7.0 x 10°® h4.6 x 10°
S4Mn 5,6 x 10° 1.4 x 10® 3,5 x 10°
Slop 8.7 x 10® <2 x 10® <5.4 x 10°
4830 <1 x 10® 1.6 x 10® <1.3 x 10°
TABLE X

Radionuclide Activities 1n Moderator

(Average Reesults at Full Power Operation
July through November 1964 )

Radicnuclide

lBF
24Na
1321
BeMn
ISSIr

1351

IEESb

BBMO -
1311

14106

124313

857 yr-Nb
229 Np
S9pe
BOCO

Activity, d/m/ml
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10°
10*
104
10°
10®
10°
102
102
102
102

1.1
3.0
1.0
8.9
7.2
3.6
5.5
4.0
3.8
3.0

MM M R MM

X
X
X
X

<1 x 102
{Usually not
detectable)



Secondary - Coolant System

As indicated in the gection on Chemical Control of Environment,
oxygen control of the secondary coclant was lost for several months
early in 1964, Prior to that accident, very little corrosion had been
found., Inspection in May 1963 showed that the steam generator tubes
in goocd condition, and the maximum plt depth was approximately 5 mils.
On February 4, 1964, the first tube failed and a thorough inspection
was made. The maximum pit depth was 15 mils, but the pits were clean
(without tubercles) and existance of a corrosion problem was not
recognized.

In July 1964, the tube failure occurred that led to the discovery
of severe pitting. The appearance of the tubes at that time is shown
in Figure 10. The deepest pits were 85 mils in the No. 1 generator,
and 55 mils in the No. 2 generator, Tubercles were evident on and
around the pits. The appearance of the pits indicated the cause to be
excessive concentraticn of oxygen, and the cause was subseqguently
identified, as described on page

Inspecticons were made to assess the corrosion damage to the other
parts cof the cocling water system. No significant corrosion cccurred
in pipe and equipment that was always cold {less than 30°C). The No. 1
purge cooler was pltted to a maximum depth of 30 mils con the hottest
(D0 inlet) tubes. On the coldest tubes there was general surface
roughness up to 3 to 5 mile deep.

The final inspection of the steam generator tubes was made in
December 1964, The tubes were clean. All of the large tubercles that
were present in July had been dissolved, presumably by the "Versene"
that was added to the generator feedwater. The rigorous oxygen control
that was instituted in July had evidently arrested the corrcsion.

STAINLESS STEEL CORROSION

Inspectlons were made periocdically of 304% and 316 stainless steel
equipment, includlng reactor vessel lining, pipe, pumps, and internal
compecnents of the reactor vessel, Without excepticn, all surfaces were
unifermly covered with a grey-black oxlide film., No cracks or other
defects were found. A number of 304 and 316 stressed corrosion coupons,
sensitized and annealed, were examined after expcsures up to 24,100
hours in-core and out-of-core, No cracks were found, The corrosion
rates of some unstressed coupons are given in Table XI. DNo significant
difference was seen between in-core and cut-of-core specimens,
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TABLE XI

Corrosion Rates of Stainless Steel Coupons

Welght loss, mg/cm®
Above Core In-Core

Material 12,840 hr 23,800 hr 15,700 hr'&) 24,100 hr
304 88, annealed O.ll(b) 0.19 -
304 38, sensitized 0.013(b) 0.23 0.23 0.29
304 88 - 1% boron 0.017 0.15 0.0064 -
316 88, annealed 0.13 0,32 0.15 0.09

Includes 1560 hr in the preoperational light water test period.
Total exposure was 14,400 hr, inecluding 1560 hr in the pre-
operaticnal light water test period.

(a)
(b)

All of the 17-4 PH stalnless steel used in the HWCTR was heat
treated at 1100°F, which 1s believed to be the best treatment for pre-
vention of stress~corrosion cracking. No failures occurred on equip-
ment or corrosion coupons that were heat treated in this manner. Results
of corrosion coupon examlnations are 1in Table XII. Three coupons
cracked, all of which had been heat treated at 900°F, and two of which
were exposed during the preoperatiocnal light water test period and then
returned to the reactor, Twc of the cracked coupons were located in
the reactor gas space (see Figure 11), and one was in the Dy0 above
the core,

TABLE XTI

Corrosion of Stressed 17-4 PH Stainless Steel Coupons

In D,0 Above Core In Reactor Gas Space

Condition 12,840 hr 23,880 hr 12,840 hr 23,880 hr

48% cold worked, 8 hr at 1100°F No cracks No cracks No cracks No cracks

8 hr at 1100°F No cracke No cracks No cracks No eracks
48% cold worked, 1 hr at 900°F No cracks No cracks No cracks Cracked

1 hr at 900°F No cracks No cracke No cracks No cracks
1 hr at 900°F(a) Cracked - - Cracked

(a) These coupons received an additional 1560 hr of exposure during the

preoperational light water test periocd.
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NEG 60818

1 2 3 4 5
1-Cold Worked 48%, 8 hr at 1100°F
2- 8 hr at 1100°F
3 - Cold Worked 48%, 1 hr ot 900°F
4 - 1 hr at 500°F
5« 1 hr at 300°F, exposed an additional 1560 hrs during
light water test period
FIG. 11 STRESSED 17-4 PH STAINLESS STEEL COUPONS FROM REACTOR GAS SPACE
Exposure: 23,880 hours
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ZIRCALOY CORROSION

Numerous inspections were made of Zlircaloy equipment and corrosicn
coupcns. None of the equlpment showed the white oxide that 1s indicative
of "breakaway" corrosion. Two coupons, simulating a Zircaloy-2 tublng-
to-forging weld in the i1solated loop pressure tube, showed breakaway
corrcsion around the weld. The weld on the pressure tube did not show
thls corroslion.

In April 1964, three of the six safety rod guide tubes were found
to have failled. Metallurgical examination of one of the falled tubes
led to the conclusion that the fallures were céused by a comblination
of excessive tensile stresses during safety rod drop tests and appreciable
residual stresses at the outer surface of the tubes. Contributing
factors were (1) an abrupt change in guide tube dlameter (for hydraulic
snubbing) in the region of maximum stress, (2) high hydrogen content
resulting from tube fabrication technlque and accelerated corroslon
from the nigh fast neutron exposure (7 x 10'° n/cm?), and {(3) radlally
criented platelets of zirconium hydride. Detalled discussions of these
failures and the subseguent analyses are glven in references 7, 8, and 9,

CONTROL ROD DRIVE AND SEAL ASSEMBLIES

A detailed descripticn of the control rod drive and seal assemblies
ig presented in reference 10. One assembly wag dlzassembled and in-
spected in April 1063, and again in December 19464,

The April 1963 inspection revealed three minor problems:

1) Wear on teeth of delatch pinion gear.
2) Minor corrcsion under O-ring on seal bushing,.

3) General corrcsion of upper extensilon.

The December 1964, inspections revealed no new problems, and showed that
the preblems listed above had not worsened during the 20 months since
the first inspection., Comparative photographs of the delatch plnicn
gear and the seal bushing are shown in Filgures 12 and 13.

Figure 12 alsc shows the general corroslon on the upper extension.
The appearance of the O-ring groove 1ln the sesal bushling 1s better in
December 1964, than in April 1963, because thils surface was polished
after the first inspection (Fligure 13).

Many of the components were examined by the dye-penetrant method,
and no cracks were found. Also, the floating-ring labyrinth sesals were
inspected for evidence of bulldup of partliculate matter, and none was
found.
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Tooth Wear (17 -4PH 55) (304L 55)

April 1963

Note general corrosion en upper

extension {17 -4PH 5§8)

FiG.

I\
April 1963 (Note corrosion ) December 1964

FIG.

13

12

December 19464

CONTROL ROD DELATCH PINION GEAR

CONTROL ROD SEAL BUSHINGS, 17-4 PH 8§
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