N MARIETTA ENERGY S STEMS LIBRARE

MAAT







o

I'

ORNL-2673

Contract No. W-Th05-eng-26

REACTOR EXPERIMENTAL ENGINEERING DIVISION

THOREX PILOT PLANT CORROSION STUDIES:

CORROSION OF TYPES 304L AND 309S5Cb STAINLESS STEEL

DURING PRODUCTION AND DEVELOPMENT PERIODS

J. L. English

DATE ISSUED

OAK RIDGE NATIONAL ILABORATORY
Oak Ridge, Tennessee
Operated by
UNION CARBIDE CORPORATION
for the
U. S, ATOMIC ENERGY COMMISSION

MARTIN MARIETTA ENERGY SYSTEMS LISRAMIES

TR

3 Y45k 0351035 0






-iii-

CONTENTS

Abstract o ¢ o o o o ¢ o ¢ o « o o s
Introduction « o o s o o ¢« o o o « o @
Experimental Procedure .+ « « o o o o &
3.1 Description of Corrosién Specimens
3.2 History of Test Materials . . . .

3.3 Boiling 65% HNO_, Test Results . .

3

.

3.4 Examination of Exposed Test Specimens

3.5 Determination of Corrosion Rates
Corrosion During Production Period . .
4.1 Dissolver TanK . s o « o o o« o o
4.2 Feed Adjustment Tank . . . . . .
4.3 AP Catch Tank & &+ o o o o o o o
4. BT Vapor Separator Tank . + . « «
Corrosion During Development Periocd .

5.1 Feed Adjustment Tank . « « « o »

°

Corrosion During Production-Development Period

6.1 Feed Adjustment Tank o o « o o «
6.2 Miscellaneous Information . . . .
General Discussion .+ + o o o v o « @
SUMMAYY o o o o s 6 o o o o 8 s o o «
Acknowledgments . . & o ¢ o ¢ o o o o

References o« « ¢ » o« o« ¢ 0 06 s o o » »

°

Page No.

=

o o o N =1 o\ n o

R &

30
38
38
by
Lh

62
68
69
70






ABSTRACT

The corrosion behavior of types 304L and 309SCb stainless steel was examined
during the production and first half of the development periods of Thorex
pilot plant operation between December 15, 1954, and November 10, 1955. The
process vessels in which corrosion data were obtained included the batch dis-
solver tank, the feed adjustment tank, the AP catch tank, and the BT vapor
separator. There was no significant difference between the corrosion resist-
ance of the two alloys in any of the enviromments. Vapor-phase corrosion
attack in some vessels was more severe than solubtion-phase attack in the same
vessels. Dependent upon the particular process environment, corrosion rates
in the vapor phase ranged from 0.1 to 46 mpy; solution~phase corrosion rates
ranged from 0.1 to 28 mpy. The most severe attack in both solution and vapor
phases occurred in the feed adjustment tank. There was serious corrosion in
the BT vapor separator also. Corrosion was moderate (8 mpy or less) in the
batch dissolver tank and was almost negligible (0.2 mpy or less) in the AP
catch tank. The attack on rolled surfaces of both types of stainless steel
was uniform, with the exception that shallow, intergranular penetration was
experienced in the more corrosive enviromments. Edge-surface attack was
intense in the latter enviromments also and introduced some gquestion as to
the validity of corrosion rates based upon total attack on specimens. Nelther
of the alloys, initially stressed at 35,000 psi, experienced stress-corrosion
cracking in any of the environments, nor was there any evidence of a stress-
induced acceleration in the rates of attack. Weld specimens of both alloys
underwent preferential attack at the weld-parent metal interface in a number
of the enviromments; the frequency of the attack was random in nature, however,
Neither alloy was subject to crevice corrosion nor was accelerated corrosion
at soclution~-vapor interfaces observed.

INTRODUCTION

The Thorex pilot plant was constructed for the purpose of separating and de-
contaminating thorium, uranium-233, and protactinium-233 in neutron-irradiated
thorium metal, Nitric acid is used to dissolve thorium metal. The separa-
tlons are made by a solvent extraction process using tri-n-butyl phosphate

as the extractant, and aluminum nitrate and nitric acid as the aqueous salt-
ing agents. Uranium-233 is eventually isolated by an ion exchange process.

The current Thorex process flowsheet includes four major operational features:
(a) thorium metal dissolution and feed preparation,
(b) separation of thorium-232 and uranium-233 from protactinium-233
and associated fission products by extraction with tri-n-butyl

phosphate solvent,

(c) partitioning of thorium-232 and uranium-233 with subsequent
isolation of the two products, and

(d) solvent recovery.



The Corrosion Program. The design and the preliwminary counstruction of the
ORNL Thorex pilot plant were started in June 1953. Simultaneously, prep-
arations were begun on a corrosion-test prograT for insertion of specimens
in various process vessels in the pilot plant. 1) The decision for =
corrosion-test program was predicated by the need for information on the
corrosion behavior of stainless alloys during operation of the chemical
separation and recovery plant. Such information was necessary to assist

in the fnture selection of construction materials for a large-scale thorium
processing plant.

The choice of types of stainless steel for exposure in the pilot plant was
based upon the results of unpublished laboratory tests. Among the various
metels and alloys examined, types 304L and 309SCh stainless steel were two
of the more attractive alloys that offered promise corrosion-wise as con~-
struction materials. Type 347 stainless steel warranted some consideration,
although its corrosion resistance was less satisfactory than that of the
other two alloys in most of the laboratory environments.

The present report is concerned with the corrosion program that was con-
ducted during the production period and the first half of the development
period of operation of the Thorex pilot plant. As the name implies, the
production period (December 15, 1954, to March 4, 1955) dealt with the
separation and isclation of urenium~233 as the priwsry objective. The
development period (Merch 4 to November 10, 1955) emphasized studies of
the process although uranium-233 separation continued. The results of
tests conducted during the second half of the development period will be
discussed in a future report.

Complete details of the c?rro§ion program for the Thorex pilot plant have
been described elsewhers.(1,2) A detailed description of the environmental
conditions and exposure times for specimens dU£}ng the above two phases

of pilot plant operation has been reported.(3: Information on the
history, design, development, construction, and opfrati?n of the pllot
plant has been included in numerous other reports. o-11

EXPERIMENTAL PROCEDURE

3.1 Description of Corrosion Specimens. A simple-beam constant-strain
type of stress assembly\le;13) was selected for the corrosion speci-
mens. The assembly consisted of (1) a specimen under applied stress,
(2) a fulerum vsed as a control specimen, and (3) a welded base plate.
Auxiliary components included two sets of studs and nuts for applying
the desired stress. All components in an assewbly were machined from
the same type of stainless steel to eliminate the possibility of
galvanic corrosion.

A nonwelded base plate is generally used in the conventional simple-
beam assenmbly. However, welds were incorporated in the base plates
of the pilot plant stress assemblies to permit examination of weld-~



corrosion behavior. Two transverse welds were made across each base
plate; the roots of the welds were rotated 180 degrees from each other
along the longitudinal axis of the base plate. One face of each base
plate was machined to remove excess weld-metal deposit; the opposite
face was left in the as-welded condition,

The materials used in fabrication of the assemblies were 1/8-in.-thick
sheet for the stress specimen, 3/8~in.-thick plate for the base plate,
3/8-in.~dia. rod for the fulerum and nuts, and 1/4-in.-dia. rod for the
studs., The stress specimen was 1/8 x 5/8 x 3 1/2 in.; the base plate
was 5/16 x 7/8 x 4 1/2 in.; and the fulcrum was 3/8 in. in diameter by
7/8 in. long. e total surface area of a complete assembly was approx-
imately 21.7 in.® (140 cm?). The individual areas gf the stress speci-~
men, fulcrum, and base plate were 5.% in.2 (34,9 cm®), 1.3 in.? (8.1
cmaj, and 12,3 in.? (79.% cmg), respectively, Seversl photographs of
an assembled unit appear in Fig. 1.

Uncoated type 308L stainless steel rod was used to make the Heliarc
welds in the type 304L base plates; uncoated type 3095Cb rod was used
for the type 309S5Cb base plates. One base plate of type 347 stainless
steel used in the tests was Helilarc welded with uncoated type 347 weld
rod, and one was welded with uncoated type 308L rod.

Before stressing, all components in an agsembly vere degreased in ace-
tone and alcohol., The stress specimen, fulcrum, and base plate were
dried at approximately 100°C and weighed to the nearest 0,1 + 0.2 mg.
The stress specimen was stressed to 35,000 psi which was approximately
85% of the annealed yield strength of each alloy. The applied stress
was measured with the aid of a strain gage.

Considerable laboratory experience with the simple-beam assembly at-
tested to ite adaptability for a pilot~plant type of corrosion invest-
igation, In addition to affording a means for evaluating stress-
corrosion cracking behavior, the assembly was also sulted for weld
and crevice corrosion studies. For & qualitative examination of
solution-vepor interface attack in the various process vessels of the
pilot plant, it was planned to make use of the stainless steel rods
which supported the assemblies in the vessels,

A total of 35 assemblies of the three steinless alloys was prepared
for exposure in the pilot plant. The distribution of the assemblies
in the solution and vepor phases of the process vessels is shown in
Table 1.
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Fig. 1. Stainless Steel Stress Assembly Used for Corrosion Studies in Thorex
Pilot Plant. 1.2X.



Table 1. Distribution of Stainless Steel Stress
Assemblies in Thorex Pilot Plant

Vessel Assenbly No. of Assgemblies
Identity Material Solution Vapor

Process Vessel

Batch dissolver tank S-1 304L 1 1
309SCb 1 1
Feed adjustment tank S-2 304L 6 6
309SCb 6 6
AP catch tank N-2 304L 1 1
309SCb 1 1
BT vapor separator P-2 304L 0 1
347 0 2

3.2 History of Test Materials. A summary of the size, source, and chemical
composition of the stainless steels from which the specimens were fab-~
ricated appears in Table 2. All materials were within the chemical
composition limits required by AISI specifications for types 304L,
3095Cb, and 347 stainless steel. Information on the studs and nuts
is not included in Table 2 since these materials were not considered
in the quantitative evaluation of corrosion damage. Certified chem-
ical analyses of the stud and nut materials, however, showed them to
be within the required chemical composition limits for the respective
alloys.




Table 2.
for Fabrication of Stress Assemblies

Material History of Stainless Steels Used

Composition (wt %)

Material Component Form Supplier Heat No. Element Stress Ful Base
Type Specimen crum Plate
304L Stress 1/8-in. Armco Steel - c 0.02 0.02 0.02

specimen sheet Company Mn 1.00 0.9 1.09
si 0.50 0.45 0.54
304L Base plate 3/8-in. Armco Steel - Ni 9.26 9.25 9.70
plate Company Cr 18.59 18.80 18.40
P 0.023 0.025 0.023
30LL Fulerum 3/8~in. - Armco Steel - ) 0.016 0.016 0.009
dia. bar Company
3095Cb Stress 1/8-in. Crucible Steel T999A3 C 0.06 0.06 0.05
specimen sheet Company Mn 1.65 1.65 0.58
Si 0.60 0.60 0.36
309SCb Base plate 3/8-in. Crucible Steel T999A3 Ni 14,01 14.01 14.50
plate Company Cr 22.92 22,92 23.50
Cb 0.89 0.89 0.83
3095Cb  Fulecrum 3/8-in.- Crucible Steel - P 0.011 0.011 -
dia. bar Company ] 0,015 0.015 -
347 Stress 1/8-in, Crucible Steel 623937 c 0.06 0.07 0.05
specimen sheet Company Mn 1.89 1.58 1.90
Si 0.64 0.61 0.64
347 Base plate 3/8-in. Crucible Steel K~-6563 Ni 10.32 9.97 10.18
plate Company Cr 18.02 18.59 18.20
Cb + Ta 0.88 0.92 0.82
347 Fulcrum 3/8-in,- Crucible Steel 623569 P 0.025 0.013  0.021
dia. bar Company S 0.025 0.024 0.015




3.3

Boiling 65% HNO_ Test Results. Prior to fabrication, specimens of the
various alloy fdrms were subjected to the boiling 65% HNO_ test in ac-
cordance with the recommen%i&)practice for corrosion—resiétant steels,
ASTM designation A262-55T. Since the Thorex pilot plant was con-
cerned to a large extent with the handling of nitric-acid-containing
process solutions, the use of the boiling 65% HNO, test as a quality
control test was considered pertinent. 3

The criterion used for accevtance or rejectlon of an austenitic stain-
less steel exposed to the nitric acid test is an arbitrarily chosen
maximum penetration rate based upon observed weight losses on specimens
during five (generally) 48-hr immersion periods. The maximum allowable
rate, an average value for the five periods, may vary slightly for dif-
ferent stainless steels, but for types 304L, 3095Cb, and 347 stainless
stejl i§ a sensitized condition, the rate is ususlly 2 mils/mo. (0.002
in./mo.).

Specimens were sensitized prior to test by heating 1 hr in air at 649°C
(1200°F) followed by cooling in air to room temperature. All test
materials except one exhibited average penetration rates of 2 mils/mo.
or less after five 48-hr periods. The single exception was the 3/8-in.-
thick type 309SCh stainless steel plate used for the welded base plates;
the average penetration rate was 3 mils/mo. Inasmuch as the rate was
not greatly in excess of the maximum allowable rate, plus the fact that
microscoplic examination failed to reveal any serious intergranular at-
tack, it was decided to use the material for fabrication of the base
plates.

Examination of Exposed Test Specimens, The stress assewblies asg removed
from the process vessels were scrubbed in soapy water to remove loosely
adherent corrosion products and associated contamination. The radio-
activity of most of the assenblies, measured 1 to 2 in. from the surface,
was 20 to 80 mr/hr after scrubbing. Several of the assemblies measured
about 600 mr/hr at the same distance. The highest surface-contact
activity observed was 3000 mr/hr.

The general appearance of each assembly was noted, after which it was
dismantled. As-scrubbed weights were obtained for the stress specimen,
fulerum, and base plate. These compgnepts were cathodically defilmed at
75°C in inhibited 5% HoBS0y, solui;ion.?l5 The defilming process was re-
peated twice on each specimen. Attack by the defilming solution on
unexposed control specimens of the three a2lloys was almost negligible,
amounting to a weight loss of 0.03 mg/cme. The specimens presented no
handling hazard due to radiocactivity after defilming. The defilming
process (one of hydrogen discharge from a metal surface) effectively
redaced the radioactivity to 5 mr/hr or less, measured at contact.
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3.5 Determination of Corrosion Rates. The defilmed specimens were degreased
in acgtone and alcohol, dried, and weighed to the nearest 0.1 + 0.2
mg/cm=. Corrosion rates were determined by. the conventional weight-loss
method.

The total residence time for solution-phase specimens in the pilot plant
consisted of periods in which specimens were contacted by thermally hot
process solutions, periods in which specimens were contacted by process
solutions at room temperature, and periods in which specimens were exposed
to air in empty vessels. Since laboretory tests at room temperature with
similar stainless alloys in simulated Thorex process solutions showed
that corrosion rates were less than 1 mpy, 16} +the exposure time for
specimens contacted by room-temperature process solutions was not con-
sidered as part of the accumulated aective exposure time in the pilot
plant vessels that during usage operated at elevebted temperatures. Like-
wise, the time that specimens were contacted by air at room temperature
was not considered. Thus the active exposure time for solution-phase
specimens was realistically restricted to the period during which process
solutions were above room temperature. With the exception of the AP
catch tank which was operated around 40°C, the greater portion of the
active exposure time in the process vessels was accumulated at tempera-
tures from 110 to 155°C. The remaining portion of an sztive exposure
period included the time required to heat the process solubion to an
elevated temperature, the time required to cool the solution to room
temperature, and the time required for decontamination with holt chemical
solutions. The active vapor-phase exposure periods were the same as for
the solution-phase specimens since attack on vapor-exposed specimens by
process solutions at room temperature was considersd to be negligible.

CORROSION DURTNC PRODUCTION PERIOD

Stress assemblies were removed from the batch dissolver tank, the feed sdjust-
ment tank, the AP catch tank, and the vapor separator for the BT evaporator
tank at the completion of the production period. Since exposure condlibions
varied considerably in the four process vessels, separate discussions will be

presented for each vessel. Op?{%t}g?al information for the pilot plant during
2

this period has been reported.

The corrosion informetion presented is for the most part representative of
intermittent pilot plant operation. The only process vessel opersted on &
continuous basis during this period was the AP catch tank, used for collesction
and temporary storage of protactinium-containing solution from the uranium-
thorium extraction column.

4,1 Bateh Dissolver Tank

Function and Description. The batch dissolver tank was used for the dis~
solution of irradiated aluminum-jacketed thorium metal., The tank was

b 1/2 ft in diameter with a capacity of 550 gal. The construction mate-
rial was 3/8-in.-thick type 3095Ch stainless steel. Heliarc welding was
employed in fabrication.




The nominal dissolving solution contained 13 M HNO, with 0.0375 M
NaF, 0.0025 M Hg(NO )2, and 0.0% M A1(NO,),. Mercdric nitrate and
sodium fluoride weré present to catalyze3tﬁe aluminum-nitric acid
and the thorium-nitric acid dissolution reactions, respectively.
The aluminum nitrate was added to complex the fluoride ion, thereby
suppressing corrosion attack by the dissolving solution on the
stainless steel vessel used in room-temperature preparation and
storage. Typical initial and final solution compositions for the
batch dissolver tank are given in Table 3,

Table 3. Typical Initial and Final Solution
Compositions in Batch Dissolver Tank

Concentration (M)

Constituent Initial Final
HNO3 13.0 5.0
Th(NOs)u 0 1.0
A1(NOZ) 5 0.04 0.37
Fluor?a?d 0.0k 0.015
Hg(NO3)2 0.003 0.001

The dissolver tank operated at the boiling temperature of the dis-
solving sclubion, approximstely 110°C. The averege time required
for a batch dissolution was 10 to 12 hr. When sufficient thorium
was dissolved, the solution was cooled to 40°C and jetted to the
feed adjustment tank.

During operation, excess nitric acid was added to the dissolver
tank to expedite the dissolution of highly stable "blue” thorjum
oxide invarisbly present in neutron-irradiated thorium metal.%l9)
The blue thorium oxide dissolution was imperative for two reasons:
(1) it represented a potential processing loss of 0.6% in both
thorium and associated uranium-233, and (2) because of its high
density and fine particle size, it could plug filters and small
process equipment lines in the pilot plant.

Decomposition gases and vapors from the nitric acid dissolution
were passed to a water-cooled shell-and-tube condenser. The non-
condensable gases were discharged to the atmosphere through a
200-ft stack., The pressure in the dissolver was maintained
slightly under atmospheric.
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Operational History. Fifteen runs were made in the dissolver tank;
twelve runs were normel dissolutions with either nonirradiated or
irradiated thorium metal; and three runs were with low thorium-
containing nitric acid solution. Of the twelve normal runs, five
were made with nonirradiated aluminum-jacketed thorium metal slugs
using 100% metal heel and 100% excess 13 M HNO,. Six of the remain-
ing seven runs were made with aluminum—jacketeg slugs; the seventh .
run was made on undissolved thorium metal remaining in the dissolver
tank. It was necessary ‘to make three additional recovery runs with
13 b!HN03 solution to remove the persistent metal heel.

The concluding phase of operation was the decontamination of the
vessel. Twenty decontamination passes were made with: (1) 30% HNO,,
(2) 15% NaOH containing 1% oxalic mcid, (3) 20% NaOH countaining 3% 3
tartaric acid, and (4) 20% HNO_-3% HF solution., A decontamination
pass consisted of flushing all3internal surfaces {and corrosion
specimens) in the vessel with the chemical reagents by means of a
steam~operated jet spray system., Contact time for each pass varied
between 1 and 3 hr; solution temperature of the reagents ranged

from 40 to 95°C. Detai%g? information on the decontamination opera-
tion has been reported.

Corrosion Data. A breakdown of the exposure time Tor the types 304L
and 30935Cb stainless steel stress assemblies exposed in the batch
dissolver tank appears in Table U. As discussed previously, the re-
ported exposure times in Table U4 and following tables are represent-
ative of the periods only during which process solutions were above
room temperature, The maximum gross beta-gamma activity_in process
sol?tions hendled by the batch dissolver tank was 1 x 1010 counts/
min/ml.

The total active exposure time for both solution- and vapor-exposed
assemblies was 634 hr which included the time with process solution
at operating temperature, heating and cooling times, and the time
required for decontamination. Corrosion data for the individual
specimens are given in Table 5., As mentioned earlier, the fulcrum
in each assembly was used as a control specimen for comparison of
corrosion behavior with the weld and siress specimens,
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Table 4. Summary of Exposure History for Stainless Steel
Stress Assemblies in Batch Dissolver Tank
During Production Period

Exposure Time (hr)

Solution Vapor

Total residence time in tank 2190 2190
Five cold runs at 110°C maximum 86 86
Seven hot runs at 110°C meximum 128 128
Three recovery runs at 110°C maximum 350 350
Holding time at room temperature h6é 0
Decontamination at 40 to 95°C 70 70
Total active exposure time* 63k 634

¥ Holding time at room temperature not considered in total active
exposure time.



Table 5. Corrosion of Stainless Steel Stress Assemblies in
Batch Dissolver Tank During Production Period

Test Alloy ) Total . Wt. Loss Penetration (a)
No. Type Environment Time (hr) Specimen (mg/cmz) (mils) (mpy) Type of Attack
D-16 3041, Solution at 634 Control 10.9 0.5 7.5 Uniform
110°C mex. Stre?s 12.0 0.6 8.3 Uniform; no cracks
we1a(b) 12,1 0.6 8.3 Uniform
D-65 300SCbh  Solution at 634 Control 5.0 0.2 3.5 Uniform
110°C max. Stregs 3.7 0.2 2.6 Uniform; no cracks
we1a(c) k.6 0.2 3.1 Uniform
D-15 3041, Vapor at 634 Control .2 0.2 2.9 Unifornm
110°C max. Stress 3.8 0.2 2.6 Uniform; no cracks p
Weld 7.9 0.4 5.3 Uniform P
D-64 309SCb  Vapor at 634 Control 3.4 0.2 2.3 Uniform
110°C max. Stress 2.6 0.1 1.8 Uniform; no cracks
Weld 3.0 0.1 2.0 Uniform

(a) Type of attack refers to flat surfaces of specimens only.
(v) Weld specimens of type 304L were Heliarc-welded with type 308L rod.

(c) Weld specimens of type 309SCb were Heliarc-welded with type 309SChb rod.
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Discussion of Data. Before dismantling, the stress assemblies were
carefully examined for indications of cracking; no cracks were found
on any of the solution- or vapor-phase stress specimens. As showm

in Table 5, there was no acceleration in the rate of corrosion attack
on gpecimens as a result of the applied stress. Some localized attack
was observed on edge surfaces of a number of the specimens; this type
of attack will hereinafter be referred to as edge-corrosion (end-grain)
attack.

(1) Corrosion of Solution-Exposed Specimens. The average corrosion
rate of type 3095Ch stainless steel during the 634 hr was 3.1 +
0.5 mpy as compared with 8.0 + 0.4 mpy for type 304L stainless
steel. The average rate for each alloy was determined from the
individual rates for the stress specimen, fulerum, and weld
specimen. Generally, there was not sufficient variation in the
corrosion behavior of the three components to preclude the use
of such an average value.

The nature of corrosion attack on flat and edge surfaces of a
stress specimen of each alloy is shown in the photomicrographs

of Figs. 2 and 3. Flat surfaces exhibited relatively uniform at-
tack; some random shallow pitting (less than 1 nil in depth) was
observed on both alloys. There were no evidences of intergranular
corrosion. Both alloys were subject to edge corrosion as shown
in Fig. 3. The pits on type 304L stainless steel were larger in
diameter and of greater frequency than those observed on type
3095Ch stainless steel. The maximum penetration by pitting for
both alloys was 3 mils. The propagetion of pits occurred in &
plane parallel with the rolling direction of the stalinless steel
sheet ag indicated in Fig. 3.

There was no unusual corrosion attack on weld specimens; examina-
tion of weld-parent metal interfaces showed complete freedom from
preferential attack in the heat-affected zones. Visually, the
type 308L weld metal exhibited more surface roughening than the
parent metal, type 3041 stainless steel. This behavior was not
apparent on the type 3095Ch weld metal.

No crevice corrosion was found on areas of metal-to-metal contact
in assemblies of either alloy. Microscopic examination of these
areas showed no difference in condition from that of the surround-
ing surface.

A considerable difference in grain size of stress specimens of the
two alloys was evident as shown in Fig., 2. The grain size of the
type 304L stainless steel was ASTM No. 4 (calculsted mean grain
diameter of 4 mils). Type 3095Chb stainless steel had a much smaller
grain size, ASTM No. 8 (calculated mean grain diasmeter of slightly
under 1 mil).
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The general physical condition of assemblies upon removal from the
dissolver tank was quite sabisfTactory. Surface staining was much in
evidence on all specimens. No excessive amounts of corrosion films
were present; observed film weights, represented by the difference
between as-scrubbed and defilmed welghts, were 0.1 mg/cm® or less.

Corrosion of Vapor-Exposed Specimens. There was no significant dif-
ference in the corrosion behavior of the two stainless alloys exposed
in the hot vapor (110°C max.) for 634 hr. Type 304L steinless steel
corroded at an average rate of 3.6 + 1.7 mpy; the average rate for type
3095Cb stainless steel was 2.0 + 0.3 mpy. The large deviation from
the average rate for the type 304L was caused by e corrosion rate of
5.3 mpy for the weld specimen. The control and stress specimens in
the assembly corroded at rates of 2.9 and 2.6 mpy, respectively.
Surface attack on stress specimens of both alloys is shown in Fig. 4.
Although some surface roughening did occur, the attack was considered
as being uniform. Edge-surface attack on the two alloys was similar
to that shown in Fig. 3 with pits extending up to 2 mils in depth.

The first of a number of cases of corrosion attack peculiar to weld
specimens exposed in the pilot plant was observed on a vapor-exposed
specimen of type 304L stainless steel in the dissolver tank. The cor-
rosion consisted of localized attack in the heat-affected zone between
the weld metal (type 308L) and the parent metal, The attack was very
similar to knife-li?goiorrosion occasionally found in stabilized grades
of stainless steel. A photomicrograph showing the attack is in-
cluded in Fig. 5. Actually, the depth of penetration was about 5 mils
although it appears to be 10 mils in the phobtomicrograph. The attack
extended the full width of the specimen along the root weld on the
as-welded face. There was no evidence of intergranular corrosion in
the attacked region as is commonly found in kunife=-line corrosion. The
type 30958Cb stainless steel weld specimen did not exhibit this type

of selective attack.

There was no immediate explanation for the localized interfacial at~
tack on the type 304L stainless steel., With a reported carbon content
of 0.02% (Table 2), the alloy would be expected to be immune to carbide
precipitation during welding. The fact that the attack was found only
along the face weld in the same specimen would suggest the welding
operation as a cause rather than some inherent characteristic of the
parent metal. A mechanism has been proposed for kunife-line attack,in
stabilized sustenitic stainless steel by Holzworth and,co—workers,(go)
but this mechanism would not be operative in unstablized grades of
stainless steel.

No crevice corrosion attack was found on specimens of either stainless
alloy. The condition of surfaces contacted by other metal surfaces
during exposure was the same as that of unconfined surfaces.
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The as=removed condition of the assemblies was little changed from
the original appearance except for random dark-browvn stains. Cor~
rosion filws were thin; observed film weights were less than 0.1

mg/cn®,

(3) Solution-Vapor Interface Corrosion. Although it had been planned
to use the stress assembly stainless steel swoport rods for qual-
itative evaluation of solution-vapor iunterface corrosion, it was
found upon examination that the solubion level in the dissolver tank
fluctuated so extensively that it was impossible to detect any
solution~vapor interface. The surfaces of the rods were etched
in appearance, and the attack appeared uniform, however,

Feed Adjustment Tank

Function and Description. The feed adjustment tank and euxiliary equip-
ment were used to provide a nitric scid~deficient feed solution for the
uranium-thorium solvent extraction process. The welded, 1/2~-in.-thick
type 3095Cb stainless steel tank was 4 ft in diameter, with a total
capacity of 450 gal,

Excess nitric acid in process solution received from the dissolver tank
was first removed in the feed adjustment tank by an evaporation process
at 110°C, In addition, the evaporation process elso provided solution
and temperature conditions which promoted the formation of stable si%~
icas that were not objectionable in the subsequent extraction cycle. 21)
The silicas, which originate in the aluminum and thorium metals, also
serve as carriers of lnordinste amounts and levels of radliation involve
ing simllar physical hydrous species as protactinium and fission product
activities. The nitric acid~deficient aluminum and thorium nitrate solu-
tion was then digested at 150 to 155°C to destroy the tributyl phosphate
extractable fractions of the ruthenium fission producte. After digestion,
the solution was diluted with water to the composition specified for
feed solution to the thorium-uranium extrection coclumn., Typical initial
and final solution compositions for the feed adjustment tank are shown
in Table 6,
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Table 6. Typical Initial and Final Sclubion
Compositions in Feed Adjustment Tank

Concentration (M)

Constituent Tnitial Final
HNO 5.0 0.5%%
Th§1§03) )y 1.0 k.0
A1(NO3)3 0.37 1.6
Hg(NO3)2 0.001 0.00k4
Fluoride 0.015 0.0h7

* Solution composition before dilution with water to
meet feed specifications for extraction column.

*¥ Nitrie acid deficient.

Operational History. Fifteen runs with both irrsdiated and non-
irradiated thorium metal were made. The operation of the tank was
much the same for both types of process solubion. During evapora-
tion cycles, the initial nitric acid content of the condensed vapors
leaving the tank was 1 M, The concentration reached an equilibrium
value of 8 M HNO3 as the evaporation and digestion processes continued.

The fifteen runs consisted of five runs with nonirradiated metal,
seven runs with irradiated metal, and three recovery russ. Seven
evaporations were made during the three recovery runs with solution
that contained reletively little thorium. The temperature during
the recovery runs was 133°C.

Decontamination at completion of the feed adjustment tark operation
was similar to that described for the batch dissolver tank. A total
of ten alternate passes with dilute nitric acid and alkaline oxalate
or tartrate solutions was made at solution temperatures from 40 to 95°C.

Corrosion Data, A summary of the exposure history for the stress as-
semblies during feed adjustment tank operation appears in Table 7.

The reported exposure hours, in addition %o time at elevated tempera-
tures (110 to 155°C), include heating and cooling times for the process
so%utions and also 20 hr for decontamination with solutions at 40 to
95°C.
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Table 7. Summary of Exposure History for Stainless Steel

Stress Assemblies in Feed Adjustment Tank
During Production Period

Exposure Time (hr)

Solution Vapor

Total residence time in tank 1880 1880
Five cold runs at 155°C max. 85 85
Seven hot runs at 155°C max. 100 100
Three recovery runs at 133°C max. 350 350
Holding time at room temperature 625 0
Decontamination at 40 to 95°C 20 20
Total active exposure time* 555 555

* Holding time at room temperatvure not comsidered in total active

exposure time.

Eight stress assemblies were removed from the feed adjustment tank,
Duplicate sets of types 30LL and 309SCb stainless steel were exposed

to the solution and vepor phases. Other assemblies installed originally
with the elght assemblies were left in the tenk for additional exposure
time during the development period of operation which followed., A
summary of the corrosion data for the assemblies removed from the feed

adjustment tank is given in Table 8.



Taple 8.,

Corrosion of Stainless Steel Stress Assemblies in Feed

Adjustment Tank during Production Period

Test Alloy . Total , Penetration (a)
No. Type Environment Time (hr) Specimen (mils) (mpy) Type of Attack
D-19 30LL Solution at 555 Control 5.3 0.3 4,0 Uniform
155°C max. Stress 5.2 0.3 4.0 Uniform; no cracks
We1alP) 6.1 0.3 L.7  Uniform
D~20 304L Solution at 555 Control 5,0 0.2 4,0 Uniform
155°C max. Stress 5.3 0.3 k.0 Uniform; no cracks
Weld 6.0 0.3 L.7 Uniform
D-68 3095Ch  Solution at 555 Control L.5 0.2 3.6 Uniform
155°C max. Streis 10,9 0.5 8.5 Uniform; nc cracks
We1alc) 8.5 .k 6.6 Uniform
D-59 3095Cb  Solution at 555 Control 4,7 0.2 3.6 Uniform
155°C max. Stress 9,2 0.h 7.2 Uniform; no cracks
Weld 9.2 0.4 7.2 Uniform
D-17 304L Vapor at 555 Control 2L k4 1.2 19.1 Mild acid-etch
155°C max, Stress 25.9 1.3 20.2 Mild acid-etch; no ecracks
Weld 26,8 1.3 21.0 Mild acid-etch
D-18 304L Vapor at 555 Control 29.6 Lok 23.2 Mild acid-etch
155°¢ Stress 28.5 1.k 22.3 Mild acid-etch; no cracks
Weld 26.3 1.3 20.6 Mild acid-etch
D-66 3095Cbh  Vapor at 555 Control 34,0 1.7 26,6 Mild acid=-etch
155°C Stress 52.3 2.6 L0.9 Severe acid-etch; no cracks
Weld 46,3 2.3 36.2 Severe scid-etch
D-67 309SCh  Vapor at 555 Control 34.5 1.7 27.0 Mild acid=-etch
155°C Stress 54,7 2.7 42,7 Severe acid-etch; no cracks
Weld y7.1 2.3 36.9 Severe acid~etch

(a) Type of attack refers to flat surfaces of specimens only.
(v) Weld specimens of type 304L were Heliarc-welded with type 308L rod.
{(c) Weld specimens of type 309SCb were Heliarc-welded with type 3095Cob rod.

—.83_



Discussion of Deita. None of the stress specimens in the eight assem-

blies exhibited any signs of cracks prior to dlsmentling. After de-
filmirg, the tension surfaces were re-e¢xemined microscopicelly; no
cracks were found. The as-removed apocarance of solution- and vapor-
exposed assemblies wes characterized by mottled gray~- and brown-colored
stains and slight surface roughening. Film welghts varied between

0.1 and 0.2 mg cin® .

(1) Corrosion of Solution~Zxposed Svecimens. Observed over-all cor-

(2)

rosion rates for both types 304L and 3095Ch stainless steel
control, stress, and weld specimens were not in excess of 8.5 mpy
during the active exposure period of 555 hr at temperatures up to
155°C. The average rate for type 304L stainless steel was 4.2

+ 0.4 mpy as compared with an average rate of 6,0 + 2.5 mpy for
type 3005Ch stainless steel, The maximum corrosion rate of 8.5
mpy was on a stress specimen of type 3058Ch stainless steel (test
D-68 in Table 8).

Transverse sections of the flat surface of siress specimens of
the two alloys are shown in Fig. 6. Some surface roughening was
evident in both cases, but neither pitting nor intergranular at-
tack was ovserved. The attack on edge surfeces wes intergranular
and highly localized in numercus areas. Pitting etback ranged in
depth from 2 to 5 mils in »oth elloys.

Knife-line atteck was observed in the heal-affected zones along
the root and face welds on the as-welded surface of one of the
type 3098Ch stainless steel speclmens as shown in Fig. 7. The
depth cf the attack was 5 mils., The compsnion weld speciuen was
not subject to knife-line sttack. Mo weid-pavent metal interface
attack was noted on the type 3CLL weld specimens., Visuslly, the
weld metal deposits in both alloys sppeared as resistant to the
environment as the respective parent metals.

No signs of crevice corrosion were observed on any of the com-
ponents in the four stress essemblies.

Corrosion of Vapor~f:posed Snecimen. Corrosion attack on vapor-
exposed specinens wes sppreciably more severe than that on solution-
exposed specimens. During the 555-hr evposure, most of which was
accumileted at temperatures betweea 110 and 155°C, type 304L
stainless steel corroded at an average rave of 21.1 + 2.0 mpy,

about five times the rete obtained for the same alloy during a
comparable exposure time in the solution phase. Type 3005Ch
stainless steel corroded at an average rabe of 35.0 + 8.5 mpy in
the vepor. This rate wes ghout six times grester than the rate
obtained for the alloy in the solution phasea.
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Fig. 6. Surface Attack on Stress Specimens After 1180 hr Exposure (555 hr at
Elevated Temperatures) to Process Solution in Feed Adjustment Tank During
Production Period. Etched in aqua regia. 250X.
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Fig. 7. Knife-Line Corrosion Attack on Type 309SCB Stainless Steel Weld
Specimen After 1180 hr of Solution Exposure in Feed Adjustment Tank During

Production Period. Etched in aqua regia. 250X.
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Corrosion on flat surfaces of stress specimens of the two alloys
was characterized by a mild, preferential grain-boundary attack;
photomicrographs of transverse sections of the specimens appear

in Fig. 8. The penetration on type 304LL was 1 mil or less, whereas
it was less than 0,5 mil on the type 3095Chb stainless steel, Both
alloys exhibited substantial surface roughening.

The severity of edge-corrosion sttack on the alloys during the
555-hr exposure is illustrated in Fig. 9. Basically, the attack
was intergranular, culminating in intense pitting. Penetration
by pitting was 12 mils or less in type 304L and 6 mils or less
in type 3095CH stainless steel.

Knife-line corrosion attack was found in the heat-affected zones
adjacent to welds on the as-welded face of one of the type 3095Cb
stainless steel weld specimens but not on the companion specimen,
The type 30L4L weld specimens were free from preferential attack
in hest~affected zones. The weld metal deposits - type 308L in
3041 stainless steel and type 3098Ch in 3098Cbh stainless steel -
exhibited a "grooving" type of attack. Based upon visual exami-
nation, it was concluded, howsver, that the over-all attack on
the weld deposits was no more severe than on the respective parent
metals 2

No crevice corrosion was found on any of the specimens.

(3) Solution-Vapor Interface Corrosion. As was experienced in the batch
dissolver, the solution level in the feed adjustment tank underwent
such fluctuation thet there was no indication of a sharp solution-
vapor interface on the types 304L and 300SChb stainless steel rods
used to support the stress assemblies. It was apparent, however,
that the upper portions of the rods were corrcded more than the
lower (solution-exposed) porticns. The surfaces of the former were
much rougher and darker in appesrance. Several l/B-in.-dia. holes
drilled in the vapor-exposed erd of a type 304L rod were enlarged
to approximately l/h in. due to corrosion attack. The interior
surfaces of the hqles were badly pitted with pit growth occurring
along a plane parallel with the rolling direction of the bar.

AP Catch Tank

Function and Description. The AP catch tank was used for collection
and temporary storage of the agueous protactinivm-containing process
solution from the uranium-thorium extraction column. The nominal com-
position of the solution was 0.6 M A1(NO- )3 and 0,03 M HNO, (acid-
deficient) with traces of protactinium and fission producti&. Mercuric
and fluoride ions were usually present also.
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Table 9 shows the approximate chemical composition of the solution

in the AP catch tank. The presence of phosphate and ferrous ions

was due to the following: phosphate was added to the serub solution
entering the uranium extraction column to aid in the decontamination
from protactinium, and iron, as ferrous sulfate, was added to the
same scrub solution to prevent extraction of an oxidized chromium
compound from stainless steel equipment corrosion during the head-end
treatment in the feed adjustment tank.

Table 9. Approximate Chemical Composition of Process
Solution in AP Catch Tank

Constituent Concentration (M)
A1L(NO5)4 0.6
HN03 0.3%
Hg(NO3)2 0.01
Fluoride 0.02
Feo(50})5 0.001
H3P0u 0.002
Fission products ~ 1073 mg/ml
pH 2.5 to 3.0

* Nitric acid deficient.

The solution from the extraction column flowed continuously into

the catch tank. After the tank was filled, if chemical analysis
showed insignificant amounts of thorium-232 and uranium-233 to be
present, the solution was discharged to the X-10 area waste~disposal
system. Solution temperature in the tank remained fairly constant
at 40°C. The tank had a capacity of 290 gal and was of welded type
3093Ch stainless steel construction.

Operational History. As mentioned, the AP catch tank was used con-
tinuously during the production period. The maximum gross beta~
gamma activity in the process solution handled by the tank was

1 x 1010 counts/min/ml.
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Decontamination of the tank consisted of treatment with eight alter-
nate passes of alkaline taritrate and nitric acid solutions at tem-
peratures between 20 and 80°C.

Corrosion Data. Single stress assemblies of both types 304L and
3098Ch stainless steel were removed from the solution and vapor
phases of the catch tank after a 910-hr exposure which included

10 hr for decontaminetion. A summary of the corrosion data is glven
in Table 10.

Discussion of Dats. No cracks were observed in stress specimens of
either alloy exposed to the solution and vapor phases in the tank,
The final appearance of specimens was unchanged from the original
appearance. All surfaces were metallic and lustrous; there was no
visible film formation,

(1) Corrosion of Solution-Exposed Specimens, The average corrosion
rates for both stainless alloys, types 304L and 3095Cb, during
the 910-hr solution exposure were slightly in excess of 0.1 mpy.
The attack was of a very light, uniform nature on both flat and
edge surfaces of the specimens. There were no indications of
preferential sttack at welded areas nor were there any signs of
crevice corrosion.

(2) Corrosion of Vapor-Exposed Specimens. As was the case for
solution-exposed specimens, the attack on the vapor-phase speci-
mens was extremely mild during the 910-hr exposure. Observed
average corrosion rates for both alloys wre slightly in excess
of 0.1 mpy. There were no evidences of localized corrosion
attack.

BT Vapor Separator

Function and Description. The vapor separator tank, a component in
the BT evaporator system, was used to concentrate thorium product
from the uranium-thorium pervition column. The aquecus thorium-
containing stream from the column was passed to the BT stripper where
the last traces of orgenic solvent were removed. The stream then
passed to the BT evaporator system consisting of a recirculation
loop and a heat exchenger. The vapor separator was located above
the solution reboiler. The vapor passing through the separator was
condensed and dischaerged as hot waste. The condensate contained
approximately 0,05 A!Hm03,

The separator consisted of a welded 2-ft-~dia tank with a height of

2 ft. The body of the tank was type 347 stainless steel; the dished-
type top and bottom heads were type 304L stainless steel.




Teble 10. Corrosion of Stainless Stesl Stress Assemblies in AP
Catch Tank during Production Period
Test Alloy . Total . Wt. 1Logs Penetretion iy -
Yo. Type Environment Time (hr) Specimen (mg/cme) (mils) (mpy) Type of Attack

D=-23 304L Solution at 910 Control 0.1 0.0L 0.05 Light uniform
L4o®C max, Streis 0.1 0,01 0.05 Light uniform; no cracks

wera(a) 0.2 0.01  0.10 Light uniform

T-71 3095Ch  Solution at gl10 Control 0.3 0.02 0,15 Light uniform
ko°C max, Stre?s 0.1 0.01 0.05 Light uniform; nc cracks

: Welald) 0.2 0.0l 0.10 Iight wniform

D-22 304L Vapor at 910 Stress 0.3 0.02 0.15 Light wniform
LO°C max, Control 0.1 0.0L 0.05 Light uniform; no cracks

Weld 0.3 0.02 0.15 Iight uniform

D-T0 3095Ch  Vapor at 910 Stress 0.3 0.02 0.15 Light uniform
40°C max. Control 0,1 0.01L 0.05 Light wniform; no cracks

Wald 0.3 0,02 0.15 Light uwniform

(s) Weld specimens of type 30LL were Heliarc-welded with type 308L rod.

(v) Weld specimens of type 309SCb were Hellarc-welded with type 3095Cb rod.

[
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Operational History. The vapor separator was in use for 910 hr,
mostly at a temperature between 110 and 115°C. The accumulated time
consisted of (1) 410 hr with nonirradiated solution, (2) 345 hr with
irradiated solution, (3) 145 hr with recovery-run solution, and (4)
10 hr with decontamination solutions. The temperature of the latter
varied from 35 to 90°C. The first 330 hr of operation were made with
no fluoride or mercury present in the process solution; the remaining
570 hr were made with solution containing approximately 0.004% M
fluoride and small amounts of mercury. When fluoride was present,
the condensate from the separator usually contained sbout 3 ppm of
fluoride. The nominal initial and final process solution compositions
for the BT evaporator system appear in Table 1l.

Table 11, Nominal Initial and Final Compositions of Process
Solution in BT Evaporator System

Concentration (M)

Constituent

Initial Final
Th(NO3 )y, 0.025 2.0
002(N83)2 Trace 0.001
HNO3 0.2 1.5
Fluoride* 0.004 0.009

* Fluoride was present for 570 hr of the 900-hr operating
period.,

The maﬁimum gross beta-gamma activity of the process solution was
1l x 10 counts/min/ml. Decontamination of the separator was accom-
plished by the use of alternate passes with nitric acid and with
alkaline tartrate solutions.

Corrosion Data, Since the vapor separator was fabricated from both
types 304L and 347 stainless steel, stress assemblies of ‘the two
alloys were exposed in the vapor region. The corrosion data are sum-
marized in Table 12 for a single type 304L assembly and for duplicate
type 347 assemblies.




Table 12.

Vapor Separator during Production Period

Corrosion of Stainless Steel Stress Assemblies in BY

Test Alloy . Total A Wt. Loss Penetration (a)
8 b T -
No. Type Eavironment Time (br) Specimen (mg/cmd) (xmpy) ype of Attack
D-24 30LL Vapor at 910 Control 29.2 1.5 14,0 Moderate acid-etch
115°C max. Stress 14,2 0.7 6.8 Moderate acid=etch; no cracks
Weld b) 22,3 1.1 10.7 Moderate scid-atch
D-41 347 Vapor at 910 Control 40,5 2.0 19.k Moderate acid-etch
115°C max. Stre?s &7.8 bob L4e,0 Severe acid-etch; no cracks
Weld c) 85.3 Lo3 42,8 Severe acid-etch
D=50 347 Vapor at 910 Control 39.9 1.9 8.7 Moderate scid-etch
115°¢ Stre?s 907 4.5 45,3 Severe scid-stch; no cracks
Wela(®) 7345 3.6  35.1  Severe acid-etch

(a) Type of attack refers to flat surfaces of specimens only.

{v) Weld specimen of type 304L was Heliarc-welded with type 308L rod.

(c) Specimen Helisrc-welded with type 347 rod.

(d) Specimen Heliarc-welded with type 308L rod.

~EEm
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Discussion of Data. The assemblies were examined carefully before
dismantling for signs of cracking; no cracks were found. The surfaces
were dark brown as removed and were very grainy., Attack on type 347
stainless steel appeared much more severe than on type 304L stainless
steel,

The average defilmed corrosion rate for type 304L was found to be 10.5

+ 3.7 mpy for the 910-hr exposure, The average rate for type 347 stain-
less steel was 33.2 + 13.8 mpy. Poor agreement in rates among the
individual components in the duplicate assemblies accounted for the large
deviation from the average corrosion rate for type 347 stainless steel.

Metallographic examination of the flat surfaces of the stress specimens
showed the attack as an acid-etch type; photomicrographs of transverse
sections appear in Fig. 10, The attack was more pronounced on type 347
stainless steel., In both alloys, however, the preferential attack at
the grain boundaries was less than 0.5 mil.

Edge corroslon, typified by intensive pitting, was observed on both
alloys. Type 347 stainless steel was more prone to this type of attack
than type 304L stainless steel, as shown by the low-magnification
photographs in Fig, 11. The maximum pit depth on the former was 15

mils as compared with about 7 mils on the type 304L, The metal surround-
ing the pitted areas in the type 347 stainless steel exhibited some

mild, intergranular corrosion. This was not the case in type 30LL,
however,

Knife~line corrosion attack occurred in the heat~affected zones ad-
Jacent to welds in both type 347 stainless steel specimens, A typical
example appears in Fig., 12, The depth of the atback was approximately
10 mils, No weld-parent metal interface attack was found on the type
304L stainless steel weld specimen,

The two types of weld deposits (308L and 347) on type 347 stainless
steel were attacked severely, resulting in extreme surface roughness
and deep grooves. The type 308L deposits in the 304L stainless steel
specinen, nowever, were attacked uniformly and appeared equally as
corrosion resistant as the parent metal.

Localized corrosion attack in crevice aresas was observed on the type
347 stainless steel weld specimens. The attack, consisting primarily
of numerous 2- to 3-mil deep pits, occurred beneath the fulcrum on
vhich the stress specimen was mounted, Other areas of metal~to-metal
contact on the specimens were not subject to crevice corrosion.
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Fig. 10. Surfoce Attack on Stress Specimens After 910 hr of Vapor Exposure
in BT Vapor Separator During Production Period, Etched in aqua regia. 250X.
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CORROSION DURING DEVELOPMENT PERIOD

Following the production period, the Thorex pilot plant entered the devel-
opument period of operation. Stress assemblies were placed in the feed ad-
Jjustment tank at the start of the development period and were removed mid-
way through the operation. The exposure period occurred between March &
and November 10, 1955. Based upon the corrosion date obtained during the
production period, the feed sdjustment tank was considered to be one of
the more serious corrosion enviromments associated with the pilot plant.
Corrosion specimens in other vessels in the pilot plant were not examined
during the first half of the development period.

5.1 Feed Adjustment Tank

Function and Description. The function and description of the feed
adjustment tank are discussed in Section 4.2,

Operational History. Twenty-two runs were made with solution from
irradiated metal dissolubtion under operating conditions similar to
those described in Section 4.2. A number of recovery runs with 0.8
M Ta(NOs)), solution that previously had been processed in the pilot
plant followed these runs., DNitric acid and aluminum nitrate were
present in the recovery-run solution also.

After the recovery runs, a number of concentration runs starting with
0.4 M Th(NQ3)y and 0.3 M HNO, solution were made. The solution was
boiled untii the desired tho¥ium concentration (~4 M) was obtained.
Fluoride and mercury were not present in this solution. However,
these ions were present in the dissolver and recovery-run solutions.
The nominal initial and final chemical compositions of process solu-
tion in the feed adjustment tank were similar to those in Table 6 for
the production period,

The tank was decontaminated with alternate passes of 30% HNO3 and
20% NaOH-2% sodium tertrete solutions at the completion of operation.
The maximum solution temperature was 85°C,

Corrosion Data. The total contect time by process solutions on the
stainless steel stress assemblies was 4701 hr., Of this total, 2142
hr (including 5% hr for decontamination) were accumulated at tewpera-
tures not in excess of 155°C. The 2142-hr period was taken as the
active exposure time for reasons discussed previously. Similarly,
the active exposure period for vapor-exposed assemblies was 2142 hr.
The holding time at room temperature which was not considered in
determination of corrosion rates was 2559 hr, A summary of the
exposure history is given in Table 13.
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Table 13, Summary of Exposure History for Stainless Steel
Stress Assemblies in Feed Adjustment Tank
During First Half of Development Period

Exposure Time (hr)

Solution Vapor

Total residence time in tank 5976 5976
Twenty-two hot runs at 155°C max, 1230 1230
Recovery runs at 133°C max. 858 858
Holding time at room temp.¥ 2559 0
Decontamination at 65 to 85°C 54 54
Total active exposure time¥¥ 2142 2142

¥ Includes 2195 hy with dissolver and recovery solutions
and 364 hr with decontemination solutions.

*% Holding time at room temperature not considered in total
active exposure time.

Corrosion deta for the duplicate assemblies of types 304L and 304SCh
stainless steel exposed in the sclution and vapor phases of the Teed
adjustment tank are shown in Table 1, The meximm gross beta~-gamma
activity of process solution handled in the tank during the develop-
ment period was 4 to 5 x 1010 counts/min/ml.



Teble k.

Corrosion of Stainless Steel Stress Assewmblies in Feed Adjusiment

Tarnk during First Half of Development Period

Test Alloy . Total i Wt. Logs Penetration e o (a)
o Type Environment Time (hr) Specinen (mg/cmz) (mils) (mpy) Type of Attack
D-30 3041, Solution at 21%2(6) Control 112.0 5.5 22.6 Severe acid-etch
155°C max. Stress 88.2 H 17.8 Severe acid-eich; no cracks
Weld(C 97.7 k.8 19.7 Severe acid-etch
D-31 304L Solution at 2142 Control 105.6 5.2 21.3 Severe acid-etch
155°C max, Stress 83.3 b1 16.9 Severe acid-etch; no cracks
Weld 96.0 b7 19.3 Severe acid-etch
D-85 3095Ch Solution at 2142 Control - - - Specimen lost
155°C mex. Stre?s 133.9 6.6 27.0 Severe acid-etch; rno cracks
We1ald) 22,1 6.0 2k 6 Severe acidw-etch; knife-
line attack
D-86 3095Cb  Solution at 2142 Control 94.5 L7 19.1 Severe acid-etch
155°C max. Stress 137.6 6.8 27.9 Severe acid-etch; no cracks
Weld 127.1 6.3 25,7 Severe acid-etch; knife-
line attack
D-28  304L Vapor at 011208 contron 138.5 6.9 28.0  Severe acid-etch L
155°C max. Stress 177.2 8.8 35.8 Severe acid-etch; no cracks S
Weld 1764 8.7 35.6 Severe acid-etch; weld-parent
metal interface attack
D-29 3041, Vapor at 2142 Control - - - Specimen lost
155°C max. Stress 196.2 6.2 25.5 Severe acid-etch; no cracks
Weld 116.2 5.8 23.5 Severe acid-etch; weld-parent
metal interface attack
D-Th 3095Ch  Vapor at 2142 Control 200.6 9.9 ko5 Severe acid-~etch
155°C max. Stress 212.6 10.5 3.0 Severe acid-etch; no cracks
Weld 210.4 10.4 Le.s Severe acid~-etch; knife-line
attack
D-84 3098Cbh  Vapor at oihe Control - - - Specimen lost
155°C max. Stress 189.5 9.4 38.3 Severe acid-etch; no cracks
Weld 173.k 8.6 35.0 Severe acid-etch; knife-line

attack

e o Tae Ve e
N T m
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[

Solution-exposure
Weld specimens of
Weld specimens of

decontamination.

Type of attack refers to flat surfaces of specimens only.
time includes 765 hr for heating and cooling and 54 hr for decontamination.
type 30LL were Heliarc-welded with type 308L rod.

type 309SCh were Heliarc-welded with type 3095Cb rod.
Vapor-exposure time includes 765 nr in which process solutions were heated and cooled and 54 hr

for
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Discussion of Deta. Three of the elght assemblles removed from the
tank were in an unstressed condition due to severe corrosion atiack
which caused the fulcrum in each to slip from position. The three
assemblies were removed from the vepor phase. The remaining five
asserblies were jJudged to be &t stresses considerably below the
originel spplied stress cf 35,000 psi as a result of corrosion at-
tack on the componeats. Careful examination of the tenslon face

of the elght stress specimens digelosed no cracks.

The physical condition of the assemblies was characterized by deep-
brown colored mottled stains. All surfaces were grainy in appear-
ence, particularly cross-sectional surfaces. The general condition
of vapor-phase assemblies was appreciably worse than that of the
solution~phase assemblies, No voluminous corrosion-product deposi-
tion was observed; the fi%m welghts on the various componsnts ranged
between 0.2 and 1.8 mg/fem®.

(1) Corrosion of Solution-Exposed Specimens., The average corrosion
rates for the two sclution-exposed stainless alloys were very
similar. After 2142 hr at temperatures not in excess of 155°C,
type 304L steinless steel corroded at a rate of 19.6 + 2.8 mpy;
the mate for type 3095Ch stainless steel was 24,9 + 3.0 mpy.
The nature of the attack on flat surfaces of the stress speci-
mens is shown in Fig. 13, Selective atback st grain boundaries
was evideant on type 304L stainless steel. At a number of areas,
the attack was of sufficient depth (~5 to 6 mils) to be classi-
fied as intergranular corrosion. The atitack on type 3095Ch was
of a similaer but much milder type., The depth of penetration at
grain boundaries was 0.9 mll or less,

A1l specimens exhiblted quite severe edge-corrosion typified by
preferential grain-boundary alttack. Pitting was excessive, and
pit depths of 15 mils were not uncommon.

An example of weld-metal corrosion bebsvior in the two steinless
steels 1s shown in Fig. 14%. The type 304L deposit in the 304L

gtaialess steel was very grainy and spongy in eppearance; 1ndi-
cations were that it underwent more severe attack than the pareat
metal. The type 3093Ch deposit exhibited a heavy, grooving-type

of attack which was not observed on the parent metal. Knife-line-

attack was found on the as-welded face of both type 3095Ch stain-
less steel weld specimens. No preferential corrosion in heat-
affected zones waes observed on the type 304L weld specimens.

None of the specimens of either alloy gave evidence of crevice
corrosion,



-42-

UNCL ASSIFIED
PHOTO T10202

Type 304L Stainless Steel

JUNCLASSIFIED
Test D-86 PHOTO T10210

e oa = -
- TR R
. -

R T T T RS

Type 309SCB Stainless Steel

Fig. 13. Surface Attack on Stress Specimens After 4701 hr Exposure (2142 hr
at Elevated Temperatures) to Process Solution in Feed Adjustment Tank During

Production Period. Etched in aqua regia. 250X,
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Fig. 14. Appearance of Weld-Parent Metal Interface on Machined Face of Weld
Specimens After 4701 hr Exposure (2142 hr at Elevated Temperatures) to Process
Solution in Feed Adjustment Tank During Development Period. Etched in aqua regia.
20X,
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(2) Corrosion of Vepor-Exposed Specimens. The active contact time
by vapor on the stress assemblies was 2142 hr at a maximum tem-
perature of 155°C. As mentioned earlier, three of the four
assemblies were removed in an unsiressed condition due to the
severity of the corrosion attack., High corrosion rates were
displayed by both alloys; the rates were slightly less than
double the rates obtained for a similar exposure period in the
golution phase. Type 304L stainless steel corroded at an aver-
age rate of 29.7 + 6.1 mpy while type 309SCb stainless steel
corroded at a somewhat higher rate, 39.9 + k.0 mpy.

Flat surfaces of specimens of the two alloys were subject to a
mild preferential grain boundery attack similar to that shown
in Fig. 13. 1In some areas, removal of complete grains was evi-
dent. Edge-corrosion attack was inkense and was characterized
by intergranular penetration and massive pits.

Weld specimens of both alloys underwent preferentisl corrosion

in the heat-affected zones adjacent to deposits on as-welded

surfaces. The depth of the penelration in the attacked areas

was between 5 and 8 mils. The condition of weld metal deposits

was very much like that shown in Fig. 14. There were no indi-

cations of accelerated attack at arsas of metal-to-metal conbtact
" on any of the specimens.

CORROSION DURING PRODUCTION-DEVELOEMENT PERIOD

Stress assemblies in the feed adjustment tank were removed afiter hsving
undergone continuous exposure during the production period and the firsi
half of the development period (December 15, 1954, to November 10, 1955).
No specimens from other process vessels were examined at the end of this
reriod. However, corrosion data for assemblies that were exposed o the
complete production-development period of operation will be trested in s
subsequent reporb.

6.1 Feed Adjustment Tank

Function and Dsscription. The operational history of the feed ad~-
Justment tank during the production period and the first half of
the development period hes been raporbed previously (Sections 4.2
and 5.1). The nominal initial and final solution compositions for
feed adjustment tank operstion have been reported in Tsble 6.

Corrogion Data. Table 15 presents a summary of the exposure history
for stress assemblies exposed in the tank. Corrosion data for the
assemblies exposed in the solution and vapor phases sappesr in Table
16. The total contact time for the solution-exposed assemblies was
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5881 hr. Of this period, 318% hr were accumulsted with process solu-
tion at room tempersture, lesving an active exposure period of 2697 hr
which was accumilated at temperatures above room temperature but not
in excess of 155°C. Similarly, the active exposure period of 2697

hr for the vapor-phase assemblies was based upon the hours in which
process solutions were gbove room temperature.

Table 15. Summary of Exposure History for Stalnless Steel Stress
Assenblies in Feed Adjustment Tank During the
Production~Development Periods

Exposure Time (hr)

Solution Vapor
Total residence time in tank 7856 7856
Five cold runs at 155°C max. 85 35
Twenty~nine hot runs at 155°C max. 1330 1330
Recovery runs 2t 133°C max. 1208 1208
Holding btime @t room temp.* 3184 0
Decontemination at 40 to 95°C T4 ™
Totsl active exposure time 2697 2697

* Includes 2820 hr with dissolver and recovery solutions and
364 hr with decontaminstion solutions.

¥% Holding time a2t room temperature not considered in total
active exposure time.



Table 16.

Tank During Production-~-Development Period

Corrosion of Stainless Steel Stress Assemblies in Feed Adjustment

Test Alloy . Total ) Wt. Loss Penetration . (a)
Yo. Type Environment Time (hr) Specimen (mg/cms) (mils) (mpy) Type of Attack
D-8 3041, Solution at 2697(b) Control 125.8 6.2 20.1 Severe acid-etch
155°C max. Streis 97,4 4,8 15.5 Severe acid-etch; no cracks
welalc) 115,2 5.6 1B8.3 Severe acid-etch
D-9 305L Solution at 2697 Control 124h.9 6.1 19.8 Severe acid-etch
155°C max, Stress 103.1 5.0 16.3 Severe acid-etch; no cracks
Weld 118.0 5.8 18.7 Severe acid-etch
D-60 309SCh Solution at 2697 Control 133.2 6.5 21.1 Severe acid-etch
155°C max. Stress 161.7 7.4  25.7 Severe acid-etch; no cracks
welald) 145.5 7.1 23.1 Severe acid-etch; knife-line
attack
D-61 3095Ch  Solution at 2697 Control 133.5 6.6 21.4 Severe acid-etch
155°C max. Stress 166.1 8.1 26.4% Severe acid-etch; no cracks
Weld 46,7 7.2 23.3 Severe acid-etch; knife-line
atfack
-6 3041, Vapor at 2697(e) Control - - - Specimen lost
155°C max. Stress 233.8 11l.5 37.4 Mild intergranular; no cracks
Weld 255.6 12.6 41,0 Mild intergranular
D-7 304L Vapor at 2697 Control - - - Specimen lost
155°C max, Stress 223.7 11.0  35.8 Mild intergranular; no cracks
Weld 231.7 11.4  37.1 Mild intergranular
D-58 3095Ch  Vapor at 2697 Control - - - Specimen lost
155°C max. Stress 286.3 14,1 45,8 Severe acid-etch; no cracks
Weld 277.6 13.7 kb Severe acid-etch; knife-line
attack
D-59 3093Cb  Vapor at 2697 Control - - - Specimen lost
155°C max. Stress 286.5 4.1 45.8  Severe acid-etch; no cracks
Weld 277.3 13.7 44,4 Severe acid-etch; knife-line

attack

(a) Type of attack refers to flat surfaces of specimens only.
{v) Solution-exposure time includes 800 hr for heating and cooling and T4 hr for decontamination.
(c) Weld specimens of type 304L were Heliarc-welded with type 308L rod.

gd) Weld specimens of type 3095Cb were Heliarc-welded with type 3095Cb rod.

e) Vapor-exposure time includes 800 hr in which process solutions were heated and cooled T4 hr for
decontamination.

_9‘]»(_
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Digcussion of Data. Eight stress assemblies of types 304L and 309SCbh
stainless steel were removed from the solubtion and vapor phases of
the feed adjustment tank., Duplicate assemblies of each alloy were
exposed in each phase. Excessive corrosion sttack on the four vepor-
exposed assemblies resulted in complete relileving of the initially
applied stress of 35,000 psi. The solution-exposed assemblies were
intact; but the magnitude of the stress remaining on the specimens
was estimated visuslly to be appraciably below the inltial stress of
35,000 psi. Exemination of the stress specimens disclosed no crack-
ing in either alloy.

The physical conditlion of the assemblies as removed was generally
voor, particulsrly in the case of the vapor phase. The components of
all assemblies were dark gray-brown, and surfaces exhibited a heavily
pickled appesrance which was more pronounced on the vapor-phase speci~
mens. Film weights varied between 0.3 and 1.7 mg/cme with the heavier
weights encounbered on the vapor-phase specimens.

(1) Corrosion of Solution-Exposed Specimens. The active exposwre
time at temperatures up to 155 C meximum was 2697 hr which in-
cluded 74 by for decontamination with hot solutions., Corrosion
behavior of th: two alloys was very similar. Type 304L stainless
steel corroded a% an average rate of 18.1 + 2.1 mpy, whereas type
3095CHh stainless steel corroded alt an average rate of 23.5 + 2.7
mpy. ZF¥Flat surfaces of specimens of both alloys were considerably
roughened; metallographic examination showed the attack as a
severe acid-etch with mild preferential corrosion at grain bound-
aries, similar to that shown in Fig. 13. 1In a few cases, aress
were found in both alloys where gralns were encircled completely
by the preferential attack. Edge-corrosion was intense; severe
intergranular attack and pits up to 15 mils in depth characterized
the attack.

Weld-metal corrosion in the two alloys was similar to that shown
in Fig. 14. The type 309L deposit appearsd more resistant than
the type 304L stainless steel parent metal. The type 3095Ch weld
deposit was subject to a severe grooving-type of attack and ap-
peared less resistant than the parent metsl. Knife-line corrosion
attack was observed on the as-welded face of the duplicate type
3098Ch weld specimens. The depth of the attack was approximately
5 mils, No preferential attack was found in heat-affected zones
in the type 304L weld specimens.

None of the specimens of elther alloy were prone to an accelerated
rate of corrosion attack at areas of metal-to-metal contact.
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(2) Corrosion of Vapor-Exposed Specimens. During an active exposure
period of 2697 hr which ineluded 74 hr for decontamination, the
average corrosion rate for vapor-exposed type 304L stainless
steel was 37.8 + 2.0 mpy as compared with an average rate of
h5.1 + 0.7 mpy for type 3095Cb stainless steel, Flat surfaces
of specimens of both alloys were very grainy-appearing. Metal-
lographic examination of the surfaces disclosed the attack to
be of a mildly intergranuler form extending to a depth of 4 mils
in type 304L stainless steel and to & depth of 0.5 mil in the
smaller-grained type 3095Ch stainless steel.

Edge corrosion was experienced by specimens of both alloys. The
attack was similar to that shown in Fig. O except that it was
more intense. Prolific pitlting was present with pits ranging
up to 15 mils in depth.

Weld metal attack was much the same as depicted in Fig. 1h4.

The type 3095Ch deposit was pitlted and spongy-appearing; the
general condition was worse than the base metal. The type 308L
weld metal deposit was channeled extensively.

Knife-line attack occurred along the welds on the as-welded face
of the two type 3095Cb stainless steel specimens; the depth of
the attack was approximately 5 mils, The type 304L stainless
steel weld specimens were immune to preferential attack in heat-
affected zones.

No crevice corrosion was found at areas of metal-to-metal contact
on specimens of either alloy.

6.2 Miscellaneous Information

This section of the report discusses: (a) qualitative examination

of auxiliary equipment components removed from the pilcot plant upon
completion of the production and development periods, and (b) results
of a laboratory corrosion study to determine the contribution of edge-
surface attack to the Botal attack on stainless steel specimens in
boiling aluminum nitrate-nitric acid solution. The edge-surface at-
tack results are presented because many of the specimens removed from
the pilot plant were highly subject to this type of atiack.

(l) Corrosion of Spray Nozzles. Two type 316 stainless steel spray
nozzles used for jetting decontamination solutions over the
internal surfaces of the feed adjustment tank were removed for
exemination upon completion of the production and development
periods. The nozzles were a so0lid cone iLype and were located
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in the vapor phase of the teank, The exposure time was 2697 hr
at a mexlman temperature of 155°C. Seventy-four hours in this
period constituted the time required for decontamination with

dilute nitric ecid and alkaline btartrate and oxalate solutions
at 40 to 95°C.

The condition of the spray nozzles removed from the tank is
showvn in Fig. 15. Exitrenely severe end-gralin atteck occcurred
which resulted in pitting oriented along an axis parallel with
the volling direction ol the bar from which the nozzles were
machined. Many of the pits, estimated at 250 to 300 mils in
depth, completely penetrated some areas on the nozzles, as is
evident in the end~view photograph in Fig. 15. One of the
nozzles was sectioned for metallograsphic exemination; a photo-
micrograph of a transverse section appears in Fig. 16. The
attack was heavily intergranular in nature. Exclusive of the
pitted areas, penetration by intergranular attack was as great
as 15 mils.

(2) Corrosion of Agitator Shaft. A second item examined wes a l-in.-
dia, type 3095Cbh stainless steel agitator shaft thet was also
removed from the feed adjustment tank ot the end of the produc-
tion and development periods. The sheft was pert of a motor-
driven agitator used for stirring process solution in the tank
during the evaporatlon and digestion cycles. The shaft exbtended
nearly the full depth of the tank. The active exposure time at
temperatures of 155°C maximum in both solution and vapor phases
wes 2697 hr.

A 5-in.-@la., type 316 steinless steel agitator blade was origin-
ally vack-welded to the bottom of the shaft. Duriag operation,

the sgitator broke loose from the shaft as the result of either

a mechanicel failure or excessive corrosion attack on or around
welded areas. When the tenk was finally opened for inspection,

no trace of the blade was found. It wes presumed to have under-
gone complete dissolution.

Five-inch sections vere cut from the top and bottom ends of the
shaf't for metallographic examlnation, The two sections were
representative of solution and vapor conditions of exposure.
Fhotographs of the sections are included in Fig. 17. The solution-
exposed sechbion still had weld metal-deposlit on the bottom where
the agitetor plade was attached, End-grain attack was more severe
in the solution than in the vepor phase, as shown by the longi-
tudinel ssctions 1in Fig. 18. FPhotomicrographs of the longitudinal
sections, shown in Fig. 19, disclosed intergrenular corrosion
attack with extensive pitiing. The meximum penetration by pitting
was 15 miis,
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Fig. 15. Type 316 Stainless Steel Spray Nozzles After 2697 hr of Vapor Exposure
in Feed Adjustment Tank During Production-Development Period of Thorex Pilot Plant

Operation.
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Fig. 16. Intergranular Attack on Type 316 Stainless Steel Spray Nozzles After
2697 hr of Vapor Exposure in Feed Adjustment Tank During Production-Development
Period of Thorex Pilot Plant Operation. Etched in aqua regia. 250X,
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Fig. 17. Condition of Type 309SCB Stainless Steel Agitator Shaft Sections
After Solution and Vapor Exposure in Feed Adjustment Tank During Production-
Development Period of Thorex Pilot Plant Operation.
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Fig. 18. Pitting Attack on Sections of Type 309SCB Stainless Steel Agitator
Shaft After Solution and Vapor Exposure in Feed Adjustment Tank During
Production-Development Period of Thorex Pilot Plant Operation. 7X.
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Fig. 19. Intergranular Attack on End Sections of Type 309SCB Stainless Steel
Agitator Shaft During Solution and Vapor Exposure in Feed Adjustment Tank

During Production-Development Period of Thorex Pilot Plant Operation. Etched
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(3) Laboratory Studies on Edge-SBurface Corrosion., Examinstion of the

contreol, stress, and weld specimens removed from the pilot plant
disclosed a highly selective corrosion attack on cross-secticnal
or edge surfaces. The intensity of the atteck was related dir-
ectly to the corrosivity of the enviromment. In environments
vhere the cbserved corrcsion rates based upon total atback were
moderastely low, edge~-corrosion effects were not pronounced.
However, when the rates were 10 mpy or greater, edge-surface at-
wack assumed significant proportions. The occurrence of the
attack in the more corrosive enviromments raised the question as
to its influence on observed corrosion rates since the latter
were based upon total atback on the specimens. The possibility
existed thalt corrosion rates in the more corrosive enviromments
were pessimistically high because of significant sdge-surface
attack. As applied to pilot plant operation, the observed rates
would be misleading, since process solution contacted flat, as-
rolled surfaces principslly and not edge surfaces of the stain-
less steel vessels, It is concelvable, however, that any edge
surfaces subject to exposure could be eliminated in future com~
ponent designs.

The problem of an edge-corrosion attack was encountered during

a laboratory corroslon study with stainless steel specimens in

a simulated Thorex process waste solution. The stainless steel
was type 309SCb; the solution consisted of 2 M AL(NC.). and 1 M
HIO,. The latter was added to prevent hydrolytic p cépitation
of #he aluminum ion at the test temperature, approximately 110°C.
Wafer-type specimens, 3/16-in,-thick, were used. The cross-
sectional areas underwent intense end-grain atback; complete
penetration of the wafer thickness occurred during 5000 hr of
test,

In order to evaluate the effect of end-grain ecorrcsion on total
attack, three types of specimens were prepared as follows:

(a) 0% cdge surface. Coupons 1/2 in. wide x 1 3/ in, long vere
machined from l/8—in.~thick stainless steel sheet. Edge
surfaces were eliminated by Hellarc welding with type 3098Ch
stainlegs steel rod, Total surface ares per coupon was
15¢2 CIll™

(b) 15% edge surface. Coupons 1/2 in. wide by 1 3/4 in. long
were mechined from the same type 3095Cb sheet used for the
0% edge-surface coupons. _Total surface area per coupon was
15.2 em™, of which 2.3 cm® was edge surface.
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(c) 71% edge surface. Wafers 3/16 in, thick were machined from
1 1/k-in.-dia. type 3098Cb staipless steel bar. Tgtal sur-
face area per wafer was 19.2 em®, of which 13.6 cm® was edge
surface.

The materials used for preparing the different types of specimens
were found to conform with the chemical composition limits specified
for AISI type 3093Ch stainless steel. The chemical compositions

are listed in Table 17.

Table 17. Chemical Compositions of Type 30950Ch
Stainless Steel for Edge-Corrosion Study

Chemical Composition (wt %)
Edge-Surface Ares

Element

0% 15% Ti%
C 0.04 0.04 0.07
Mn 1.55 1.55 1.21
51 0.31 C.31 0.32
Cr 23.0 23.0 22.5
Ni 15.0 15.0 14.6
Cb 0.57 0.57 0.76
Fe Balsnce Balance Balance
Co/C 1%.2 14,2 10.9

Specimens were exposed in aerated and boiling 2 M AL(NO.) .-
1 M HNO., solution contained in glass flasks equipped wi%h3
water-céoled condensers. Three or four specimens were used
in each test. The specimens were weighed perlcdically to
the nearest 0.1 + 0.2 mg. In all cases, the deviation in
individual weight loss values was not greater than 10% of
the average value in a particular test.



Figure 20 presents a plot of c¢bserved average welght losses as a
function of exposure time for the three types of test specimens.
There was no slgnificant effect of edge~surface area on total at-
tack during the first 4500 hr; weight losses of T0.1, 5%.1, and
68.0 mg/cm= were observed for specimens with O, 15, and T71% edge-
surface area, respectively. However, starting in the 3500~ to
4500~hr exposure interval, the rate of attack on the T1% edge-
surface specimens started to increase much wore rapidly than were
the obssrved rates on the cther specimens. By the end of 5000 hr,
the average weight loss was 100 mg/cm’, and was still incgeasing
rapidly as compared with losses of 87 mg/cm® and 68 mg/em®,
respectively, for the 0 and 15% edge-surface specimens. Thus for
extended periods of exposure (> 4500 hr), there was an indication
that a high percentage of edge~surface area on specimens would
result in an appreciable contribution to the total corrcsion
attack, Although the boiling 2 AIAJ(NO3) = 1 M HNOy solution
did not constitute an exact duplication oé any Thorex pilot plant
enviromment, the similarity between the edge-corrosion effects
noted on leboratory specimens and edge corrosion on pilot plant
specimens suggested that the ability of the enviromments to pro-
duce this type of corrosion was analogous.,

The marked increase in the rate of attack on all specimens that
started during the 2000- to 3000~hr exposure interval (Fig. 20)

was attributed to the presence of hexavalent chromium in selution.
The Cr(VI), produced by atitack on the stainless steel, inereased
to between 30 and 50 ppm after 3000 hr, A similar effect of Cr(VI)
on the corrosion bEhaViof28f2§ ainless steels in nitric acid solu-
tions has been observed, ’ Acceleration in the rate of attack
due to the increase in Cr(VI) cocntent required considerably shorter
exposure periods in she boiling, concentrated nitric secid scluiions
that were used‘?2s23) than were required in the present boiling
aluninum nitrate-nitric acid system, however. The influence of
Cr(VI) on the corrosicn of type 3093CHb and other stainless steels
in simulated Thorex process solutions will be treated in & report
t0 be issued at & later date,

The attack experienced by a type 3098Cb stainless stesl wafer
specimen with 71% edge~-surface area in the boiling aluminum nitrate-
nitric acid solution is shown in Fig. 21. Approximately 90% of the
cross~gectional areas was very grainy in appearance and contalned
many pits. The light-colored aress near the periphery of the speci-
men are “islands™ of the relatively unattacked originsl surface,
Corroslon attack generally initilated around the hole in the center

of the specimen and gradually propagsted to the outer edge with
increased exposure time. Pit depths up to 80 mils were measured
microscopically afber 4345 hr. Perforation dus to pitting occurred
by the end of 5180 hr. The spocimen was approximately 150 mils thick
at this time, A typleal stringer~type pit is shown in Fig. 22. Pite-
ting and intergranular corrosion attack on the specimen are alsc shown
in Fig. 23.
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Fig. 21. Condition of Type 309SCB Stainless Stee! Test Specimen (71% Edge Areq)
After 4345 hr in Boiling and Aerated 2M Al(NO3)3- 1 M HNO3 Solution. 3X.
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Fig. 22, Stringer-Type Pitting Attack on Type 309SCB Stainless Steel Specimen
(71% Edge Area) After 5540 hr in Boiling and Aerated 2 M AI(NO3)3 -1 M HNO3
Solution. Measured depth of pit was 78 mils. Etched in aqua regia. 75X.
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Fig. 23.  Intergranular and Pitting Attack on Type 309SCB Stainless Steel Test
Specimen (71% Edge Area) After 5540 hr in Boiling and Aerated 2 M Al(NO3)3 -
TM HNO, Solution. Etched in aqua regia. 250X,
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Edge~corrosion attack on the 15% edge-surface specimens of type
309SCb stainless steel was identical in appearance to that ob-
served on edge surfaces of a number of stalnless steel specimens
removed from the Thorex pilot plant. The attack, in both cases,
was characterized by pitting and intergranular corrosion.

In relating the results of the laboratory studies on edge-surface
corrosion to interpretation of the corrosion rates experlenced
by pilot plant specimens in the most corrosive enviromments, the
edge~surface areaes of the latter must be considered, of course,
The edge-surface areas of the control, stress, and weld specimens
were 15, 17, and 35%, respectively, of the total surface areas.
Thus two of the specimen types (the control and the stress) had
edge-surface areas equal or close to the 15% edge-surface area
specimens used in the laboratory study. The weld specimen, with
35% edge-surface area, had an edge-surface area only one~half
that of the wafers used in laboratory tests,

The laboratory tests showed that for exposure periods up to 5000
hr in boiling 2 M Al(N03) - 1 M HNO3 solution, specimens with 15%
edge-surface area were no% subject to any greater sttack than that
experienced by the 0% edge-surface srea specimens. Actually, the
total attack was somewhat greater on the latter. After 5000 hr,
the attack on the 71% edge~surface specimens becanms 15 and 50%
greater, respectively, than on O and 15% edge-surfece specimens.
Thus, if an edge-surface corrosion effect were operative on pilot
plant specimens, it would be more likely to occur on the weld
specimens with 35% edge-surface area. However, a review of weight
loss date for comtrol, stress, and weld specimens in Tables 5, 8,
10, 12, 14, and 16 shows that total attack on weld specimens, with
very few exceptions, was no greater than the attack on either con-
trol or stress specimens. In numerous cases, the atback on weld
specimens was less than that on the control and stress specimens,

In consideration of the lsboratory date, it was concluded that
corrosion rates on pilot plant specimens were representative of
the corrosion experienced by the various process vessels and that
the attack on edge surfaces of the specimens did not significantly
affect the totel attack. Tests are being ruun with suitable speci-
mens in the pilot plant to examine edge~corrosion behavior under
actual operating conditions. The results of these tests will be
reported,

GENERAL DISCUSSION

A summery of the everage corrosion rates for types 304L and 309SCb stain~
less steel exposed to solution~ and vapor-phase enviromments in the Thorex
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pilot plant during the production period snd the first half of the develop-~
ment period is shown in Table 18, These two perlods of operation occurred
between December 15, 1954, and November 10, 1955. The reported rates for

the solubion~phese specimens were based upon actual contact time when process
solutions were above room temperature. The maxizum operating temperature
was 155°C, The vapor-exposure tlimes were deteyrmined in the same manner as
solution-exposure times,

Neither of the alloys, inltially stressed at 35,000 psi, was subject to
stress-corrosion cracking in any of the environments. Similarly, there
was no evidence of an acceleration in the rate of attack of the two alloys
as a result of the applied stress.

Corrosion During Production Period. Two esggressive environments were dise
closed during the production period, namely, the vapor phases in the feed
adjustment tank and the BT vapor separater. In the former, opersted at a
maximum temperature of 155°C, type 304L stainless steel corroded at a rate
of 21,1 + 2.0 wpy as compared with 35.0 + 8.5 mpy for type 3095Ch stalnless
steel. The maximum corresion rate for either alloy exposed in the solution
phase of the feed adjustment tank for a simllar exposure perilod, 555 hr,
vas 8.5 mpy for type 309SCb stainless steel. Generally, the rates for the
alloys ranged between 4 and 6 mpy in the solubion phase. The second environe
ment of aggressive attack was the BT vapor separator, operated.betwe@n 110
and 115°C, Type 347 stainless steel was attacked at & rate of 33.2 + 13. 8
mpys type 3CLL steinless steel corroded at a substantially lower rate of

10.5 + 3.7 mpy.

Other process vessels experienced mild or minor corrosion attack during the
production period. Corrosion rates for types 304L and 3095Ch stainless
steel in the solution and vapor phases of the bstch dissolver tank did not
exceed 8.4 mpy in the solution phase. In this particular vessel, corrosion
attack in the seclution phase was approximately two times as great as it was
in the vepor phase for comparable exposure periods. Corrosion rates fox
the two stainless alloys in the AP catch tank, which operated at about Lote,.
were 0.2 mpy or less for both solution- and vaporwphase exXposSure.

Corrosion During Production and Production-Development Periods. Extended
operational time in the feed adjustment tsnk during the produetlonwclevelopmeﬂt
periods at temperatures above room temperature and not in excess of 155°%C
resulted in a marked increase in the rate of corrosion attack on the stain-
less alloys, particularly in the solution phase. For an exposure period of
2697 hr, solution-phase corrosion rates for types 304L and 3095Cb stainless
steel were 18.1 + 2.1 and 23.5 + 2.7 mpy, respectively. The vapor-phase
corrosion rates for the same exposure period, 2697 hr, were nearly double
the rates for the solution-exposed alloys. For example, in the vapor, type
30LL stainless steel corroded at a rate of 37.8 + 2.0 mpy and type 3095Cb
stainless steel corroded at a rate of 45.1 + 0.7 mpy.




Table 18,

Exposed in ORNL Thorex Pilot Plant During the Period from

December 15, 1954, to November 10, 1955

Sumary of Corrosion Rates for Types 304L and 309SCb Stainless Steel

Period of Vessel Designation Specimen Active Corrosion Rate (mpy)
Operation and Number Location  Exposure (hr)* 304L 3095Ch
Production Batch dissolver Solution 634 8.0 + 0.k 3.1 +0.5
: tank (S-1) Vapor 634 3.6 + 1.7 2.0 + 0.3
Production Feed adjustment Solution 555 4.2 + 0.4 6.1 + 2.5
tank (S-2) Vapor 555 21.1 + 2.0 35.0 + 8.5
Production AP catch tank Solution 910 0.1 + < 0.1 0.1 +<0.1
(n-2) Vapor 910 0.1 +<0.1 0.1 + < 0,1
Production BT vapor Vepor 910 10.5 + 3.7 -
separator (P-2) Vapor#¥ 910 33.2 + 13.8 -
Development Feed adjustment Solution 2142 19.6 + 2.8 24.9 + 3.0
tank (S-2) Vapor 2142 29.7 + 6.1 39.9 + %.0
Production- Feed adjustment Solution 2697 8.1 + 2.1 23,5 + 2.7
Development ‘tank (S5~2) Vapor 2697 37.8 + 2.0 45.1 + 0.7

* Holdlng time for process solution at room temperature not inecluded.

**% Reported corrosion rate for type 347 stainless steel; no type 309SCH
specimens exposed in BT vapor separator.

stainless steel

—-}-‘9!-
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Several possibilities existed for the higher corrosion rates experienced

in the vapor phase as compared with solution-phase rates in the feed ad-
Justment teank. First, the corrosion of sustenitic stainless steels in
nitric acld is rapidly accelerated by an increase in tempersture above

the bolling point for a specilic acid concentration and also by an inzrease
in nitric acid concentration at temperatures gbove the bolling pcoint. 2k,2 )
The entering solution to the feed sdjustment tenk was 5 M in nitric acid;
the final solubion was 0,5 M nitric acld~deficient. A%t the start of the
evaporationm?%gestion cycle in the tank st 110°C, the exiting vapor was

1M in HNO.,. Ag bolling continued, the vapor inereased to a maximum

of 12 M inJHNO , and then decreased to an equilibrium value of © k!HNOB

as water of crystallization was driven from the process solution at a
temperature of approximately 155°C. Therefore, the combination of increased
temperature and increased nitric acid concentration could have been respon-
sible for the higher corrosion rates ¢bserved in the vapor phase.

A second posgibility for the high vapor-phase corrosion rates was the
presence of uncomplexed fluoride in the nitric acid-rich vapors, lLabora=-
tory tests with simulated Thorex solutions have shown that when fluoride

is complexed by alumi?ug and/or thorium, corrosion attack on stainless
steels 1s negligible, 16) However, corroslion increased considerably when
aluminum and thorium were not present to complex the fluoride. Other ex-~
perimentel data obtained during evaporation of a simulated Thorex dissolver
solution sh?gg? that the fluoride content in four cuts of condensate aver-
aged 4 ppm, N © The Tirst three cuts were low in fluoride. However, the
Tourth cut, teken near the completion of the evaporation, showed a fluoride
content of 11.5 ppm. It has been reported that fluoride-conbtaminated boll-
ing 65% HNO, solution produced % q}gnificant increase in the rate of attack
on austenit%c stainless steels, 27

A grsph showing average welght losses for solution~ and vapor-exposed
specimens of types 304L and 3098Ch stainless steel in the feed adjustment
tank during the production~development periods of operation is shown in
Fig. 24, The active exposure time refers to the period during which pro=-
cess solution was sbove room tempersture and not in excess of 155°C. The
relationship between weight loss and time was linear between 600 and 2700
hr for the solution-expcosed specimens. Slight deviation from a linear re-
lationship was obtained for specimens of both alloys exposed in the vapor
during the entire exposure period of approximately 2700 hr. The steady-
state corrosion rates for solution-exposed types 304L and 3098Ch stainless
steel between the 600- to 2700<hr interval were spproximately 24 and 29 mpy,
respectively, The average rates for the entire 2700 hr were 18 + 2,1 mpy
Tor type 304L and 23.5 + 2.7 mpy for type 3095Cb stalnless steel. The
average corrosion rates for the vapor-exposed alloys during the 2700~hr
exposure were 37.8 + 2.0 and 45.1 + 0.7 mpy, respectively, for types 304L
and 3098Cb stainless steesl,
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Nature of the Attack. Corrosion damage on the two stainless alloys resulted
from metal reactlons with acidic process solutlons or with acid-rich vapors
above the process solutions. In most cases, the attack on flat surfaces of
specimens of the alloys was characterized by wniform metal removal., Some
preferential grain boundary attack was experienced in the more corrosive
environments; the depth of penetration was uwsually between 1 to 2 mils,
However, in a few cases, grain boundary abtlack up to 5 mils in depth was
observed. Edge surfaces of the stalnless steel specimens underwent pitting
snd intergranular atteck, the severity of vhich was related to the corro~
sivity of the partiewnlar environment.

No quantitative corrosion dsta were obtained for weld~metal deposits in the
Thorex pilot plant. Generally, visual examination disclosed the condition
of weld metal to be equal to or behter than that of the respective parent
metal, In the more severely corrosive enviromments, however, weld-metal
deposits of both types 308L and 3095Chb stainless steel were subject to a
deep, channeling type of atteck that was not characteristic of the attack
observed on the respective parent metals,

Frequent reference has been made in this report to a preferential corrosion
attack in the heat-affected zone adjacent to weld metal in both alloys.

This type of attack, when associated with stabilized grades of austenitic
stainless steels, is called knife-line corrosion because the attack 1s
confined to a very narrow band of metal in the heat-affected zone. Knife-
line corrosion as such is not common to the unstsbilized grades of austenitic
stainless steels. However, in the present investlgation, random cbservations
of a preferential attack in the heat-affected zone immediately adjacent to
weld metal deposits in type 304L stainless steel were made, The sttack was
not greater than 5 to 10 mils in depth. Holzworth and co-workers have pro-
posed %ngchaniam Por knife-line atbtack in stabilized austenitlc stainless
steels but no mechaniem has been proposed for an analagous form of the
attack in unstabilized austenitic stainless steels, However, in view of

the random nature of the sttack that was observed on the type 304L stairless
steel weld specimens, it is conceivable that faulty welding procedures were
responsible for its occurrence.

It has been stated that corrosion rates on the order of ?g mpy would not be
considered untensble in the present Thorex pilot plant.(2 ) The present
investigation has demonstrated that several envirouments in the Thorex pilot
rlant are capable of incurring attack near to or in excess cf this rate.

For example, meximum corrosion rates observed in the solution phase of the
feed adjustment tank were 22 and 28 mpy, respectively, for types 30LL and
3095Cb stalnless steel. A meximum rate of 47 mpy was cbiained for type 347
stainless steel in the BT vapor seperator. And, finally, meximum vapor-
phase corrosion rates of U0 mpy for type 304L stainless steel and 46 mpy
for type 3095Ch stainless steel were experienced in the feed adjustment
tank,
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The feed adjustment tank in the pilot plant is fabricated from 1/2-in,-
thick type 3095Cb stainless steel plate. For a mecimum corrosion rate of
4% mpy during a 2697-hr exposure period, and assuming uniform corrosion,
the estimated half-life of the tank would be five years, This time is
made shorter, however, by consideration of the localized forms of corro-
slon observed on specimens., Allowing an extra totel penetration of 10
mpy for intergranular corrosion and preferentisl sttack at weld~parent
metal interfaces, the half-life would be reduced to four years of
operation.

Since the issuance of the present report, additional stainless steel as=
senilzlies have been removed from the pilet planmt for evalustion of corro-
sion damage, The resulis of this evaluation will be summsrized in a
supplementary report.

SUMMARY

Certain conclusions were suggested by analysis of corrosion date obtained
during the production pericd and the first half of the development peried
of Thorex pilot plent operetion. Since the data are representative of
only the preliminary phases of the test program, subsequent infermation
from other phases of the program mey alter the present conclusions., The
conclusions are as follows:

(a) Types 304L and 309SCh stainless steel generally exhibited comparsble
corrosion resigtance in all environments, In those enviromments
where cne alloy was more corrosion-resistent, the difference was not
proacunced,

(v) Neither type 304L nor type 3095Ch stainless steel, initilally stressed
to 35,000 psi, were subject to stress~corrosicn cracking in any of
the environments.

(¢c) The arem of most severe corrosion attack was the vapor phese of the
feed adjustment tank opereted at 155°C maximum, Types 304L and
3095Ch stainless steel corroded at rates of 37.8 + 2.0 and 45.1
+ 0.7 mpy, respectively.

(d) The second most serious ares of atback was the BT vapor separator
at 115°C meximm. The corrosion rates for types 304L and 347 stain~
less steel were 10.5 + 3.7 and 33.2 + 13.8 mpy, respectively.

(e) The highest solution zorrosion rates, cbserved in the feed adjustment
tank during the development period were 19.6 + 2.8 and 24,9 + 3.0
mpy, respectively, for types 304L and 3095Cb stainless steel,
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(£) Observed corrosion rates in the batch dissolver tank were 8 mpy or less
for types 304L and 309SCb stainless steel during the production pericd,
Corrosion attack en the two alloys in the AP catch tank was slmost
negligible during this period.,

(g) Attack on flat surfaces of types 304L and 309SCb was characterized for
the most part by uniform metal removal., In the most corrosive environ-
ments, mild intergranular attack was observed.

(h) Edge-corrosion attack, typified by intergranular penetration and pitting,
was experienced by both alloys. The intensity of the attack was depend~-
ent on ‘the corrosivity of the enviromment. The results of laboratory
studies suggested that edge corrosion did not contribute significantly
to the total atback on pilot plant specimens.

(i) Preferential corrosion in heat~asffected zones adjacent to weld deposits
occurred randomly on both types 304L and 309SCh stainless steel in a
nmurber of the environments. The meximum penetration by the attack was
10 mils,.

(J) Both types 304L and 3098Ch stainless steel were insensitive to crevice
corrosion attack in all enviromments, Some crevice corrosion was ex~
perienced by type 347 stainless steel exposed in the BT vapor separator.

(k) Suggested reasons for high vapor-phase corrosion retes ms compared with
the solution-phase rates in the feed adjustment tank were higher nitric
acld concentration andfor uncomplexed fluorides in the vapor phase.

(1) Based upon the highest corrosion rate observed in the vapor phase of
the feed adjustment tank, 46 mpy, snd allowing 10 mpy excess for pref-
erentlal forms of corrosion, the operating half~life of the l/Q“iHo”
thick type 3095Cb stainless steel vessel was estimated to be four years.
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