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LEGAL NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the Commissicn. nor any person
acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness of the in-
formation contained in this report, or that the use of any infermation,
apparatus, method, or process disclosed in this report max not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for

camages resulting from the use of any information, apparatus, method,
or prceess disclosed in this report.

As used in the gbove, "person acting on behalf cf ine Commission™
incl-d¢ 3 any employee or contractor of the Commz:seion, or emnpisrae
of e.  >ontractor, to the extent that such empiocyee or contracior of
the Commission, or employee of such contractor prepares, disseminates,
or provides access to, any information pursuant to his employment or
contract with the Commission, or his employment with such contractor.
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FOREWORD

This repcrt was prepared by the Nuclear Division or ie hartin
Company for subinission to the Nuclear Power Field Uince, Engince~

Research and Development Laboratories, U. S. Army Corps of Engi-
neers.

The report was prepared under Contract DA -44-009-ENG-358i1 and
summarizes the results of the ANPP Corrosion Program.
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SUMMARY

This report summarizes the results of four years »f corrosion
tesiing performed by the Nuclear Division of the Martir Company for
the U, S. Army Corps of Engineers, under the ANPP Corrosion Pro-
gram. The chjectives of the program were to investigate the suit-
ability of various materials for heat exchanger fabrication in nuclear
power plants and to investigate the effects of various water treat-
ments on the performance of these materials. Static autoclave and
dynamic loop tests were performed.

The resulls of these tests have shown conclusively that Inconet is
superior to all other materials tested :. simulated nuclear service.
A wide range of environments from high purity water to water contain-
ing high chloride concentratiens was used. The criteria of comparison
were: resistance to general corrosion, pitting corrosicn, crevic: cor-
rosion and susceptibility to stress corrosion cracking.

AISI Type 304 austenitic stainless steel, AiSI Type 437 ferritic
stainless steel, Inccnel, lonel and nickel were tested in tilting auto-
claves. Test exposures varied considerably, as did environmental
composition. The Type 304 stainlecs gteel cracked soverely in 120-
hour tests. The Type 430 stainless steel pitted badly in 120-hour tests.
Inconel suffered very slight incipient attack after 2000 hours®' exposure
1o a severe environment. Both Monel and nickel pitted somewhat after
2000 hours’ exposure to a severe environment.

Ainiatire heat exchangers tubed with AISI Type 304 stainless steel,
Croioy 15-1, bimetal with low-carbon steel facing the secondary, In-
conel, Monel and nickel were tested for varving times in a wide range
of environments. Two of the three Type 304 <tainless steel heat ex-
changers ciracked and failed within a short time--cne after only 42
hours®' exposure. Two of the three Croloy :6-i vessels failed, and
ali *hree suffered rather severe pitting. None of the three bimetal
miniature vess«ls with low carbon steel on the secondary side failed,
put all showed varyving degrees of pitting and gross loss of surface
metal. Ti:e jour Irconel vessels suffered nothing more than superiicial
attack, even after long exposures to ervironments containing high con-
centrations of dissolved chleride. The two Monel vessels and the two
nickel vessels were pitted 10 varving degrees.

Model configuration hcat exchangers tubed with AIS] Type 304 stain-
less steel, Croloy 16-1, bimetal »ith low carbon steel facing the sec-
endary, and Inconel wers tested under cenditions comparable to the
‘ninjature vessels. The model vessels were tested in sets consisting
cf one steam generator and one superheater in series. The supe. heat-
er of the Typ~ 303 stainless steel set failed after about 2000 hours.

MXD-E-2727




The second iry environment in the steam generator contained about 50
ppm chloride. The two sets of bimetal model heat exchangers suffered
varying degrees of corrosion in proportion to their conditions of ex-
posure. The set with Creloy 16-1 tubes, particularly the superheater,
pitted severely. The Inconel test vessels {two sets) werza attccked only
superficially. No Monel or nickel modei heat exchangers were tested
in this phase of the program.
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1. INTRODUCTION

The pressurized water reactor plant occupies a prominent position
in the Army Nuclear Power Program, with several such plants already
in operation and a number of others under construction. In these
plarts, the primary water coolant transfers neat from the reactor core
to the secondary system via the steam generator. Thus, the steam
generator tubing is exposed to the high purity, though radioactive, pri-
mary stream, as well as to the lower purity secondary water. The re-
liability and long life essential for ANPP plants dictates the use of high
periormance materiais for steam gencrator fabrication. Tne AXNPP
Corrosion Program was implemented to investigate experimentally
this area of plant design and development.

The objectives of the AXNPP Corrosion Program are to determine
tke applicability of various metals for use in heat exchangers and to
investigate the type and extent cf corrosion in specified emvi. cnmernis.
Specifically, this includes:

(1) The determination of the effects of secondary water ccndition<
on hieat exchanger life, using varicus exchanger materials,

The most severe single water condition is limited to 100D
ppm chloride with air-saturated water and air as a cover gas.

The examination of the techniques used in test heat exchanger
f2brication.

{(3) The recommendationr of materials and service conditions for
coperating heat exchangers.

The general procedure for meeting these objectives evolved, during
the course of the program, into the following:

A broad range of water conditions for a particular marerial
is investigated in rocking autoclave tests. A more definitive
range of water conditions is then selected on the basis of
autoclave test results, e.g., satisfactory and unsatisfactory.

\liniature heat erchangers (AHIN-X), of the general configura-
«ilon shown in Fig. 17, are tested 10 verify the autoclave re-
sults. On this basis, further narrowing of t~: range of water

conditions is obtained.

Specific water conditions, based on the resulis of Steps (1)
anc (2) are then selecied {or use in the testing of model heat
exchangers {Mod SG-\ or SH-X) of the general configuration
shown in Fig. 33.




The design of the smaller (miniature) test heat exchangers under-
went modification during the course of the program. Initially, the
miniature heat exchangers had a sealed secondary system in which
there was 2 certain amount of dynamic cycling in that the secondary
water was continzously steam<3 and condensed by an integral cooling
coil (see Fig. 16). However, there was no replenishment of the corn-
stituents of the secondary environment. Miniature Heat Exchangers 1
through 9 were tested under these conditions. Both the design and mode
of test of the miniature test vessels were subsequently modified {see
Fig. 17). The mode of the test was made fully dynamic, and Alinature
Heat Exchangers 10 through 19 (excepting MIN 12 and 17 wiich were
aot used) were tested in this manner

The design of the model heat exchangers underwent onrly minor
changes, which will be noted later in the report. The primary flow
system for the model heat exchangers underwent only ve:sy slight mod-
ification during the period of tests. The secondary flow system was
modified to a considerable degree. Initially, one feed pun.z and onc
make-up tank served both sets of test vessels, as did the ~ondensats
return line. This, naturally, resulted in some intermixing of envi-
ronmenis with attendant difficulties in maintaining the reqguired con-
ditions in the two steam generators. Two sets of model vessels could
be tested simultaneously. The difficuities of maintaining the specified
conditions were compounded by the unequal steaming rates. The nor-
mal carryover of each system was concentrated more rapidly in the
vessel with the higher steaming rate. The model heat exchangers des-
ignated SX-1, SX-2, 5X-3 and SX-6 were tested under these circum-
stances. Subsequentiy, the secondary flow systems were modified so
ibat esach was separated completely from the other. There was no op-
portunity for cross contamination, as in previous tests. The model
heat exchangers designated SX~4 and SX-7 were tested under these
circumstances.

Generally. the secondary environments of the test vessels were
very severe, so that differences between the metais tested would be
apparent within a reasonable test time.

This report is intended 10 summarize the overal! program and to
review the conclusions and recommendations which have been drawn
irom ilwe tesi resuits. Topical reports should be consulted for more
dei2ils concerning any particuiar phase of the work. Autoclave tests
are described in Refs_. 1, 2, 3 and 8. Loop %csts are described in
Refs. 3, 4, 6 and 10. Jlethods and procedures employed in the pro-
gram, as well as a detailed description of the facilities, are given in
Ref. 7.




iI. AUTOCLAVE DESCRIPTION AND TECHNIQUES

As mentioned previously, investigation of 2 material begins with
autoclave tests, where either U-bend or beam specimens are exposed
to both the vapor and liquid phases in environments ranging from high
quality water to water containing considerable quantities of dissolved
constituents such as chloride.

A. PHYSICAL DESCRIPTION

Three AISI Tvpe 304 stainiess steei tilting autoclaves were used in
the ANPP Corrosion Program. The internal dimensions are 2-1/16
inches by 32 inches in depth. The wall thickness is 1-1/8 inches. All
three of the autoclaves were hydrostatically tested cold at 18,000 psi.
The electrical heating jackets are wired in two sections, top and vot-
tom, and are individually controilable. Each autoclave iz ;rovided
with a rupturc disc for safety. The rocker mechanisms aie driver v
air motors. An electrical timer actuates the rocker mechanism throv,:.
a solenoid valve in the air line. Roakmg of the autoclave occurs for

They move threugh anare of

85 degrees, starting at 35 degrees from the vertical, about 18 times
per minute. Figure 1 is a photograph of the autoclaves.

onc twe-minute o icd TITTy twe hours.

B. AUTOCLAVE SETUP

Prior to 311 tests, the autoclaves are washed with an acetone sat-
urated cloth, then rinsed with hot distilled water until the silver ni-
trate test for chloride in the rinse water is negative. Finaily, the
avtoclaves are rinsed with demineralized water of one million ohm-
centimeter resistivity.

Several methods fur setting up the autoclaves are used, depending
upon the desired composition of the atmosphere. The simplest method
is to place the desired liquid environment into the autoclave, inusert
the test device and secal the autoclave with its entrapped air. The vol-
ume of "Q""" uged is chosen so that at nnov-:hnn temneraturs, the
autoclave will be half fille¢ witp !xqmd An approprxate allowance 1s
made for the displacement of the test device. The environmen:ial water,
in all cases. had been previously adjusted to the proper concentration
of dissolved constituents and adjusted to the desired pH.

if low environmental oxygen concentrations are required, the pro-
cedure is modified. The test device and environmental water are
placed in the autoclave, which is then sealed. The gutociave is evac-
uated, by a high pressure line, to a predetermined pressure level,
maintained at that pressure for about half an hour, and then sealed.
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If 1t is desired that a single gas (for example, oxygen) be present
in the environm-ntal vapor space, the foliowing procedure is used. The

autoclave is evacuaicd to 50 microns. The desired amount of freshly

boiied o> oxygen-saturated liquid environment is drawn into the auto-

clave. Finaily, the autoclave is backfilled to the des
sure and sealed.

ired oxygen pres-

The concentration of dissolved oxygen in the water wiil! have been
established with stationary autoclaves where specific setup procedures
were followed. A sampling tube, which exterds to the bottom of the
autoclave, permits sampling

the autorlave water during operation.
Sampling is done in an evacuated stainless steel MclL ean ty

r tube. Water
samples and, ir some cases, vapor samples are taken befcre and after
each test.
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lI. AUTOCLAVE TESTS AND RESULTS

The materials tested in autoclaves were AISI Type 304 stainless
steel, AISI Type 430 stainless sieel, Inconel, Monei and nickel.* The
type specimens used for the first three metals were U-bend. Beam
specimens were used in the last series of lests. The purpose of the
autoclave tests was to provide a rough screemning of the materials

which were to be tested and to aid in specifying test parameters for
subsequent static and dynamic tests.

A. TESTS WITH AiSI TYPE 304 STAINLESS STEEL
1. Sample Preparation

The specimens were fabricated from a sheet of 1/8-inch thick
Type 304 stainless steel, which was obtained in the mill anrozied, as-
rolled condition for this purpose. The sheet was shearec :nto 1 -inch
by 6-inch specimens. The specimens were annealed at 1150° C for
15 minutes in a hydrogen atmosphere. The short exposure prevemeo

excessive grain growth, The sampies were formed in U-bonds sround

a 1-inch diameter rod wluch was pressed into an appropriately sized
die. The open legs were left about 1-3/8 inches apart. They were
closed to an approximately 1-inch separation immediatelyv before test-
ing by drawing the legs together with a Type 304 stainless steel bolt.
All the specimens were inspected visulily and with radiography after
forming, and none showed any evidence of cracks.

2. Sample Holders

Three sample halders were fabricated from Type 304 stainless sicet
rod, Tvpe 304 stainless steel bolts and Teflon. The Teflon was cut to
fi: tightly against the inside diameter of the autoclave and indented to
hold the horseshoe sample .ightly in place. One side of the Teflon was
removable, so that the U-bend specimen could be mounted easily. The
Teflon holders were attached to the ends of a single Type 304 stainless
<steel rod cut to the inside length of the auluciave. Tiie specimens
coutacisqd omy the Tefion during the lest and were, thereiore, insuviated
from the autoclave. Figure 2 is a photograph of the sample holder wita
specimens attached.

*Material compositions are summarized 1n Appendix .




Fig. 2. Sample Hoider «xith Specimens Azached
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3. Environmental Controis

The cortrolled ceoxnditions and constituents were: chloride concen-
tration, phosphaie concentration, pH and the oxygen content of the water
and vapor phase. Other variables included the use of tap water, dis-
tilled water and distilled deionized water for make-up. The pH was
adjusted to three levels: 8.5, 10.5 or 11.5. The concentraticn of the
phosphate ranged from near zero to over 400 ppm, and chloride con-
centration varied from near zero to siightly over 1300 ppm. The con-
centration of oxygen in both the water and vapor phases varied from
near zero to perhaps 100% vapor, in which case the amount of oxygen
dzssolved in the water amounted to perhaps 13 or 20 ppm. The con-

.2
= in ‘.'-'.‘.'.23:' at cperating temperatures valicd accut u-

ing to Henry's Law, K= W . where K for oxygen a5t 400° F = 6.56 x 10

and Pa, the partial pressure, is calculated from the equation PV = nRT,
which shows that about 0.7 ppm oxygen is dissolved in the water per %
of oxygen in the atmosphere at 400° F and 250 psia. Thereiore, with
5% oxygen in the atmosphere, 3.5 ppm will be dissolved ia thr walc

The relationship expressed by Henry's Law is true only whey, the cor'
ponents are intimateiy mixed, which is not the case in an autoclave
used in these tests. Therefore, the results shown represent maximam
pessible oxygen concentrations; the actual concentrations are some-
what less. The autociave atmosphere was tested for oxygen 2fter ezch
test in an effort to confirm the designated starting concentration.

Temperature was controlled at 195 2 10° C. This seemingly large
variation was due to intentional temperature difference between the
steam and water phases. The maximum variat:on occurred immed-
:ately foilowing each rocking cycle when the water was exposed to high
vapor space temperature.

4. Stress Level Calculations

The AISi Tyvpe 304 stainless steel specimens used for these tests
were bent to 1/2 inch inside radius. The stress level during test was
accepted as the tensile stress. in the outer fibers of the specimens,
asscciated with the amount of plastic elongation at that point. It was

calculated that thie outer fibers were elongated 11% during bending.
Immediatelx prior to the corrosion test, the iegs of the specimens
were drawn together to re-estabiish the siresses that were developed
during bending. Thus, the outer fibers were stressed to the vieid
point of the material, which had been elongated 11%. The high inci-
dence of cracking indicates that the required stress threshold was
surpassed.




5. Results

Typical results of some Tyvpe 304 stainless steel samples are shown
in Table 1. Oi the 36 specimens tested {18 in each phase} 13 crackez.
All but two of these were in the vapor phase. Figure 3 is a typical
rhotomicrograph of one of the specimens that cracked.

B. TESTS WITH AISI TYPE 430 STAINLESS STEEL

i. Sample Preparation and Treatment

A slab of 1/8-inch thick Type 430 siainiess steei sheet was obtained
in the mill-annealed, as-rolled condition to be used for sample material.
The sheet was sheared into 1-inch x §-inch specimens. The specimens
were then annealed. U-bends were cold formed from the flat pieces by
bending them around a 1-inch diameter rod in a lubricated die. The
open legs were left 1-3/8 inch apart. The legs were compresscd to
approximately 1-inch separation, immediately before te<iing, witi a
Teflon insulated bolt. Visual inspection and radiogrark, Zid not rrveal
any cracks in the samples after forming.

The samples were cleaned in 20% }1!\’03-2% HF at 120° F to remove

the thin oxide film, exposed to 5% oxalic acid, then electropolished by
the glvcolic acid method. All samples were passivated in 25% HNO3

at 120° F, rinsed, dried and weighed. Immediately prior to exposure
in the autociave, the samples were activated by a one-minute dip in
50% HC! and rinsed. Post test cleaning consisted of a treatment in
197 NaOE~-5% KMnO4 at 203° F to complete oxidation of the oxide film,

followed by treatment in 5% oxalic acid. This cleaning was repeated
as required and, in the few cases where this process was inadcguate,
the pieces were cathodically treated in 19% '.‘i,,SO_1 to remove the jast

traces of oxide, again exposed to 5% oxalic acid, rinsed, dried and
weighed again.

2. Sample Holders

The sampie holders described in Section 11I-A-2 were used.

3. Envi:cenmental Controls

The variables of greatest interest were: pH; the concentration of
phosphates, chlorides and oxvgen: and temperature, with its dependent
pressure. Other variaocles were: tap, distilled or delonized make-up
water. Various combinations of concentrations, ranging to 1100 ppm
chloride, 335 ppm phosph:te, 106% oxvgen in the vapor space, and pH
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Fig. 3. Photomicrograph of Type 304 Stainless Steel Specimen
Autoclaved 120 Hours in Vapor Phase. Water Environment
Contained 980 ppm Ci, 10 ppm PO4 at pH 10.4.

Fig. 4. Type 130 stainless Steel Exposed to Vapor Phase of Water
Containing 990 ppmn Cl. Pits Are About 4 Miis Deep
Magn 250x
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ranging from 8.5 to 11.5 were employed. Temperature was controlled
as in the previous tests. Exposure time in one series was extended
from the usual 120 hours to 1176 hours to determine if stress corrosion
cracking would occur with the longer exposure.

4. Stress Level Calculations

The AISI Type 430 stainless steel U-bend specimens were formed
around a 1-inch diameter rod. The outer fibers of the specimen were
calculated to be elongated 11%. The stress level during test was ac-
cepted as the tensile stress in the outer fibers of the specimen as-
sociated with the amount of plastic elongation at that point. Immedi-
ately prior to the corrosion test, the legs of the specimens were drawn
together to re-establish the stresses that were developed during bend-
ing. Thus, the outer fibers were stressed to the yield point of the ma-
terial that had been elongated 11%.

5. Results

None of the 32 specimens tested cracked, despite th. Scvere con-
ditions used. Exposure time in one series was 2xtended from the usua;
120 hours to 1176 hours; still, none cracked. Half of the vapor phase
specimens pitted, which was not an unexpected occurrence, since the
ferritic stainless steels are known to be susceptible to pitling in chioride
environments. The pits ranged to a maximum of four mils in depth.
Three of the 26 specimens immersed in water were pitted. In the 120~
hour tests, phosphate decreased the tendency of specimens to pit in both
the vapor and liqu:d phases. However, when the test time was extended
sufficiently, specimens in both phases pitted. Two cleaning methods,
electropolishing and chemical cleaning, were investigated superficially
2nd were found to be indistinguishable by any of ti:¢ test results. Figure
4 shows a typical pitted surface.

C. AUTOCLAVE TESTING OF INCONEL

1. Sample Preparation ané Treatmaent

A sheet of annealed wrought Inconel 1/8 inch thick was sheared into
coupons, each 1 inch x 6 inches. Weld specimens. located at the phase
interface, were tested, alons with vapor phase and water phase speci-
mens. The weld specimens were mzde by the inert gas shielded tung-
sten arc process with Inco "A" filler wire. The bead wa< laid aleag
the length of one side of {ive coupons. Thne weld specimens were not
bent into U-bend configuration. The remaining 15 specimens were
cold formed by bending each around a i-inch mandrel, leaving the
legs 1-3/8 inckes apart. The legs were compressed to 1 -inch sepa-
ration by a Tefion-insulated bolt immediately before testing. Visual




inspection and radiography did not show any cracks in the samples
after forming. The specimens were attached to the stainless steel
holders used previously. In each experiment, ore U-bend specimen
was in vapor, one was immersed in the environmental water and the
weld specimen was exposed vertically at the vapor-water interface.

All specimens were degreased in perchlorethyiene, rinsed in acetone.
dried in vacuum and weigi.ed. After the test, the specimens were de-
scaled in a 10% NaOll-5% K?«tnO4 soiution at 200° F to loosen the oxide.

This was followed by treatment in a 5% oxatic acid solution.

2. Environmental Controls

The environmental test conditions for the 500-hour autoclave tests
at 500° F and 680 psi are shown in Table 2.

TABLE 2

Environmental Conditions for Inconel Autoclave Teasts

Oxvgen

Chloride  Water® Vapor*s  Adjusted pH te 30

{ppm) { cm3! kg) %) with

50
1Co0

21 Sodium phosphate
21 Sodium phosphate

50
1000

. 8.5 Sodium phosphate

1
1
50 1 21 Sodium hydroxide
o
1

21 No pH adjustment

*Deiined as oxygen dissolved in water at operating temperature and
pressure.

*#Concentration of oxygen in vapor space at ambient temperature.

5. Stress Level Calculations

I'he stress in the cuter fibers of the U-bend Specimen was detler-
mined by an indirect method. The siress level was established as
being the tensile stress associated with the amount of plastic elongation
found to occur inr the outer fibers of the specimen. The elongation of
the outer {iber was determined by the following procedure:

(1) Uziformly spaced lines were scribed (0048 inch apart) on

an unbent specimen in the area to be subjected to maximum
bending.
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The line spacings were measured to the nearest 0.00025 inch.

A U-bend specimen was formad from the scribed piece with
the scribed lines on the outer surface.

Ly e PRI ST £: K 4 E;r:it}fw

The spacing between lines was remecasured to the nearest
0.00025 inch.

The percent elongation was calculated from the change 1a
line spacings.

{6) The average value for three or four spaces was determined.

The stress level associated with this amount of elongation was de-
termined by conducting tensile tests on the same lot of material. The
extensometer used had a range which extended to the predetermined
amount of plastic elongation. The tensile stress was cdetermined from
the stress-strain curve. A line was projected paralilel to ‘%« slope o
the modulus of elasticity from the elongation axis to the 2uz.c. The
applied stress value was read on the stress axis. This value was con-

sidered to be the stress in the outer fibers of the U-bend specimens in
the bolted position.

The data determined for the Inconel U-bend specimens used in this
program is as follows:

Material Properties (room temperature)

Yield strength 39,400 psi

Uitimate tensile strength 93.500 psi
£longation in two-inch gage
section

Modulus of elasticitsy.

Specimen Stress Detern:ination

Elongation of outer fiter, average of two
specimens 10.5%

Associated stress level, 10.5% elongation. . .. 83,500 psi
4. Results

Table 3 is a compilation of the 3awx from 1535 series of tesls.
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TABLE 3
Inconel Autoclave Tests
50¢® F and 680 psi for 300 hour

Specimen Corrosion Rate
Test Test 2
Condition Phase {ragidm®/mo)  (mpy)

50 ppm C1 vapor 52.8 .30

air cover gas S

pH 10 with PO4 liquid 420 c.24
interface® 1590 0.038

1000 ppm C1 vapor 93.8 0.53

air cover gas - _ _

PH 10 with PO, liguid 66.5 0.37
interface® 49.2

Bl et memed peng

50 ppm Cl vapor 432

air cover gas <

pH 10 with PO, +1quid 50.8
* interface® 31.6

50 ppm Ci vapor 23.1
low O, liquid 875
ph i0 with P04 interface® 50.2

1000 ppm Ci vapor 564
air cover gas I

No pH adjust- liquid 6.9
ment interface®* 159.9
Initial pH 5.0

*Weld specimen

Noune of the 15 Inconel specimens cracked or pitted, despite the
severe environmental conditions., A dull brown adherent film of cor-
rosion products ¥as formad on all the specimens, but there was not
enourh i00se scaie to make an X-ray difiraction analyvsis. No cracks
were located by the dve penetrant test, and metailographic examination
showed no change in the Inconel.

A comparison of the data shows that when prosphate is present, the
*water phase specimen has a lower corrosiyn rate than the vapor phase
specimen. The converse is true when <adinm hvdroride 1< used to ad-

just the pH.
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It is obvious that Inconel possesses good inherent corrosion re-
sistance to chioride media ap to 260° C. The highest corrosion rate
measured was less than one mil per vear.

D. AUTOCLAVE TESTING OF MONEL, NICKEL AND INCONEL

An investigation of possibie ways to improve the autoclave test
program led to the selection of a statistically designed experiment.
One of the many outstanding advantages of a designed experiment is
the inherent ability to determine main effects and interaction effects of
the independent variables with assurance. It is nearly impossible to

termine the latter with any other type of experiment. The factorial
design lends itself readily to mathematical evaluation as well as graphic
presentation of the results. The basic purpose of the designed experi-
ment was to determine the relative resistance of Monel and nickel to
general corrosion under various environmental conditions. In addition.
a few selected tests with Inconel were planned for comgzison.

1. Sample Preparation and Treatment

The material supplier selected Monel and nickel tubing 2-1/2 inches
in diameter with 5/16-inch wall thickness from individual heats. 3ome
of this tubing was drawn to 3/4-inch OD, with a 0.63-inch thick wall.
This tubing was set aside for use in the fabrication cf test heat ex-
changers. The remainder of the tubing was split, flattened and rolled
to sheet 3 inches wide, 1/8 inch thick and 72 inches long.

The as-received Monel sheet was rolled to 0.080 inch and fully an-
nealed in 2 hydrogen atmosphere at 790° C for one hour: nickel was
annealed in a hydrogen atmosphere at 730° C for one hour. The an-
nealed strips were ceoxidized, then further reduced to 0.049-inch thick -
ness, producing 50% cold work. Test coupons and tensile specimens
were sheared and numbered. The coupons were rinsed in acztone,
pickled in dilute hydrochloride acid, rinsed in hot distilled water and
dried in a heated air bla<t t0 prevent water staining. Half of cach type
of coupon wzs fully annealed, as above, and the remainder of both types
of coupon was stress-relieved at 232° C far one hour.

The Incone! specimens sere drepared in the same manner, i.e.,
0.080-1nch Inconel was fully annezled at 980° C fer 15 minutes ina hy-
drogen atmosphere. The thickness was reduced to 0.633 inch, which
produced 50% cold work. Tensile specimens and test coupons were
shezred, and half of each tvpe was annealed at 980° C for 15 minutes
in a hvdrogen atmosphere, and the other half was siress relieved at
430° C in air for onec hour.




All of the test coupons--Monel, Incone! and nickel--were three
inches long, 1/2 inch wide and 0.040 inch thick. Beam specimens
werd substituted for U-bend specimens in these tests for several
reasons, including the large number of specimens in each test ina
limited autoclave volume and better control of stress level. After
testing, these specimens were examined for pitting, cracking and cther
evidence of local attack, but these factors entered into the statisticai
analyvsis only to the extent that they affected the weight loss due to
corrosion. Therefore, acceptable descaling techniques were of prime
importance.

AMany methods were a2vaiuated in an effort o find an acceptable ce-
scaling process. These methods included: {1) cathodic treatment in 5%
sulfuric acid inhibited with 0.8 gram per liter ethylquinolinium iodide,
followed by a dip in 10% nitric acid or 12% ammonium hydroxide: {2) a
lreatment in boiling 25% sulfamic acid for one hour; (3; an alkaline
permanganate (10% NaOH-5% KMnO,) and 10% oxalic acid process: and

{4) cathodic treatment in 10% caustic solution, follewed uy 3 dip in 165
nitric acid.

The descaling method concluded to be the best for Monel and nickei
coupons was the sulfamic acid bath. This treatment <~onsisted of ex-
posing the corroded coupons to boiling 25% sulfamic acid for one hour.
After removal from the descaling bath, the coupons were riused in
water, rinsed in acetone, then dried with an electrically heated blower.

-5 2

Tne blank correction is 2.3 x 10> gmi{cm™ . Although this blank cor-
rection was in some cases close to the oxide weight, it was considerabiy
iower than the correction of any other method evaluated.

The Gescaling method conciuded to be the best for Inconetl was the
alkaline permanganate-oxalic acid procedure. This treatment consisted
of exposing the corroded coupons to an alkaline permanganate solution
to looscn the oxide, followed by exposure to 10% oxalic acid The blanx

. . -3 2
correction is 43 x 10 ~ gm/cm™.

2. Sampie Holders

The holders for the specimens were fabricated of inconei with Tef-
lon and diamonite insulate:s. Each holder supports 12 specimens, 6
stresses and 6 unstressed. The beam specimens were supported at
both ends. Stress was applied by adjusting a fine-thread screw, which
loaded the beam at the midpoint. Two holders were used in each auto-
clave, one in the liquid phase and one in the vapor phase. Figure 5is
a photograph of the sample holder with coupons mounted.
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F:g. 5. One-~Haif Section of Autoclave Rack fur Beam Specimens.
The Sec:ions Are Juined at Threaded Ends with a Threadesd
Rod
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3. Environment Controls and Experimental Design

There were eight expcrimerntal factors. Each factor had two leves,
except chloride and time, which had three. These were:

Factors Levels

Material Monel and nickel

Chlorice 10 ppm, 100 ppm and 1000 pce
Alkalizing agent (pH 10) Na PO, and NaOH

Oxygent Low (~ 1 ppm) and high (~15 ppm)
tleat treatment Annealed and stress-relieved

Stress level Unstressed and stresscd to 90% vield
Phase Vapor and liquid

Time 50, 200 and 2900 hours

*The initial concentration of oxygen dissolved in the water at operat:ng
temperatures.

Stock solutions of ail the water treatment chemicals for use through-
out the program were prepared prior to initial tests. These included
N/10 x\’aaPQ‘ -12 HZO, N/10 NaOH and a large supply of NaCl solution

from which aliqguot portions were withdrawn and properly diluted in
volumetric giass#are to produce the 10 ppm, 100 ppm and 1000 ppm Ci
soiuticns. The 2\?:1.,!’04 sciution used to adjust the pH was back titrated

with enough N:‘l.:!‘!f’()_i to a<gure that there wac ne o

lution. Deionized water was used in the preparation of all svictions.

Three autoclaves, randomly assigred, were used for the experiment.
Chloride. oxygen and pH adjustment were the conditions imposed within
each autoclave. In the block diagram shown in Fig. 6, these factors
and the materials are the column factors. There were three row fac-
tors: heat treaiment, stress level and prase. The two classes of each
rox were run simultaneousiv within an autociave and three specimens
wers exposed 10 each set of conditions. Thus, 24 coupons were exposed
in each zutoclave run. This procedure raied out fractioralizing the
replicates among the row factors. Also because of irformation losses,
particziarly concerning possible interactions. a fractional factorial was
0t considered. The te-st program indicated by Fig. § was uscd for the
200-kour tests. Since each column in Fig. 6 represernts one test run,
tkis series consists of 24 runc.
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3. Environment Controls and Experimental Design

There were eight experimental factors. Each factor had two levels,
except chloride and time, which had three. These were:

Factors Levels

Raterial Monel and nickel

Chloride 10 ppm, 100 ppm and 1000 ppm
Alkalizing agdent {(pH 10) !\‘a3P{).1 and NaCH

Oxygen® Low {~1 ppm) and high {(~15 ppm)
Heat treatment Annealed and stress-relicved

Stress level Unstressed and stressed to 90% yield
Phase Vapor and iiquid

Time 50, 209 and 2000 hours

*The initial concentration of cxygen dissolved in the waler ai operz.iag
temperatures.

Stock <olutions of all the water treatment chemicais for use throush-
out the program were prepared prior to initial tests. These included
N/10 ¥2,PO, - 12 H,0, N/10 NaOH and a large supply of NaCl solution

from which aiiquot portions were withdrawn and properly diluted in
volumetric glassware to produce the 10 ppm, 180 ppm and 1000 ppm C!
soluiions. The :\'a:,'PO4 solution used to adjust the pH was back titrated

with encugh NaZHPO_’ 1o assure that there was no free alkali in the so-

lIntion, Deionized water §as usSed in the preparation of all solutions.

Three autoclaves, randomly assigned, were used for the experiment.
Chloride, oxygen 2nd pH adjustment were thie conditions imposed within
each autoclave. In the biock diagram showa in Fig. 6. these factors
and the materials 2rc the column factors. There were three row fac-
tors. kErat ireatmen’, stress level and phase. The two classes of each
row were run simultaneously within an autoclave and three specimens
were exposed to each set of conditions. Tuus, 24 coupons were exposed
in each autoclave run. This procedure ruied out fractionalizing the
replicates among the row {2:tors. Also because of information losses,
particulariv concerning possible interactions, a fractional factorial was
not considered. The test program indicated by Fig. 6 was uscd {or the
200-hour tests. Since each column in Fig. 6 represents one test run,
this series consists of 24 runs.
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Corrosion tests were 2150 run for 30 and 2000 hours. The test pro-
grams fcr each exposure time are indicated in Figs. 7 and 8. Table 4
defines the symbols used in Figs. 6, 7 and 8.

TABLE 4
Definition of Svmbols
Definition
10 ppm chloride
100 ppm chloride
1000 ppm chioride
1 ppm oxsger
15 ppm oxygen
NaOH
X\’a:?.l"’o4
Annealed
Stressed relieved
tressed
Unstressed
Vapor phise
Liquid phase
All tests were run at 232° C to prevent s.ress relief of the coupons
during test. ¥or precisely the samc reason. aii coupons that were not
annealed were stress relieve 1 at 232° C prior to Leing stressed for

tesi.

4. Stress Level Calculations

\ numrber of supplemental tesis were performed on astociave
specimens and on the specimen materials 0 provide data 10 esiablish
specimen parameters for the antoclave program. These inciuded
ensiie tests on Monel, anickel and Inconel specimens and determination
of stramn-deflection curves for autoclave specimens.
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8. Auloclave Test Program--2000 Hours
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Six Monel and six nickel tensile specimens were fabricated from
the same material used for the autoclave coupons. The tensile speci-
mens were machined after the final rol! to 0.040-inch thickness; test
specimens were cut from the same material. One-half of the Mone!?
and nickel tensile specimens were fully annealed at 750° and 736* C,
respactiveiy, for one hour. The other half of the tensile specimens was
stress relieved at 232° C for one hour. The resuits of the tensile tests
on these specimens and Inconel specimens similarly prepared are
shown in Table 5. The values given are averages of three determina-
tions. Deviations from the averages were less than 2% in all cases.

TABLE 5

Physical Properties of Autociave Coupon Materials
(average of three values)

Modulus
of
Tiasti-ity

b

90% of Propor- Uitimate

Yield Yield tional Tensile

Strength Strength Limit Strength ~
(psi) {psi) {psi) {psi) x 19

Poraent
Elsnseation
(2 :‘;1-:’

Monel
{stress
relieved) 123,700 79,000 126,470

Monel
{annealed} 23,015 28,000 78.630

Nickel
(stress
relieved) 82,000

Nickel
(annealed) 10,250
inconel

{stress
relieved) 166,600

Inconel
{annealed) 32,850
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Figure 9 shows a typical stress-strain curve for stress relieved
HMonel. A stress level of 90% of tke vieid strength (0.2% offset) was
chosen arbitrarily for stressing the autoclave beam specimens. The
total strain associated with 90% of vield stress was determined di-

rectly from the curve. For example, in Fig. 9, this total strain is
0.08433 in./in.

Strain-deflection curves were determined for several typicai beam-
type specimens. An SR-4 strain gage was attached to the center of the
coupons, which were then deflecied in 5-mil increments. Strain versus
deflection was plotted. Since the strain-deflection relationship 1s
independent of material properties, the same curve was used for all
coupons. The deflection required to produce the strain corresponding
to 80% yieid stress was determined from the strain-deflection curve.
The deflections employed are iisted in Table 6.

TABLE 6
Coupon Deflections

Deflection
{m1is)

Material Cendition

Monel Fully annealed 46.0
Monel Stress relieved 126.0
Nickel Fully annealed 18.5
Nickei Stress relieved 86.0
Inconel Fully annealed 420

Inconel Stress relieved 155.0

5. Results*

The results of those autoclave tests confirmed thzt, under the
varied and scverce tost conditions uscd, nickel, Mone! and Incone! are
not susceplible {0 stress .orrosion cracking, and they are very re-
si1stant 1o corrosion. An incipient surface attack was noted 6n some
of the Monel and nickei specimens that were tested for 50 and 200

hours. but none of the specimens cracked or pitted. No cracking of

*For a detailed statistical analysis see Ref. 8.
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any coupons was observed in the 2000-hour autoclave test, but varying
degrees of attack and some pi‘ting did occur.

P R T

the coupons from the 2000-hour test presented a more meaningful
appearance than those from the previous shorter tests, because there
is a definite criterion for direct visual comparison. The Monel vapor
phase specimens exposed to high chloride, high oxygen pitted miidly
as shown in Fig. 10. All 12 of the vapor phase coupon:, but none cf the
liquid phase coupons, suffered attack. No significant difierence in
attack was noted between stressed and unsiressed coupons or between
annealed and stress-relievea coupons. The attack occurred on boti:
the tension and compression surfaces of the coupons. The affected
areas were relatively large, but shallow, with the average depth about
i mii. Frequently, a centrally located pit with a diameter-to-depth
ratio of about two was surrounded by an area of shallow attack, which
was perhaps 586 10 60 mils in diameter. In some instances, more than
one pit occurred in the area of attack. The maximum penetration
measured was 1.5 mils. A photomicrograph of a typical pit is shown
in Fig. 11. No pitting or attacked areas occurred on the Monel coupor
in either the vapor or liquid phase in the low chloride, iox oxvgen tes:

The nickel coupons exposed to vapor in the 2000-hour, high chloride,
high oxygen test were attacked mildly also. Both the tension an2d the
compression surfaces were affected, but the tension surface was worse.
There was a slightly greater attack on the stress-relieved coupons
than on the annealed coupons. The liquid phase coupcns were attacked
also, but very slightly. The pits in most cases were hardly more than
incipient attack. Four of the 12 specimens were pitted; the maximun
dopth found was 0.5 mil. Coupons in the low chioride, low oxygen test
were aisc pitted. Five of the 12 vapor phase coupons were attacked.
Orne coupon has only three pits, but the other four had perhaps 200
pits per square inch. The physicai condition of the specimen (heat
treatment and stress) appeared to have no effect on pitting. Five of
the 12 water phase specimens were also pitted. They, too, were
liberally covered with pits. The appearance of pits on both vapor

2nd water phase coupons contrasted sharply with the previously
noted shallow atiack on Monel counons. The ratio cf diameter to
depth was about two; however, there was no surrounding area of

attack. The maximum depth found was 1.5 mils. A photomicrograph
is shown in Fig. 12.

Haif cf the Inconel vapor phase coupons in the high chloride, high
cxxgen test showed very shallow attack, as in Fig. 13. An isolated
it found on one of the coupons was four miis deep, bu* generaily the
pits werc no deeper than about one mil. The attack occurred on hoth
the tensi1on and compression surfaces of the coupons and appeared
to be about evenly civided, so {ar as heat treatment and siress were
concerned. A\ photomicrograph of a tvpical pit is showa in Fig. 4.




Vapor phase

i0uU ppm c} ph 10 (:\'a3PO4)

15 ppm 02 2000-hr exposure

10. Portion of Monel Coupon Shuwing incidence
of Pitting (6.5 Mag)

Vapor phase:

iS00 ppm Cl pH 10 (Na3P04)

15 ppm O, 2000-hr exposure

Fig. 11 Photomicrograph of Monel Specimen Showing
0.0011-Inch Deep Pitted Area (250x Mag)

Vapor phase:
1000 '\pm Cl

id ppm 02

3110 (a2

3

La)
r
2

000-rr exposure

Fig. i2. Photomicrograph of Nickel Specimen Showing
0.50035-Inch Deep Pit (7i50x Mag)
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Vapor phase:
1000 ppm C1 pH 10 (833!’04)

15 ppm 02 2000-hr exposure

Fig. 13. Portion of Inconel Coupon
(6.5x Mag)

Vapor phase:
1000 ppm C! pH 10 (Na PG, )
15 ppm O, -

2000-hr exposure

Fig. i4. Photomicrograph of Inconel Specimen
Showing 0.0016-Inch Deep Pat

(125x Mag)




No attack was noted on the coupons in vapor or liquid phases of ik iow
chlorids low oxygen fost.

The results of these autociave tests confirm that nickel, Monel and
Inconel are not susceptible to stress corrosion cracking under the
varied test conditions used, and their resistance to general corrosion
is excellent, even for severe environmental exposure. The test re-
sults indicate that the corrosion rate o Inconel is much lcwer than
that of Monel and nickel for comparable conditions. An incipient sur-
face dulling was noted on some of the Monei and nickel specimens that
were tested for 50 and 200 hours, but nore of the specimens cracked
or pitted. No cracking of any ccupons was observcd in the 2000-hour
autoclave tests, but varying degrees of attack andfor pitting did occur
on all three materials.

Corrosion rates are listed in Table 7. These are time average
rates from the results of the 2000-hour testc. The values are also
averaged over the stressed, unstressed, annealed and stres< -relieved
coupons. The superiority of Inconei is clearly evident.

TABLE 7

Comparison of Corrosion Rates for Inconel, Monel and Nickel--
2000-Hour Test

Nickel Monel Inconel
(mdd) {mdd) {mdd)

10 ppm chloride Vapor 0.38 0.50 0.02
1 ppm oxygen Liquid 0.36 0951 0.04
1000 ppm chloride Vapor 0.23 0.46 0.02

15 ppm oxyvgen Liquid 0.26 0.37 0.03

I: is indicated by the data shown in Table 7. that in those systems
where chloride is present in amounts within the range of these tests,
it is advantageous to have considerahly more than 1 ppm oxygen,
presum=bly to maintain the protective oxice film. No attempt was
mzde 10 determine if there is an optimem oxygen concentration. it
cannot be supposed that 15 ppm oxvgen necessarily approaches the
optimum concentration required to maintain the naturai prolective
oxide filin. A similar protective mechanism has been suggested for
other systems when other materials were involved (Ref. 12).
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The conclusions resulting from the analysis of variance which was
performed on the test -lata are presented below:

'

P i e [ WY W?":’\v

(1) The stress level was not a significant factor in the corrosion

processes tested {ali lests). However, 11 must be remembered
that the stresses were primarily uniaxial and not nearly as
complex as those stresses which occur in a fabricated com-
ponent, such as a steam generator.

in general, the NaOH was a more favorable means of pH

control than the 1\1331904 except at the lowest chloride ievel

of 10 ppm (2000-hour experiment). This is particulariy
interesting because nickel and nickel alloys are accepted
as fully resistant to caustic; therefore, caustic treatment
may be used with these materials.

Inconel has the highest corrosicn resistance of the metals
tested (2900-hour experiment).

In general, Monel is superior to nickel at 50 boyrs, while
after 200 and 2060 hours, nickel is more Torrosion re-
sistant than Monel. The major exceptions occurred in th=
200-hour experiment, where the intcractions with oxygen,
phase, heat treatment and chioride are considerable

(all tests).

[

In general, corrosive attack on all metals is more severe
in the vapor than in the liquid phase (all testsj.

The anncaling Leat treatment was generally slightly more
advantageous than stress relieving; this is particularly
ovident in the 2600 -hour inconel tes!s. However, there are
a number of exceptions to this conclusion (all tests). In
actral practice, this is generally of academic interest be-
cause it is impossible to anneal a large complex structure.

The lower oxvgen concentration was more favorable. A
few exceptions 10 this occurrad in the 200-hour experiment.

There was considerable interaction between the chloride
and oxvgen effects on corrosion. In many cases, an in-
crease in chlerice concentration (from lowest to kighest)
at lower oxyvgen decreased the amount of carrasion, while
an increase in chloride concentration at higher oxvgen in-
creased the amount of corrosion. However, there were
many exceptions to this statement. in the 200-hour experi-
ment. there was much evidence of minimum weight loss
eccurring between 10 anad 188 ppm chioride concemrations
for the higher oxyvgen concentratica.
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(9) The combined chloride, oxygen variable produced less
corrosion when at its lower level (19 ppm ckloride, 1 ppm
ovvgen)} in the 50- and 200-hour exposure times, but after
2000 hours, this influence
level (1000 ppm chioride,
corrosion,

1

T i i

The rate 2t which corrosion occurred over the first 200
hours was, for the most part, considerably greater for the
combined chloride -oxygen variable at its upper level. After
200 hours, the rate decreased and approached zero. For

the combined oxygen - chloride variable at its lower level, the
corrosion rate was essentially constant.
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IV. CORROSION LOOP FACILITY

After preliminary investigations by means of autoclave testing, the
materials of interest were used to fabricate scaled-down heat exchangers
of two configurations {referred to as miniature and modei test vesseis)
and tested in a high temperature, high pressure loop under simulated
plant operatirg conditions. The locp facility can accommodate four
miniature vescels and two sets of model vessels simultaneously. A set
of model vessels consists of a steam generator (SG-N) and a superheater
(SH-N) in series. The test vessels, wken installed, are an integral part
of the ijvop. FHowever, the use of fanged and tube fitting connections make
installation and replacement relatively simple.

The facility consists of a primary system which furnishes heat for
all of the test vessels. Each set of model vessels has aa individual
secondary test system, while a third secondary test system serves the
four miniature vessels. The facility control system reguires inungal
startup operations, but thereaiter all test parameters »r- maintain=.d
by automatic controls. Safety interlocks provide for automatic shutdc:
in the event of 2 malfunction. The primary loop design parameters were
3000 psia and 700° F. However, all tests were conducted with the pri-
mary at 1200 psia and 450° F. Primary water was circulated through
the miniatures at an average rate of 8 gpm and through the model super-
heater and mode! steam generator at about 17.5 gpm. This primary
water flow through the hairpin tubes of the heat exchanger delivers heat

2
to the secondary at = {lux of about 25,000 Btu/f{t" fhr.

The secondary water for the model vessels was preheated to 246° F
before being pumped into the steam generater, which operataed ot 3827 F,
saturation temperature at the operating pressure of 200 psi. The steam-
ing rate xas specified as 60 Io/hr. In the superheater, the steam ¢em-
perature was raised to 407° F.

Temperatures and pressures for the miniature test vessels were the
same as those of the model steam generator. The prescribed steaming
rate was 8 Ib/hr.  All of the secondary conditions given above are nom-
inal; minor deviations due to tube scalirg, loop characteristics, etc.,
occurred during thrie test program (see Refs. 3, 4, 6 and 10).

In both modei and miniatlure secondary systems, sleam was condensed
in cooling coils and returned to 2 make-up tank. Provisions for water
sampling for chemical analysis are provided. The desired environments
are maintained by chemical addition and by blowdown.

Figure 15 is an overall view of the loop. Most of the high tempera-
ture portions are insulated for thermai efficiency and safety. A detailed
description of the loop faciiity is given in Ref. 7.
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V. MINIATURE HEAT EXCHANGER TESTING

Miriature heat exchangers ware fabricated, using the following tute
materials: Type 304 stainless steel, Croloy 16-1, Inconel, Moanel,
nicke! and bimetal {(carbon steel secondary, stainless steel primary).
Table 8 summarizes the materials of construction and test results for
the miniatare (and model) vessels. Appendix A gives the chemical
composition of hicat exchanger materials.

A. GENERAL DESCRIPTION
1. Design

The design of the first several miniature heat exchangers tested in
this program is shown in Fig. 16. The secondary was static in the
sense that there was no a2xternal cvirculation of the secondary environ-
ment. However, the condenser coil in the dome, which mantained ik
proper secondary pressure, produced a water-vapor-cc:aicaisate cxcie.
Nine test vessels of lnis conrfigurzticn were tested. These includea
tiree with AISI Type 304 stainless steel tubes, three with Croloy 15-1
tubes, one with bimetal tubes (iow carbon steel on the secondary side)
and two with Inconel tubes.

The test loop was extensively modified during tiie course of the pro-
gram, which necessitated a design modification of the miniature test
vessels. Tre secondary system was made dynamic. The design of the
modified test vessel is shown in Fig. 17. Steam, generated in the
secondary side of the test vessel, passes out through an overhead port,
is condensed externzally, and is returned to the vessel through a make-
up tank and pump. The environmental constituents are controlied by
blowdown or by additions of required chemicals injectegd into the sec-
ondary make-up water.

All the miniature test vessels were oriented horizontally sc that the
planes of the two hairpin tubes were oriented 230° from the vertical.
Water level was maintained so that half of each tube was exposed to each
phase, vapor and liguid.

2. Fabrication Procedure

The teat evchanger unit consists of three main sut.assemblies: the
tube and tube sheet assembly, the primary shell and the secondary
shell. Two types of tube sheets are used; either the tube sheet is of a
corrosion sesistant alioy--possibly that of the tubing--or of carbon steel
w1th the primary surface clad with a corrosion resistant ailoy such as
siainless steel, nickel or Inconei. The tube sheet of corrosion resistant




Tty AL
L S £
NIRRT 2 LT
SRR e ATIAGAN
g
AU ORI IALAQ
LA 1 SR EN RIS

S ALJAIN

N GERNe - itAAC
PaIsag 10\
paisay 10N

SY 140G--a3jaaag

17 130G - #DJAIaG

Y L261--paTing
a4 2Z61--333A334

IY4 GSE[--30pAIIS

IY4 CREY--201A13G
paisa; 0N

Ait} ﬂﬂaﬂn IUU«>L~0W

Y G10€- - 233A135

<4 g1y1- - ad1A3ag

Y4 £6E1--301A28
PMeaY 1oy

44 $z0f - - 2d)AIAC

a4 PROE-- 224A LSS

Y 1£92--23}A03g

4Y 962G -- 20}AL95

44 962¢--2pA 35

Y 2912~ -3djA 13

Y 136 -paning
Y 8262--papie
44 CROT -PpaTitd

Y 0601~ 333338

1 Zy- -patiey

o ———

RRIIS

(€)
{3

L]

md
L4
1

(1]

- N1 © ~ B O

FShipucy

Jaen

Lo R A £ (541
S En=I8TY
1441 YO it )
13418 UOGir )
tA41€ uoqae))
13418 uLgar)
1243F uoq.ie))
1931F Uoqie D
$S ¥ot

SS #0¢

12918 uoqae)
12218 uoqae)
§S ot

S€ yo0t

D 0£.01-ISIV
$J 0tol-ISIV
SO 0£01-ISIYV
S 0€ot1-ISIy
$J 0£01-ISIYV
$J 0€o01-ISIV
$J 0£01-1S1Y
§D 0€01-ISTV
$J 901 -ISIY
€D 0£01-IS1V
1auodug
fauoduy

{218 voque)
IN 8270 ‘9D 9t
IN 9Z2°0 *2D 91
IN9Z°0 ‘3D 91
SS vot

SS vot

§S »or

TeaaeR
nays

voeng
Vo
voeo
voo.ug
S€ 80f
88 pof
‘S £0€
IS 208

S§ 80¢
SS 8ng

102 B AN
12%21N
19%01N
12%2IN
1a%oIN
182 B3 AN
¥ . 0du]
~¥ . 02Ul
¥ .~ 02Ul
«¥ .. 00Ul
§5 80¢
(WM H) -0y
(nH])IN-oFr
(W ) X-0tY

«3 ngat-hh
=0 -1-1
€D 0Z91-1Iy
$J 0701-1SIV
1-4°19¢E%

1-47 1568y
1938 Loq.r)
{2a18 Lcq.e)
€S #0f

SS 1ot

123318 uoq.ue)
193318 uoque)
$S_¥Of

SS vot

$J nzo1-1sIv
$D 6z01-ISTY
S 0201-ISI¥
$2 0201-1S1Y
$D 0201-1SIV
§O 0z01-1S1IYV
$D 0201-1SIY
£D 0201-1SIY
1auodur
1euoduy
{auoou]
1auadu]

12335 uog.v)
IN 170 3D S
IN 210 *3D 51
IN 2100 C1D 6t

SS 80¢ S§ r0f

§S HOE §§ o€

SS ot SS o€
F GEEYYe) 1*) 10wy

133yg agnj

Lrewrwang saBueyoxy 13l 38a

8 374V

LR
1ol
[ru0oL]
1-91 Loto:)
1-81 Aotou)
(m)Te>7 0
(eI
£ $Of

€€ 0€
(v)fes2wd
(eyTesound
€S yof

SS o€
1PN

i BN

152 B3N
()T
Ppun
utﬁbuﬂ

="

1ouofy
Touc
taunduy
1suodu
{Puosuy
{auosug
Advuduv:.::
(MH)IN cor
(ng)in-ocy
(W H)IN-0cy
SS %0t

S POF
L1

e <

Teaaegy
aqny

n
]

SRR FENNH S 138
Wy,
378139
S N $ 13 3N
- HS (O
=S QO
- HS (JOn
-0 (JON
£-HS CON
€-08 QO
- HS QO
-8 gon
1-HS QO
1-95 Jon
€1-XIi
f1-XI1J
L1-NT0
91-\JJ%
St-Nr1%
$1-NI1
£1-NI1.
Z1-N10,
11-225
01-N1.e
6-XJiy
8-NIK
L-NIN

$- NI
S-NIN
NN
£-NIN
Z-NIN
1-NIN

-
[

At

oy
-
i

"

o m——

SELTIEN

Cageingiadig
SRR N T TN

A W et et
P FL IS JENT IR

FEN L2 PSS
B AT RS S DTN

M FTHFY LW
FLOL R E) RETTT

RIS U SERY- L
JOIMIMUAT Weas

EEIELEES. LG
LO3P UL WIrarc

1aeaysadne
~0}eioual weaw
|angepulpy
A2TIVUIN
2 srgerutyy
dimgwiuliy
AInge LI
S TN
damviuln
S imepm
habid-g £ 13N
diniepully
Simepuln
simepuly
bt L3147 1N
samriuny
SINrjuln
Ssmejuly
2angejuly
EEMMLATMTRN
LEAL LA L 11N

L
suituvyoNy Irap




eWIwiRas ou--Lo

(*oantey
5,09 pue Yodbey %) 01--1d
wdd gog--apj.toty)
sjuUIIRI I} OU- |N°

(*oanten
o129 pue Yogqtey wee) 01--1d
wdd 0001- apraoyd

ST OU- .NO
(HO®X) o1--1d
wdd 001 - - 2pyICIUD

(*od) s*8--1d

xew wdd 002 - -*pitos (e10].
wéd g1- - MNS

xeus wdd ¢ *p--apyioTys

Y LeLE- DJASAG
RIURA 34 SR LR
aY GIAF - - AIAIIY
Y 6186~ - 2DJAIAS
ELRA T4 SRR LR
a4 £GTH--AIAIS
14 068¥ - - ROJAING
Y NGRS~ ADTAANG
paisa) 10N
: paisal 10y
) Y 1p0G- -a0tAlNY
AU 190G - -3djAIIY
Y L3261 --peTIvd
Y LZEL- - DIAAg
Y OGE 1~ -+ DJANIN
A4 ege 1-=adjALNg
(ST IRTIN

1Y GEQE - ~IDTALAG
44 8105--2JjAdag

TS Meaa . _AmYA PH

§ 0191 01--1d
wdd g1- -dms
widd ¢ 1--neydsoyyd

xew wdd ¢ *g--apjioD

1/

auou--"0Od

HO®X {14 6 °g 03 £ °g-- Hd

3l JIADD mE

Jje ‘lajem *jeR bn--uo

wdd gp01--apyIoTy)

NI} AN EA

Yod win 5°g 01 ¢ *g- - 1id

‘9t

st

“r1

‘€1
1
b |
£
€
€
€
[
£l

({4

(c) 1
1
1
cl
<l
91
91
y

sl 12400 SE

Jie ‘aajem ‘e .:-..nG

wdd 0001--ap1Iomyd

¢°9--Hd

awnoa £q %01--0
auou- - ajeyd soyd
wdd npy- - 39510140

£ of01-ISIV
S orot-IsIv
1van uogie)
1 enF uoqie))
[4a3% uodjie)
1PN uoqLe))
JCETURTE LR 3]
1A3i8 uoq.1e)

S8 Y08

S yot
1aa18 uoOqIe)
{8 uoqae))

SS #02

SS pot
£J ofot-ISn
%D ofol-IsIv
£J 0f01-ISTY
8D ofot-IS
SO 0E01-ISIV
£D 0£0L-1SIV

AdoD eiGzyeay 1sog

“wdd ¢ "o uriy #say

IEYMIWOS I UOHINIIUIDUOD> UIVLRO Yy UIRIr U ITIm YIPYM “wsaydsoune
2143 03 uado ‘g ,08] ¢ poUTRIUITW g (T Nued dRaxvws Lrepuodas Ayl

$°01--Hd
awntoa £q ...—u--no
2t aucu- -aeudroyd
wdd nog- - apriomd
§°01--Hd
suinjoa £q +,12--%0
wdd ¢¢ - -ayeydsonyg
1 wad gog--apiomd
€ 11--Hd
wdd ¢g°1--%0
Juou- - aywud soyd
‘01 wdd g°goy--3pj-oTyD
: $°01--nd
wdd gy°--%0
wdd g¢--areyd soyg
‘6 wdd g 566~ -ApriolD
v oo S NEAL-ISTV
v. oaul S 0F03 I8
v omy £ 0761718V
.v. o S 0r¢ _ SIY
<< 80f LER b DI43Y
S< 80€ LRX 16 518 )
SS ROS 12238 UOJIYT)
S~ gor 121 yogae)
& pef
3 MCE
SN /0f ub.uun ucnar)
S¥ HOf {rale ueqar)y
«x $0F
< $OF
I CL B RN N ITOT-ISIL
1anuN e IGHO Y €34
1R S 020118 1%
e X hi RS {349
£ 020 ~I87Y
1 €2 BRI S 020 I8V

§°cr--nd

wdd c4--%0

wdd 19--aeydeoyy
wdd )°166--3p1 014D ¢

Yo wim g 01 g og--d

{-117Ins winjpos
Ui m parToiu0d) suou--Io
wdd apot o2 c0R--1D °f
prUfuiIaAp 2q 0] "0
£°01 01 5°)1- -|d
wdd g1 03 9- -2UNE
wdd (g 01 ot~ -airqisoyy
udd g¢ 01 g¢--2ppotyy v
{*Ul GF0 °)) 1221s uoq.ren- -apls Kirpuoson
(Tu} 0E0"0) SN $OF 24 - s Asvwsiiy (v)

METON
104y L WS GO a3ty iadng
1ot g Lot MO 0¥ ¢ R wivag.
EHT BRI | 9 HN TJON FEILFIFPEY, L3N
- unng 9.8 (IO 40)vieuad wiva

1-9t1 Lo1ra)
1-91 4ot01)

- HS QO
-0 (1O

JAIPAY il

10, ¥ 3aa® We i

?.?—u::: ¥ HS (IO rarayiadny
?.1......::: $0K (IOIN 101%iwiad v
KX rOf Feds gon dajraytedne
SK PO fF-0% QO S0P IAUAN Wwags
(o)TE2 W 7-HS ONn RPN U R LN
()T W OO CON LTUBIIPRS T RN
s\ pnf FIEE 1 ES S8 13N iaywayadre
SNOF 1 O OO OF. wie rurags
[ 6ot AN 12 LA,
[R2 SN SI-IN LR AL 5] 3N
»¥ N LR RN §13Y LR 2 110N
?,1..7:5: 910N AEREA2 £ 1118
.nvnsub::.m Sl1-NIN ERL 4 1118
[3U0X $I-NIIN LA 1 H 3

2-2727

MND-




SOTUNL DN INDF] AIMIVIULY D1IME Jo wiltsag g1 il

mm

1.

e
W J_Fg
el el
’
% ) ‘
. s | |
A
1% -
,
1Y -
Hi
:
’
.
:
.

TXIr -

COIIIIITS \

PP IP PP IPTRIS S

RO AT R




dofueysRa wayy sanjugury orweud o uliracr np At

1o
Moy
Assurntadg

— 1o - an._.oa
LY odwe
Aawagad Aaepuooag \_r \ 1 s apyyusy

A ZYeres

wll.l\l\l\ \ky r'e - -.-MW‘v. anavnshnnlbnsannd svsem

/
‘uy f_...“
/

()

é 4
@, %

OO E, \\\ S I I

ayjnq . fmraano ays
Mot Wit agny, /. .f._,vcd.uaw

—

1N

., Moy . dwm
Avewiid EALUT T RPE] Aepunag

WP e/E-00

W,w.w_;v_ﬁlmsl PRI




H
i

R T Lashlaliaalind
A *

ailoy is machine? - _pletely before further assembly. In the cast of
the carbon steel wu.: sheet, the primary surizce is weld-clad before
machining if an alloy tubing is used and afier machining if a bimetai
tube of carbon steel and stainless steel is used.

For the preclad tube sheet, a weld clad of 3/8-inch thickness is
deposited on the unmachined blank. The susface is machined, leaving
1/4-inch thickness of clad. The blank is then machined to final dimen-
sions. 7The tubes are inserted into the drilled holes cf the tube sheet
and are rolled in place, prodacing approximately 5% reduction in the
tube wall thickness. The tube is expanded about 1/4 inch beyond the
tube sheet. The tube ends are positioned either flush with the tube
sheet surface of 1/16 inch above the surface. The tube~-to-tube sheet
seal weld is produced by the TIG process with nio filler metal added.

For the post-clad tube sheet, the surface to be clad is machined
1/4 inch below the finish dimension to provide for the clad. The bimeial
tubes ave the outer layer of carbon steel machined away for approxi-
mately 1/2 inch at the ends. The ends are inserted intc thc holes in
the tube sheet znd are positioned so that the edge of the curuun steel
clad extends approximately 1/16 inch atove the tube sheet surface.

The tubes are rolled in place, with a 5% reduction in the tube wa:l
thickness. 7he tube is expanded 1/4 inch beyond the tube sheet. The
carbon steel clad is weld-joined to the tabc sheet by the metallic arc
process, using a carbon steel weld electrode. With copper chill plugs
inserted in the tube ends, a laver of stainless sieel is deposited around
each tube by the TIG process. The tube sheet surface is clad by the

metallic arc process and each successive iayer of clad is initiated by
first making a fillet weld around each tube. The total clad layer is
made 3/8 inch thick and is machined to provide a final thickness of
1/4 inch.

The primary shell components are fabricated from a 300 series
stainless steel and are generally assembled by making a TIG weld root
pass at zach joint and filling in by the metal arc process. A fillet weld
of Inconel joins the shell and the tube sheet clad, thus preventing the
carbon steel froin contacting the primary water. The {low baffle is
joined to the tube sheet and the shell with Inconel fillets. The end c2p
weld is the firal closure of the primary chamber. This butt weid is
made with stainless steel weld metal.

The secondary shell is constructel ~mtirely of carbon steel, except
in Vessels 1, 2 and 3, and is complete when ioined to the tube sheet.
The junction weld between these w0 compoLents is made by the metal
arc process with low allov steel filler metal. The units are not hea?
treated.




The completed miniature heat exchangers were pressure tested and
checked for leaks under water. The primary side was pressurized with
air to 2269 psi and the secondary side to 373 psi. The vessels were
cleaned with 19 oz/gal Oakite 20 and rinsed well, prior to installation
in the loop. They were recleaned after installation in the corrosion
loop.

3. Prelest Evaluation

The tubing, tube sheet, secondary shell, and weld wire are aralyzed
chemically to establish compliance with material specification. The
tubing is examined metallographically for reference in the post-test
evaiuation.

4. Posi-Test Evaluation

At the completion of the corrosion test, the heat exchangers are
sectioned for examination. The primary and secondary shells are re-
moved from the tube and tube sheet assembly by cutting thicugn each
close to the tube sheet surface. Care is taken here to prryent damzgze
to the tubes and the adhering corrosicn products. Photographs are tak. =
to record the general appearance of the units. Xiacrophotographs of
pertinent areas are also taken.

Corrosion products are scraped frem the tube surfaces and examined
by X-ray diffraction to determine the compesitica of the corrosion products.
Wet anslyses and emission spectroscopy analyses are run when necessary
to determine the major constituents of the corrosion prcducts. The tube
shect assembly is sectioned further for metallographic examination.
Thie loc2tions from which me:allographic specimerns and specimens for
visuzl checks are taken and the details to be examined are outlined below.

(1) Tube-to-tube sheet weld joints. Longitudinal sections of 2l
G6f the tube welds examined to observe:

{a) Heat affected zone of the primary tube sheet surface.
{b) Weid suriace--primary side.
{c) Heat affected zone of tube wall--primary surface.

{d) Hea: affected zone of tube wali--secondary surface, if
in contact with water.

Weld proper--determine soundness and generai weld
characteristics.
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Tube crevice surfaces are exposed by the removal of half-
tube sections to cbserve:

(a) Depth of penetration of secondary water into crevice.

(b} Preserce of cracks as determined by liguid penetrant
test.

{3) Longitudinal metallographic sections are made from eack of
the tube-to-tube sheet crevice areas, one-haif inch into the
crevice from the secondary surface to examine:

{a) The crevice surfaces.
(b} Surface of tube sheet adjacert to the hole.
{4) Tubes and tube bends. The following sections are taker {rom
each tube for metallezraphic examination and des. _minaticn
of the effects of the secondary environment.
(a) Straight portion of tube exposed to secondary water.
(b) S:raight portion oi tube exposed to vapor, where appiicable.

{c) Section of tube at pcint of maximum bending.

{3} Ceontact line between water and vapor--transverse to xater
line, where applicable.

{3} "Tube sheet peripherv--representative number of metallographic

specimens a2re taken at the secondary corner and at the shell-
to-tube sheet weld.

Transverse specimen at waler-to-vapor interface, where
applicable.

Machined OD of tube sheet near secondary surface.

Weid joining shell to peripnery of tube sheet--determine
weld soundness and general characteristics.

(d) Saurfaces adjacent 1n weld if in contact wi'n water.

Foliowing is an outline of the general heat exchanger sectioning
procedure:

(1) Remcve shells by sectioning close 20 tube sheet surfaces.




(2) Cat through tubes approximately i/4 inch above tube sheet
surface.

(3) Cut through tube sheet along holes; section through all holes.

(4) Transverse cuts through half-tube sections approximately
1/4 inch from weld to allew for removal of tubes te expose
crevice surfaces.

{3) Preparation of metalicgraphic specimens from specific areas
as detailed.

B. TESTS WITH AISI TYPE 2042 STAINLESS STEEL VESSELS,
(MIN !, 2and 3)

These three corrosion test vessels were constructed entirely of
Type 304 stainless steel with Type 308 filler metal for all w#elds. The
hairpin tubes were fabricaled from a single length of tubing ~itha 2/3-
inch OD and a 9.065~-inch wall. These vessels were testcd s:atically

1. Tests and Results

a. MIN1

MIN I, with a total secondary volume of 2. 85 liters, was chorged
with 0. 83 liter of water containing 992 ppm C1, 61 ppm PO s and

42 ppm dissolved oxyvgen. The resulting pH was 18.3. Fifty and a half
milliliters of air were added to the system. If all the oxygen in the sys-
tem were in the vapor space, its concentration would be 1.68%. How-
ever, according to Henry's Law, about 1.1 ppm O, was dissoived in the
water at the operating temperature of the secondary water, which was
194° C.

MIN 1 failed after 42 hours. Examination revealed large cracks in
the tubes which had been submerged in water. These cracks are clearly
visible to the unaided eve,as shown Iin Fig. 18. The cracks extended
througk the entire thickness of the tube wallas shown in Fig_ 12, The
cold worked conditior: of the tubing is shonr by the strain lines visible
in Fig. 19. All the cracks originated at the outside surface of the tubes.
AfIN 1 kad also developed st ess corrosion cracks around each hole of
the submerged portion of the tube sheet. The cracks appeared to
originate at the sharp edges of the drilied holes and projpagate in pianes
radial :0 the hole axis.

MXND-E-2727
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Fig. 19. Photomicrograph of MIN 1, Area "F" of Fis. !4 Tke
Full Tube Thickness Was Penetrated. The Narrow
End of the Crack Is at the ID Magn 100x
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Fig. 20. Closeup of Submerged Portion of Tube Sheet of MIN 3.
Note Cracks Radiztuing from Machined Holes
Magn 3x
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b. MIN 2

initially with 0. 83 liter of water containing 995 ppm C1, 58 ppm PO,

and 7.9 ppm dissolved oxygen. The resulting pR was 10.5. No addi-
tional oxygen was added to the system, but the vapor space was filled
to one atmosphere with argon. if all of the oxyvgen present were con-
sidered to be in the atmosphere, the concentration would be about 0.23%.
In this case, Henry's Law shows that less than 0.2 ppm O2 was dissolved

in the water at operating temperature. This system was cooled down and

recharged every 100 hours with fresh solution corresponding roughly to
the initial charge water. This miniature was in service 1890 heurs and
it did not fail.

At the conclusion of the test the secondary surfaces, excluding tube-
to-tube sheet crevice surfaces, was free of any measurable quantities
of foreign matter and showed only discoloration of the submezrged sur-
faces. The tube-to-tube sheet ioints with expanded tubing showed no
penetration by the environmental mediam. The joints which did not hav-~
expanded tubing were similar in appearance, above or below the wster
line, but there was some discoloration of mating surfaces.

c. MIN3

MiN 3, with a total secondary volume of 2. 85 liters, was charged

with 0.82 liter of water containing 108 ppm Cl, no phosphates and

7.9 ppm dissolved oxygen. The pH was adjusted to 11.5 with NaOH.
Nc additional oxygen was added to the system, dbut the vapor space was
brought to one atmosphere with argon. As in the case of MIN 2, the
calcnlated oxygen dissolved in the environmental water was less than

0.2 ppm at operating temperature. Under those conditions, MiIX 3
failed after 1085 hours.

Examination of MiN 3 showed that the tube-to-tube sheet crevices of
the unexpanded tube contained rather heavy deposits of salt. In addition,
the machined holes of the tube sheet: showed local pitting on the surfaces,
«hich ¥2s more extensive in the hole exposed to vapor. Cracks developed
in submerged portions of both tubes and tuve sheet, also in the unex-
panded tube and the tube sheet which formed the crevice exposed 0
vapor, where pitting had occerred. Large axial cracks were present
in the bent portivn of one tube. All the cracks in the tobe originated at
the outside surfaces, and some penetrated the entire wall thickness.
Cracking occurred also in the submerged portien of the tube sheet in
the area adjiacent to the tube Loles, as shoxn ia Fig. 20. A network of
very shallow stress corrosion cracks developed at the mating surfaces
of the tube and tube sheet near the weld of the steam phase unexpanded

tube-to-tube sheet joint. These cracks developed in the heat affecied
zones of the parent materials.




2. Analysis of Results

MIN 1 and MIN 2 provide an interesting contrast, i.e., thc only
difference in environmental! expesore was the difference between 2bout
1.1 ppm dissolved oxygen in the water of MIN 1 and 0.2 ppm dissolved
oxygen in the water of MIN 2. MIN i failed, but MIN 2 did not. The
absence of cracks in MIN 2 strongly suggests that a low concentration
of oxygen, even if periodically depleted and replenished, is tolerabtle.
Perhaps the presence of phosrhate combined with low oxvgen is re-
sponsible. The cracking in MIN 3 is attributed to the concentration
of chloride in the crevices. The absence of phosphate and the presence
of {rec alkali may be significant also. All of the cracking was trans-
granular. The incidence of cracking was greatest in the submerged
areas of the test vessels. The major danger area in contact with the
steam phase was the tube-to-tube sheet junction. Cracking was limited
1o the outside suriace of the tubing and the edges of the machined holes
in the tube sheet. Residual stresses produced in the tubes during manu-
facture were the primary source of siresses contributing to tube failures.
The failures of the tube sheets around the drilled holes can be attribated
to a Lighly stressed condition resulting from residual s'resses n i
stock and inteasification of these stresses because the achined Feles
act as stress raisers. No corrosion or cracking occurred in the ex-
panded tube-to-tube sheet junctions because there was no penetratics
by the envirozmental medium.

Since stress corrosion cracking occurred in the tubing, 2 cursory
analysis of the existing stresses in the tubes was made. Figure 21
snows three short lengths of tubing, the outer two of whick were cut
through one side with an abrasive cutting disk, while the center piece
<as cut oniy half way to show the width of the cat. The pieces which
were cut through sprang apart about 1/32 inch after cutting. It is evi-
dent that there were circamferential tensile stresses of considerable
magnitude in the tubing.

C. TESTS WITH CROLOY 16-1 VESSELS
(MIN 4, 5 AND 6)

The Croloy i6-1 tubing used in AfiN 4, 5 and 6§ was 8. 73 inch cut-
side diameter with an 0.065-inch wall thickness. The tube sheet was
made from Type 430 stainless steel bar stock. The material did not
meet chemical specifications due to the presence of 2.45% Mo. It
was found necessary to use this material, however, since it was the
only stock available in the reguired size at the time these units were
fabricated. Difficulties attributzbie to the appiication of this material
arose when the tube-to-tube sheet welds were made. A consisient
pattern of radial cracks occurred throughout ail of the seal welds.
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Fig. 21. Longitudinal Cuts in Tubing, lllustrating the
Magnitude of Stresses in the Tubing (3x Mag)
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The defective joints were repaired by machining cut the fused material
and rewelding with Inco-Weld A electrodes. The inert gas tungsten arc
process was used to make these repairs and the initial seal welds.
Helium leak checks of the repaired tube sheet assemblies discicsed no
leaks. The Type 304 stainless steel primary shell and the Type 438
stainless steel secondary shell were jcined to the tube sheet with Inco-
Weld A material.

1. Tests and Resuits

a. MIN 4

RIIN 4 was charged with C. 85 liter of water that contained 763 ppm
Cl and 31 ppm PO e The res: iting pH was 10.7. Air at atmospheric

pressure was the covergas. According to Henry's Law, the initial
concentration of oxygen dissolved in the water at ‘verating temperature,
381* F, was about 12 ppm. The vessel had performed satisfactorily

for 2031 hours when a decrease in pressure was noted. An unsuccess-
ful attempt was made to increase the pressure by decreasiny ine flow

of cooling water through the coil in the secondary system. With the
cooling water vaive opened slightly, pressure was maintained at 175 pss
for the next several days until the pressure dropped off to abcut 159 psi
at 2283 hours. The pressure finally dropped to about 125 psi at 2578
hours and the test was discontinued.

After the shell was removed, the tubes appeared as shown in Fig. 22.
The entire secondary was evenly coated with a dark, almost black, ad-
heren: deposit which was identilied as Fe.,03 by X-ray diffraction. A

heavy deposit of red rust appeared as a ring at the vapor-water inter-
face on all secondary surfaces. A metallographic section of a2 sub-
merged tube !aken about 174 inch from the tube sheet showed that the
scale was about 0.2 mil thick and was a uniform deposit. Some pits
were noted at this point, but they did not exceed 0.5 mil in depth. A
metaliographic section of the tube sheet from one of the crevisc arcas
adjacent 10 the tube-to-tube sheet weld of an unrolled tube showed a
icw very slight cracks (see Fig. 23}. These cracks weie at the edge
of the heat affected zone. It is possible that the molybdenum in the
tube sheet was responsible for the cracks.

An area of great concern and interest is the vapor-water interface
where the corres:on products were deposited. Examination of this
area shoxed pits up t0 about 10 miis in depth under the daposit.

The cause of the leak in MIN 3 was not found; oresumabiy, it was
in the vaper space of the secondary, because no crystallized NaCl
was visibic on the outside of the vessel below the waterline. No leaks
occurred between the primary and secondary.
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Fig. 23. MIN 4--Section of Tube Sheet at Crevice of 1'n.ciled
Tube, as Pclished. Note Cracks
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Fig. 24. Sectior Taken from Secondary Side Tube Exposed to Steam Phase--
Worst Cas= of Pitting Seen in MIN § or MIN 5



b. MIN 5

MIN 5 was charged with §. 83 liter of water containing 795 ppm Cl
at pH 10.5 adjusted with NaOH. Air at atmospheric pressure was the
covergas. As was the case with MIN 4, Henry's Law izdicated that
the dissoived oxyger at operating temperature was about 12 ppm. The
vessel performed satisfactorily for about 480 hours; then the pressure
started to decrease. An unsuccessful attempt was made to increase
pressure by decreasing the flow rate of the cooling water. Increased
primary flow had no effect.

The vessel was removed from test and pressurized with air to 150
psi under water. The leak was located in a secondary shell weld. The
weld in that area was ground out and rewelded. The vessel was re-
charged with water of the original composition and testing was resumed.
At 733 hours, the unit again lost pressure. The leak was located by
pressurizing hydrostatically to 500 psi. Again the leak was in a second-
ary weld. Repairs were made, the vessel recharged and again placed
in test. At 885 kours, the pressure again started to drop and continued
slowly until 1t reached 125 psi at 941 hours. The test was aiccontinues.

At the conclusion of the test, an attempt was made to sample the i
vapor space and the charge water. Ffiowever, it was found that caly a
few milliliters of the charge water remained.

When the secondary shell was removed no prominent ring of cor- l
rosion products was found as in MIN 4. Instead, the deposit was dis-
tributed over a large vertical area on the tube bends presumably be- l
cause of the fluctuating vapor-water interface level caused by the three

Bmme =
-:.A}.-\.

The interior of the secondary shell presented much the same ap-
pearance as MIX 4. The dark adherent deposit consisted of 1“1320.‘l

as before. Again, the layer of corrosion products was very thin
{about 0.2 mil). Figure 24 is a cross section from the outer circum-
ference of one of the tubes at the interface. The area was the worst
of either MIN 4, MIN 5 or MIN 6, so far as pitting was conccrned.
The approximate depth of the pits is 10 mils.

Ale:allographic sections were inade of the lubv-to-tube sheet area
adjacen! to the seal weld in all the tutes. An interesting result was
discovered. The heat afiected zone of the tube sheet of the unroiied
tube xas cxtensively cracked. A series of polishings o1 one of the
specimens, each polishing removing about 1/84 inck, showed tha?t the
cracking was rather extensive. The explanation of these cracks can
probably be iraced to the molybdenum in the tubc sheet composition.
As was found in the case of MIN $, the secondary environment pene-

- e

S

trated the anrolled tube-to-tube sheet crevice, but was excliuded from 2
the rolled tube. The leak, presumably in the secondary shell, was
a0t found.
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c. MING6

MIN 6 was charged with 0. 98 liter of water that contained 403 ppm
Ci. The pH, unadjusted, was §.5. The pressure of the secondary
vapor space was reduced to 14.2 inches of mercury and sealed. The
resulting partial pressure of oxygen caused about 6 ppm 02 to be dis-

solved initially in the water at the operating temperature. The vessel
performed satisfactorily over its test life of 2767 hours.

When MIN 6 was examined after the tests, it was found that the sub-
merged tubes were evenly coated with a dark, almost black, oxide. The
vapor phase tubes were coated with an oxide from various degrees of
iridescence (almost no oxide film) to very dark where condensed water
dripped onto the exposed tubes. There was no prominent interface.
There were a few small isolated areas of red iron rust on the submerged
takes. X-ray difiraction analysis showed thai magnetic iron oxide,
Fe30 4e Was the only prominently discernible pattern. It is interesting

to note that the dominant iron oxide structure was Fe,O,, whereas in

MIN 4 and MIN 5, the dominant structure was Fe203. MIN 5 had a
more limited supply of oxygen initially. Both MIN 4 and MIN 5 had
more oxygen initiall>~ and had leaks. During the period when pressur=
could not be maintained on these vessels, a power outage and a pri-
mary loop heater failure interrupted the tests. This provided amgle
opportunity for oxygen to be drawn into the secondary as the vessels
cooled. In addition to this, MIN 5 was charged three times during its
test life, and each time the oxygen was replenished. Therefere, it is
indicated that the initial low oxygen concentration made the iest on
MIN 6 appear {avorable. No cracks were found in this test vessel.

2. Anaiysis of Results

The performance of the Croloy 16-1 tubes was encouraging in that
none of the tubes cracked. Although it was impossible to maintain

faul: lay with the sheii clusure welds, not the tubes. Initially, the tube-
to-lube sheet seal welds leaked due to cracks which were repaired prior
to testing. On the basis of the test of these miniature vessels with static
secondary systems, the Croloy 16-1 tubes performed satisfactorily.

ment of oxygen, is indicated by the formation of Fe30 3 in MIN 6, the

oniv Croioy i6-: miniature which did not leak. As expecied, ihe worst
corrosion, i.e., the deepes! pits, occurred at the vapor-to-water
interface.
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D. TEST WITH BIMETAL VESSEL (MIN 7)

The bimetal tubing, 0.750-inch QD by 0.065-inch wall, used in this
test vessel had a clad of 1000 series carbon steel over a Type 304
stainless steel liner. The tube sheet was machined from a 4-1/2-inch
OD bar of annealed SAE 102G carbon steel. It had provisions for the
deposition of a stainless steel weld on the primary face and adjacent
periphery. The surfaces to be clad were undercut 1/4 inch. The over-
lay was deposited to a thickness in excess of the finished dimensions
to allow for final machining. The clad surfaces were machined and
the tube entrance holes were drilled and reamed to size, 0.0035 inch
over the tube OD. The holes were counterbored on the clad side to
a depth sufficient to remove the stainless steel overlay. The counter-
bore was 1-1/8 inch in diameter. This provided a 3/16-inch ferritic
steel land around the tubes. The bimetal tubes were bent, machined
to length and inserted in the tube sheet. The squared enas of the tubes
ware positioned to project 1/16 inch above the bottoms cf the couxnter-
bored surfaces and were roller expanded into the tube shew:,

pomar ¢

placed that only the outer ferritic layer of the tube was penetrated.
The remaining counterbore volume was filled in with Type 308 stain-
less steel weld metal. The Inconcl was thus overlaid with stainless
steei and a junction made tetween the stainless steel layer of the tube
and the primary surface clad. The excess buildup in the tube was
rermoved by reaming. After the containment shells were joinegd to tae
tube sheet by peripheral welds, the unit was inspected with dye pene-
trait and Statically tested with 2260 psi on the primary circuit and
375 psi on the secondary.

l
i
!
The tubes were joined to the tube sheet with an Inconeil weid so }
i
|

1. Tests ard Results

MIN 7 was charged with water containing 1000 ppm C1 and 30 ppm
PO 4 at pH 10.5 with 1.6% 02 in the vapor space, initially. It was

1

tested 2256 hours with an interim dswn time of 138 days. The secondé-
ary system was untouched during this entire period. At the end of the ! ’
test period, all the oxygen was depleted from the seccndary environ-

ment. All indications wore thai the bimetai miniaturc test could have
continued indefinitels.

awmt

The secornuaary surfaces were coated with a dense, adherest dark
film simiiar to that found in all the other test units. X-ray examina-

tion £howed the film to be composed of alpha- F9203-and Fe30_;. |

rigure 25 shows the tubes witl; ihe corrosion preducts as removed
from the shell. Examination of the secondary tube and tube sheet sur-
faces revealed no evidence of cracks, as expected.
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Micro examination of the tubing revealed numercus irregularities
in one of the two tubes. The siainiess steel was approximately 14 of
the tube wall thickness instead of the usuai 1/2 value. It was highly
sensitized along the cxtire tube length, and cracks were present which
compietely penetrated the Type 304 stainless steel liner, following
intergranuiar paths as shown in Fio. 26. An unususily broad zone of
heavy carbide corceniratien can b. seen in the stainiess steel at the
carpon steel interface. Both the carbon and stainless steel contained
unusually high percentages of carbon The high carbon content of the
stainless steel can be attributed to the diffusion of carbon from the
ferritic steel during tube fabrication. The intergranular cracks are
assumed to have developed during fabrication of the tubing as a resuit
cf the high carbon content. The cracks could not have resulted {rom
corrosive attack since general grain boundary attack did not occur and
the cracks are relatively uniform in width throughout their lengths.
Additional material ia the "as received™ condition was not available
for checking to determine if the cracks existed in the tubes before
test.

2. Anailvsis of Results

The feasibility of using a lo# carbon clad in the secondary sysiem,
where only limited amounts of oxygen are present, was skown to be
favorable. The known guantity of oxygen initially presen: was quickiy
used, after which no corrosion occurred. The key to a successful
application is the elimination of oxygen.

E. TESTS WITH INCONEL VESSELS
(MIXN 8, 9, 10 AXD 11)

The Inconel tubing used in these units was 3f4-inch outside diameter
witk an 0.070-inch wall thickness. The butt and fiilet welds between
the Inconel tube sheet snd the Type 302 siainless steel primary were
made with Inco-Weid A rod. I MIN 8 and 9, the secondary sheil and
tube sheet were both of Inconel arnd were joined with Inco-Weld A rod.
These txo vessels were tested with static secondaries. The secondary
system in MINX 10 and 11 was dynamic; 2n! ths madified design, shown
in Fig. 17, was used for these vessels. MiX 12 and ii were fabricated
with 2iS1 1830 carbon steel secondary shell joined to the Inconel tude
sheet with inco-Weid A rod.

MRD-E-2727




Fig. zo. Inlergranular Cracking in Type 304 SS
Clad of Bimetal Tube Contzining Numerocus
Irregularities (MIN 7) Magn 250x




1. Tests and Resulis

a. MIN S8

MiN 8 was charged witk: 8. 77 liter of water that contained 1022 op-.
chloride as C! 2t pH 8. 2 adjusted with triscdium phosphate, Air at
atmospheric pressure was the covergas. The oxygen initially dissolved
in the water a: operating temperature was about 12 ppm. The vesse!
periormed satisfactarily over its test life of 5296 hours. At the con-
ciusion of the test, 0. 77 liter of the charge water was recovered. The
vapor space oxygen measured about 20% by volume. The pH was 8.
Some crystallization of NaCl occurred at the interface and in the crev-
ices of the unrolled :ubes and thus lowered slightly the concentraticn of
dissolved Ci.

The submerged tubes of MIN 8 were evenly coated with a very :hin
iridescert oxide {iim, as shown in Fig. 27. The tubing exposed to va-
por had an oxide {iim thickness which varied from virtually none through
various shades of iridescence t5 a heavier biue coloration where con-
donsed water dripped ontc the exposed tubes. There war - hmited
deposit of corrosion products at the interface. The ov2: il appearztes
was excellent. As usual, the crevices between the tube and tube shee-
of the unrolled tubes were partly {illed with environmental selide | jlaw
ever, no deleiericus eifect was noted. There was not erough corrosion
procuct to determine a thickress. Despiie the fact ihail Lonsidsrasie
oxygen remained after the test {atout 22% volume), very little corrosicn
otcurred.

b, MIxX ©

MiN @ was charged with 0.85 liter of water that contzined 997 ppm
chleride as Cl. The pH was 2djusted to 8.3 with NaOH. Air at atmoes-
pheric pressure was the covergas. The initial concentration of oxygen
in the water at operating temperature was about 12 ppm. The vessel
performed satisfactorily over its test life of 2631 hours. At the con-
clusion of the test, 0.83 liter of the charge water was recovzred. The
vapor space oxygen measured avout 16% by volume.

The visual appearance of MIN @ contrasted sharply with the appear-
ance of MIN 8. Figure 28 shows the unit with the secondary shell re-
moved. The pale vellox-green fiim on the submerged portion of the
tubes was less than 0. ! mi’ in thickness. X-ray diffraction identified
1wo domiuan? structures in the film from the submerges tubes--z dis-
toried NiO- H,O siructure with iraces of Fe,0;. The 2ortions of the

ttbes exposes to vapor had very little corresion film excep: at th

point whore water, condensed by the cooling coil, dripped vnto the
wubres. Scme areas of the tubes showed bright metal. A mctallograpnic
cross section of the submerged tube, afier cieaning, shozed somre
isolated areas of slight pitting in the range of 1 10 2 mils in depth.
Euvironmental solids xere again found in the crevices of the unrolled
“udbe.
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The general appearance of MIN S was very gcod. There was very
little corrosior product in the secondary, neither on the tubes nor the
Inconel secondary shell. The interior of the secondary shell exposed
to vapor remained especially bright and lustrous.

The mechanism for the formation of the film is problematical.
Presvmably, the caustic was responsible. It is notable that no similar
film occurred i MIN 8, where the pH was adjusted to the same level
with trisodium pnosphate_ It is also interesting to note that, aithough
ample cxygern remained at the conclusion of the test (at least 16% by
volume?, little corrosion occurred.

c. MiIN 10

The secondary environment of MIN 10 contained 1050 ppm C1 and
the pH was maintained at 10 with sodium hydroxide. There was no
chemical treatment 16 remove oxygen but the secondary riake-up
tank was ma2intained at 180° F to expel dissolved gases. This main-
tained the oxygen concentration at somewhat less than 0.5 con:. Since
very impure coaditions were used for the test environmer®, > wate-
was used for make-up. Three other miniature heat exchangers, MIN i1
i5 and 15, were teci=d along with MIN 10; and some difficully was en-
countered in maintaining the specified water ceonditions. Chloride
fluctration was primarily caused by ineffective removal by the steam
separators of entrained dropiets which contained dissolved solids from
the steam. This resulted in carry-cver of the chemicals to the common
storage tank. Since all the test vessels cid not have the same steaming
rate, there was some interchange of environmental solids. MIN 10 was
tected 30143 honrs without fajlure.

Figure 29 shows the tubes before they were cleaned. The tubes
were covered with a rather loosely adherent boiler scale. Samples of
the deposit on the tubes were remcved from boti: the water and vapor
phases. R-ray diffraction shcwed that CaSOi was the major constit-

uent and CaC03 was the minor constituent in the deposit from: both

the vapor and liquid phases. Baltimore City tap water was used for
make-up water because an objeclive of the tests was to further in-
vestigale the possibility of using untreated ground water in the sec-
ondary system of steam generators for plants at remote sites. The
use of tap water accounts for the heavy boiler scale. The pale yellow-
green film which appeared on the submerged portions of the tubes in
MIN 9 did rnot appear in MIN 10, although both had the smme chemical
environment. As expected, the environmen! penetrated the crevice
focrmed by the unexpanded tnhe and the tube sheet. However, metailo-
graphic sertions of both the tubes and the tube sheet adjacent to the
areas of penetration showed no detrimental effects.
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Examination of the tubing after cleaning revealed some attack of
the secondary surface. Some incipient attack and a few shallow iso-
lated pits--the dcepest was three mils--were found. The attack was
siightiy more prevalent on the surface that was exposed to vapor thar
on the surface exposed to liquid. The extent of pitting suggested pos-
sible ferrite contamination of the txhing after fabrication was com-
pleted, because of the carbon steel shell.

The exceptional resistance f Inconel to corrosive attack under
severe environmental exposure is obvious. The Inconel tubing in tkis
test vessel, after more than 3060 hours in a hot solutior containing
Ligh chloride, some oxygen and numerous other dissolved materiais,
suffered only minor attack. The tubing suffered very little general
corrosion,

d. MIN 11

The secondary eavironment of MIN 11 contained 1090 opm Cl and the
pH was maintained at 10 with 2 solution containing 33% Na.‘!’()‘ and

67% Na,HPOi. There was no chemical treatment to remove oxygen

but the secondary make-up tark was maintained at 180° F to expel dis-
solved gases. This maintained the oxygen concentration at somewha!

less than 0.5 ppm. Other conditions were the same as those used for
MIN 10.

MIN 11 was tested 3024 hours without failure. Figure 30 shows
the appearance of thie tubes after the test. X-ray diffraction analysis
showed that CaSO‘ was the major constituent and CaCO3 was the minor

constituent of the {ilm that was formed on the tubes in both the vapor
and the liquid phases. Although the tubes exposed to vapor were covered
with boiler scale, there were some isolated areas which showed bright
metai. The tube surfaces were bright and lustrous after cleaning.

The tube with the expanded joints showed nc environment»! pene-
traticn in either phase, but the envircnment penetrated the unexpanded
tube joinis. The tests with MIN 10 and MIN 11 were indistinguishable
in results with respect 1o thc minor environmental diffcrence of pH
adjustment. There was isolated incipient attack with a few shailow
Fits. up to about 3 mils deep, in MIN 11,

2. Anaivsis of Results

The performance of the inconel tubes in ali the vessels was very
good. It :s far superior to any material tested previously. The se-
vere conditicas under which ai! the test vessels were cperated had
little effect on Incornel.
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F. TESTS WITH MONEL VESSELS {MIN 13 AND 14}

The Monel heat exchanger tubes were fabricated fror. the same
heat of material that was used in the Afonel autoclave test coupons.
The tube sheet bodv was 1020 carbona steel w.th nickel overlay on the
primary side. The secondary skell was 1035 carbon steel. These
vesseis had dynamic secondarv systems. Deionized water was used
for make-up.

1. Tests and Test Resalts

a. MIN13

The secondary environment in MIN 13 contained 1000 ppm Cl and
the pH was adjusted to 10 with a solution contzining 67% disodium
phosphate and 33% trisodium phosphate. MIN 13 was tested for 1393
hours. The appearance of the tubes before cleaning is shown in Fig.
31. The secondary surfaces, excluding the tube sheet crevicz sur-
faces, were free of any measurable quantities of foreign malter and
showed only a very thin film of gray discoloration on both vapor and
liquid surfaces. X-ray diffraction identified Feso‘ as the major con-

sStituent in the deposit found on the tubes in both iiquid and vapor phascs.
The film of corrosion products found on the tubes in the liquid phase
was slightly darker tharn the film in the vapor phase. All the tube-to-
tube sheet joints were expanded in MIN 13, thus excluding the environ-
ment. Pits were found on the secondary surfaces which ranged in

depth 0 about 2 mils. Figure 32 shows a typical area of attack in the
v=por and liguid phases.

b. MIN 14

MIN 14 contained secondary water of rcactor quality--0.5 ppm C1
maximum, pH 10 with a trisodium phosphate solution free of “excess
kydroxide' according to the Whirl-Purcell {Ref. 5) curve, 10 ppm
503 and 200 ppm maximum total solids. On occasion, there was some

minor carry-over of chloride into 21IN 14, which necessitated flushing
with demineraiized waier until the chloride concentration was within
specification.

MIN 13 was tested for 1412 hours. The film on the submerged
tubes was shghtly darker than the tubes exposed to vapor, Figure 33
shows the tubes after the secondary shell was removed. In MIN 14,
all! tube-t6-tube sheet joints were expanded and there was no pene-
tration of any of the joints. The resuits, so far as pitting was con-
cerned. nearly duplicated the results of MIN 13, with one difference.
The extent of pitting and incipient attack was somewhat less. How-
ever, the difference in the number of areas attacked did not reflect the
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diffarence in test environment, at least with respect to dissclved
chioride. The secondary environment of MIN 13 contained 10G0 ppm
Cl, while the environment of MIN 14 was virtually chloride free;
therefore, pitting may be independent of the presence of chloride.

2. Analysis of Results

Alonel showed good resistance to general corrosion. However,
the Monel tubing showed considerably more incipient attack and pits
than were found on the Inconei tubes. The ratio of pits to areas <f
incipient attack was greater aiso than that found on the Inconel.

G. TESTS WITH BIMETAL (MiIN 15 AND is)

The two bimetal heat exchangers were constructed identically.
Each had a carbon steel 1030 tube sheet with Type 308 stainless steel
cverlay and a 1030 carbon steel secondary shell. Type 3083 {iller
metal was used for all welds. The primary side of the hairsin tubes
was AISI Type 304 stainiess steel, 0.032 inch thick, 222 il.c sacondary
side was 1020 carbon steel 0.632 inch thick. These vessels were
tested dvnamically along with MIN 10 and 11. Tap water was used
for make-up.

The tests with MIN 15 and 16 were intended to define the extent
of galvanic protection in the bimetal system. MIN i was intentionallsy
defected by filing away the iow carbon steel facing the secondary en-
vironment to expose the stainless steel. Defects of two sizes, 1/8 inch
by 1/8 inck and 1/8 inch by 3/4 inch were machined on the tudizz ex-
posed to the vapor phase, the liguid pghase and at tiwe vapor liguid in-
terface.

1. Tests and Results

a. MIN i35

The water coniditions for MIN 15 were 800 ppm Cl and pH adiusted
to 10 with a solution containing 33% Na3PO . and 57% Na,,HPO_,'.

MIN 15 was tested for 3012 hours. The tubes were heaviiy coated
with corrosion producis ard scale, as shown in Fig. 34. X-ray dif-
fraction identified the major constituent on the submerged tubes to be
CaCO3 and the mincr constituent to be Fe304 with a truice of C:xSx)4-
The major constituent of the deposit in the vapor phase was found to
be I-‘e30‘ with traces of CaCO3 and CaSOr Aii the tybes were ex-

panded into the tube sheet. There was nc pene