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LEGAL NOTICE

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

A. Makes any warranty or representation, expressed or implied,
wi-th respect to the accuracy, completeness, or usefulness of the In-
formation contained In this report, or that the use of any Ufformation.
apparatus. method. or process disclosed in this report may noti-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus, method,
or process disclosed in this report.

As used in the above, ')person acting on behalf of &.e CommistI~on"
incl-its any employee or contractor of the Cozm-Iselon, or einpizvee1
-of F_ zontractor. to the extent that such employee or c-ontractor of

the Commission, or employee of such contractor prepares. disseminates.
or provides access to, an~y DInormation pursuant to his employvme-nt or
contract with the Commission. or his employment with such contractor.
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FOREWORDI
This repcrt was prepared by the Nuclear Division oi On.- Martin

Company for submission to the Nuclear Power Field O',ice, Enginc-
SResearch and Development Laboratories, U. S. Army Corps of E.I-. -

neers.

j The report was prepared under Contract DA-44-009-ENG-3581 and
summarizes the results of the ANPP Corrosion Program.
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I SUMM1ARY

This report summarizes the results of four years -f corrosion

testing performed by the Nuclear D~ivision of the Martif Company for
the U. S. Army Corps of Engineers. under the ANPP Corrosion Pro-
gram. The cb;jectives of the program were to investigate the suit-I 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 andI dynamic loop tests were performed.

The results of these tests have X.hoiui concluively that incoue! is
superior to all other materials tested :; simulated nuclear service.

iI

A wide range of envirornments from high purity water to water contain-
ing high chloride concentrations was used. The criteria of comparison
were: resistance to general corrosion, pitting corrosicn, crevice- cor-

Tosion and susceptibility to stress corrosion cracking.

AISI Type 304 austenitic stainless steel, AiSI T orYpe 4 rosio
Sgstainless steel, Incnel. Morel and nickel were tested in tilting auto-

claves. Test exposures varied consrderabtyh as did environmental
composition th e perforne f04 sthdese ste! criacked seticer 4.a 12 a -
hour tests. The Type 430 stainless steel pitted badly In 120-hour tests.IIconel suffered very slight incipient attack ?ater 2000 hoursI exposureto a severe environment. Both monel and nickel pitted somewhat after

2000 hoursn * exposure to a severe enorronment.

Miniat"Ire heat exchangers tubed with AISiItipe 304 stainless steel.
Crco.ay 16-1, bimetal with low-carbon steel facing the secondary, 1In-
cones, Monel and nickel were tested for varying times in a wide range
of environments. Two of the three Type 304 -?Finless steel heat ex-
changers cracked and failed within is Short time--ene after only 42
hours" exposure. Two of the three Croloy 6-i vessels failed and

oall hree suffered rather severe pitting. None of the three bimetal
miniature vessels with low carbone steel on the becondary side failed.

onut a] showed varying degrees of pitting and gross loss of surface
*metal. The four frconel vessels sBnffered notieng more than superficial
attack, even aftr-r long exposures to ervironments containing high con-
centrations of dissolved chlcride. Trhe two Alonel vessels and thle two
nickel vessels -were pitted to varying dt-grees.

Model configuration heat exchangers tuubd with ALS T•ype 304 stain-
less steel, Croloy 6-1. binetal wt ih low carbon steel facing the sec -I endarv. and Inconel w-ert- tested ~.drconditlonsý comparable to the
-niniature vessels. The model vessels were tested in sets consisting
of one steam generator and onth e sup"rheatr in 3 e cries. The supe. he at -
er of the Typ- 304 stainless steel set fatlet-d after aot 2000 hour--,-

Shours•exposue. "I~r of t -the Coo- ,-2e.s7sfied 7

all .hre suferd :athe- sver piting Non ofthethre bieta



SI nil

The secone =7- environment In the steam generator contained about 50
ppm chloride. The two sets of bimetal model heat exchangers suffered
varying degrees of corrosion in proportio . to their conditions of ex-
posure. The set with Crlloy' 16-1 tubes, particularly Une superheater. i
pitted severely. The Inconel test vessels (two sets) were a-tzcked only
superficially. No Monel or nickel model heat exchangers were tested
in this phase of the program. -

N D 71
!

Ii

I . . •|1 n u n ii I ni i i i u i i i i i1



I LNTRODUCTION

I 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
plants, the primary water coolant transfers heat from the reactor core
to the secondary system via the steam generator. It1us, the steam
generator tubing is exposed to the high purity•. thor, gh 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
performance materials for steam generator fabrication. The ANPP
Corrosion Program was implemented to investigate experimentally

I this area of plant design and development.

The objectives of the ANPP Corrosion Program are to determine
the applicability of various metals for use in heat exchangers and to
investigate the type and extent of corrosion in specified e- .- owmen:t.
Specifically, this includes:

I (1) The determination of the effects of secondary water ccndition-
or. c We usin.-g var.-" -n.-. aturia--.

The •ost severe single water condition is limited to 100O)
ppm chloride with air-saturated water and air as a cover gas.

(2) The examination of the techniques used in tcst heat exchanger
I ffabrication.

(3) 37he recommendation of materials and service conditions for
operating heat exchangers.

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

1 (1) A broad range of water conditions for a particular material
is investigated in rocking autoclave tests. A more definitive
*range of water conditions is then selected on the basis of

I autoclave test results, e.g., satisfactory and unsatisfactory.

(2) MiLniature heat eyrchangers (.IN-X), of the general configura-
IDn shown Ln Fig. 7 , are tested to verify the autocldve rte-
suits. On this basis, further narrowing of t.- range of water
conditions is obtained.

1 (3) Specific water conditions, based on the resul-s of Steps (1)
and (2) are then selected for use in the testing of model heat
exchangers (Mod SG-X or SH-X) of the general configuration
show-n Ln Fig. 33.

IMND-F-?227



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 a certain amount of dynamic cycling in that the secondary
water was continuously steam,::! and condensed by an integral cooling
coil (see Fig. 16). However, there was no replenishment of the con-
stituents of the secondary envL-onment. Miniature Heat Exchangers I
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 Miniature
Heat Exchangers 10 through 19 (excepting MXN 12 and 17 which were 1
not used) were tested in this manner

The design of the model heat exchangers underwent only minor
changes, which will be noted later in the report. The primary flow 1
system for the model heat exchangers underwent only ve,-y slight mod-
ification during the period of tests. The secondary flow system was
modified to a considerable degree. Initially, one feed :asn.p and onr: e
make-up tank served both sets of test vessels, as did the i-=densat,
return line. This, naturally, resulted in some intermixii* of envi-
ronmenis with attendant difficulties in maintaining the required con-
ditions in the two steam generators. Two sets of model vessels cCt-d
be tested simultaneously. The difficulties 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 X--1, SX-2, SX-5 and SX-6 were tested under these circum-
stances. Subsequently, the secondary flow systems were modified so |
th.at each was separated completely from the other. There was no op-
portunitv for cross contamination, as in previous tests. The model
heat exchangers designated SX-4 and &X-7 were tested under these
circumstances.

Generally. the secondar- environments of the test vessels were
verv severe, so that differences between the metal- tested would be
aoparent within a reasonable test time.

This report is in'tended to suinmarize the overall program and to !
review :he conclusions and recommendations which have been dra'wn
from 'he test resuihs. Topical reports should be consulted for more
dct.L4 concerning any particular phase of the work. Autoclave tests j
are described in Refs. 1. 2, 5 and 8. Loop t!=ts are deecr!bed in
Refs. 3. 4, 6 and 10. Methods a-nd procedures employed in the pro-
gram, as well as a de:ailed descript.ion of the facilities, are given in
Ref. 7.

K
I
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1 11. AUTOCLAVE DESCRIPTION AND TECHMNQUES

As mentioned previously. investigation of a mnaterial begins with
autoclave tests, w~here 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.

I A. PHYSICAL DESCRIPTION

Three AISI Type 304 stainless steel tilting autoclaves were used in
the ANPP Corrosion Program. The internal dimenzions are 2-1/16
inches by 32 inches in depth. The wall thickness is 1-118 inches. -1ll
three of the autoclaves were hydrostatically tested cold at 18,000 psi.
The electrical heating jackets are wired in two sections. top and bot-I tom. and are individually controllable. Each autoclave iz; provided
with a rupture disc for safety. The rocker mechanisn1 ., ai t: driver c.,
air motors. An electrical timer actuates the rocker mechanism trt:
a solenoid valve in the air line. Rocking cof the autoclave occurs for
o.ne .o-m-inute period y -xo hrs.They move through ::n aC of
85 degrees, starting at 35 degrees from the vertica!, about 18 times
per minute. Figure I is a photograph of the autoclaves.

B. AUTOCLAVE SETUP

Prior to all 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. Finally, the

artoclaves are rinsed with demineralized water of one milli:o-n ohm-
centimeter resist ivity.

I Several methods for setting up the autoclaves are used, depending
upon the desired composition of the atmosphere. The simplest method
is to blace the desired liquid environment into the autoclave. iihsert
the test device and seal the autoclave with its entrapped air. The vol-

-' ~"d se s hsen SO ht " !'Drrt " n th

autoclave will be half filler; witir, liquid. An appropriate allowance is
made for the displacement of the test device. The environmenzal water,
in all cases. had been previously adjusted to the proper concenstration
of dissolved constituents and adjusted to the desired pH.

ThIf law environmental o evss concenrations are required, !he pro-
cedure is modified. The test device and environmental water are
placed in the autoclave, which is then sealed. The autos!ave is etlvc-
uatede by a high pressure hyne to a predetermined pressure level,
maintained at that pressure for about hall an heour and then scaled.

iwe iue iue1i htgaho h uolvs
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i If it is desired that a single gas (for example, oxygen) be presentin the environm.rntal vapor space, the following procedure is used. The
autoclave is evacua*,.d to 50 microns. The desired amount of freshlyboiled o:- oxygen-saturated liquid environment is drawnt into the auto-clave. Finally, the autoclave is backfilled to the desired oxygen pres-
sure and sealed.

The concentration of dissolved oxygen in the water will have been
established with stationary autoclaves where specific setup procedureswere followed. A sampling tube, which extends to the bottom of the
autoclave, permits sampling the autoclave water during operation.Sampling is done in an evac-at'd stainless steel McLean tube. Watersamples and, in some cases, vapor samples are taken before and after
each test.

I
I
I
I
I
I
I
I
I

I
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I.1. AUTOCLAVE TESTS AND RESULTS

The materials tested in autoclaves were AISI Type 304 stainless
steel. AISI Type 430 stain-less steel. i-conel, Mone! and nickel.* The
type specimens used for the first three metals were U-bend. Beam
specimens were used in the last series of tests. The purpose of the
autoclave tests was to provide a rough screening of the materials
which were to be tested and to aid in specifying test parameters for

I subsequent static and dynamic tests.

I A. TESTS WITH AISI TYPE 304 STAINLESS STEEL

1. Sample Preparation

The specimens were fabricated from a sheet of 1/8-inch thielc
Type 304 stainless steel. which was obtained in the mill aranczy .ed. as-
rolled condition for this purpose. The sheet was sheared :nto I-inch
by 6-inch specimens. The specimens were annealed at 11 50W C for
15 m•inutes in a hydrogen atmosphere. The short exposure prevented

, -------- s,-- ,.r-h. -es were.,.s .....

a I-inch diameter rod which was pressed into an appropriately sized
die. The open legs were left about 1-3/8 inches apart. They were
closed to an approximately I-inch separation immediately.' before test-
ing by drawing the legs together with a Type 304 stainless steel bolt.
All the specimens were inspected visum..!ly and with radiographv afterIr
forming, and no.e showed an-. evidence of cracks.

2. Sample Holders

Three sample holders were fabricated from Type 304 stainless •i•.l'
rod. Type 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. Onse 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 Ty-/pe 304 stainless
steel rod cut to the inside length of the aut;,ciave. Tine specimens
co:tcta.ed onlhy the1 Teflloi during 0h• te:it and were, therefore. insulated
from the autoclave. Figure 2 is a photograph of the s-ample holder wit i
specimens attached.

S*AMaterial compositions are summarized in Appendix A.

11"7 -0 -2 -42-7
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3. Environmental Controls

The controlled conditions and constituents were: chloride concen-
tration, phosphate 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 concentraticon of the3 phosphate ranged from near zero to over 400 ppm, and chloride con-
centration varied from near zero to slightly 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 oxygrcs
dissolved in the water amounted to perhaps 15 or 20 ppm. The con-

'-enraton o e~gen ... ~...-. :cp~-at.ures var~c% .i%_uiJJ
Pa

ing to Henry's Law, K = . where K for oxygen at 4000 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. Therefore. with
5% oxygen in the atmosphere, 3.5 ppm will be dissolved -n !'tl.watcr.
The relationship expressed by Henry's Law is true only wh,-5, the corn
ponents are intimately mixed, which is not the case in an autoclaveI izsed in these tests. Therefore. the results shown represent maxiin-m
possible oxygen concentrations; the actual concentrations are some-
what less. The autnt'lave atmosrphre .was tested for oxygen 3fter e-c--
test in an effort to confirm the designated starting concentration.

Temperature was controlled at 195 ± 100 C. This seemingly large
variation was due to intentional temperature difference beiween the
steam and water phases. The maximum variation occurred inimred-
.ately following each rocking ,ycle when the water was exposed to high
vapor space temperature.

4. Stress Level Calculations

The AISI Type 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,
associated wi-h the amount of plastic_ elongation at that point. It was
calculated that the outer fibers were elongated I 1% during bending.
Immediately prior to the corrosion test. the- legs of the specimeas
were drawn together to re-estaolish the stresses that were developed
during bending. Thus. the outer fibers were stressed to the yield
point of the material, which had been elongated 1 IS. TIh,- high inci-
dence of cracking indicates that the required stress threshold was

I surpassed.

I
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5. Results

Typical results of some Type 304 stainless steel samples are shown
in Table 1. -Of the 36 specimens tested (18 in each phase) 13 cracke-:.
All but two of these were in the vapor phase. Figure 3 is a typical
photomicrograph of one of the specimens that cracked.

B. TESTS WITH AISI TYPE 430 STAINLESS STEEL

i. Sample Preparation and Treatment

-1 slab of 1!8-inch thick T-y-pe 430 stainless steei sheet was obtained
in the mill-annealed, as-rolled condition to be used for sample material.
The sheet was sheared into I-inch x 6-inch specimens. The specimens
were then annealed. U-bends were cold formed from the flat pieces by
bending them around a I -inch diameter rod in a lubricated die. The
open legs were left 1-3/8 inch apart. The legs were compressed to 1
approximately 1-inch separation, immediately before t-.':iiug. wit'- a
Teflon insulated bolt. Visual inspection and radiogrerh, •d not rr:feAl
any cracks in the samples after forming. j

The samples were cleaned in 20% HNOO3 -2% HF at 1200 F to remove

..he t*hin oxide film, exposed to 5% oxalic acid, then electropolished by j
the glycolic acid method. All samples were passivated in 25% HNO 3

at 1200 F. rinsed, dried and weighed. Immediately prior to exposure
in the autoclave, the samples were activated by a one-minute dip in I
5013 HCI and rinsed. Post test cleaning consisted of a treatment in10-- NaOH-5% KMnO4 at 200* 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 inadcqua:e,
the piece:. were cathodically treated in 10% H2SO4 to remove the last

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

2. Sample Holders

The sample holders described in Section 111-A-2 were used.

3. Envi--enmental Controls

The variables of greatest interest were: pH: the concentration of
phosphates, chlorides and oxygen; and temperature, with its dependent j
pressure. O:her variaIps were: tap, distilled or de'onized make-up
water. Various combinat.)ns ol concentrations, ranging to 1100 ppm
chloride. 335 ppm phosph-te. 100% oxygen in the vapor space, and pH

I
MND-E-2727
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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 P04 at pli 10.4.
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Fig. 4. T xype 430 Stainless Steel Exposed to Vapor Phase of I•ater
Containing 990 ppin Cl. Pits Are About 4 Miis Deep
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3I 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 corrosion3 cracking would occur with the longer exposure.

4. Stress Level Calculations

I 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 az--
cepted as the tensile stress in the outer fibers of the specimen as-
sociated with the amount of plastic elongation at tuat 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 52 specimens tested cracked, despite th.; s•.vere cor-
ditions used. 2xposure time in one series was extended from the uslm
120 hours to 1176 hours; still, none cracked. Half of the vapor p.hase
specimens pitted, which was not an unexpected occurrence, since the
ferritic stainless steels are known to be susceptible to p"I".ting iuS chaloriude

1 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
sfficiently, specimens in both phases pitted. Two cleaning methods,
electropolishing and chemical cleaning, were investigated superficially
end were found to be indistinguishable by any of the test results. Figure
4 shows a typical pitted surface.

C. AUTOCLAVE TESTING OF INCONEL

Sample Preparation and Treatment

U A sheet of annealed wrought Inconel 1/8 inch thick was sheared into
coupons, each I inch x 6 inches. Weld specimens, located at the phase
interface, were tested, alonr- with vapor phase and water phase speci-
mens. The weld specimens were mrrde by the inert gas shielded tung-
sten arc process with Inco "A" filler wire. The bead w.c laid along
the length of one side of five coupons. The weld specimens were not

I 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 inches apart. The legs were compressed to I -inch sepa-

| ration by a Teflon-insulated bolt immediately before testing. Visual

I
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inspection and radiography did not show any cracks in the samples
after forming. The specimens were attached to the stainless steelholders used previously. In each experiment, one U-bend specimenwas in vapor. one was immersed in the environmental water and theweld specimen was exposed vertically at the vapor-water interface.
All specimens were degreased in perchlore' hyiene. rinsed in acetone.dried in vacuum and weigied. After the test. the specimens were de-scaled in a 10% NaOlI-5% KJ6nO 4 solution at 200* F to loosen the oxide.L
This was followed by treatment in a 5% oxajic 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 2.1

TABLE 2
Environmental Conditions for Inconel Autoclare 7'.ts

Oxygen

Chloride Water* Vapor** Adjusted pH itv 101
Test -(ppm) (cn 3 !kg) (S) with

i

1 50 15 21 Sodium phosphate
2 1000 15 21 Sodium phosphate
3 50 15 21 Sodium hydroxideI
4 50 0.1 0.5 Sodium phosphate
5 1000 15 21 No pH adjustment

*Deined as oxygen dissolved in water at operating temperature and
pressure.
fConcentration of oxygen in vapor space at ambient temperature. s

l. Stress Level Calculations e

Mh stress in the outer fibers of the U-bend specimen was dether-mined bs an indirect method. The s' tress level was established asbelng the tensile stress associated with the amount of plastic elongatione.found to occur iu the outer fibers of the specimen. The elongation ofthe outer fiber was determined by the following procedure:

(1) Urwiformly spared lines were scribed (0.0410 inch apart) onan unbent specimen in the area to be subjected to cmaximum
bending-

MND-E-2727
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(2) The line spacings were measured to the nearest 0.00025 inch.

(3) A U-bend specimen was formed from the scribed piece with
the scribed lines on the outer surface.

(4) The spacing between lines was remeasured to the nearest
0.00025 inch.

(5) The percent elongation was calculated from the change in

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 determined from
the stress-strain curve. A line was projected parallel to th.- s!ope 0.
the modulus of elasticity from the elongation axis to the .:. 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.

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

Material Properties (room temperature)

Yield strength ................... 39.400 psi

Ultimate tensile strength ............. 93.500 psi

Elongation in two-inch gage
section ........................ 47%

Modulus of elasticity ............... . 31A.4 x 106 psi

Specimen Stress Deterinination

Elongation of outer •i&-r. a-erage of two
specimens .. .......................... ! .5%

Associated stress level. 1t0.5% elongation .. 83.500 psi

4. Results

Table 3 is a cm.npila•tion of she '-series of

SMN D-E -27 27
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TABLE 3

Inconel Autoclave Tests

500* F and 680 psi for 500 hours

Specimen Corrosion Rate
Te st Test Test 2

Number Condition Phase (rmgidm hin) .(Mpv)

1 50 ppm Cl vapor 52.8 0.30-

air cover gas liquid 42.0 0.24i
PH 10 with PO4 interface* 15.0 0.08

2 1000 ppm Cl vapor 93.8 0.53 -
air cover gas liquid 66.5 0-37pH 10 with P04lqi 6503 Iinterface* 49.A 0 28

3 50 ppm Cl vapor 43.2 0.2i
air cover gas iqd I
pH 10 with PO, ,iquid 50.8 0.3-

interface* 31.6 0.17

4 50 pprn CI vapor 93.1 0.52 1
low 02 liquid 87.5 O)A9

pH 10 with P0 4  interface- 50.2 0.28

s 1000 ppm Ci vapor 56.4 0.32
air cover g3s liquid 46.9 0-26 1
No pH adjust-
ment interface* 159.9 0.90
Initial pH 5.0 i

*Weld specimen

N•ire of the 15 Ir.conel specimens cra-ked or pitted, despite the -
sev-ere cn-i.--.ent.l conditions. A dull brown adherent film of cor-
rosion products was forrn.:d on all the specimens, but there was not
enouith loose scale to make an X-ray diffraction analysis. No cracks I
were located by the dye penetrant test, and metallograPhic examination
showed no change in the Inconel.

A comparison of the data shows that when phosphate is present, the
water phase specimen has a lower corrosý.n -ate than the vapor phase
sper''_en. I-- -- n'.'rso is trize when zodium hvdro-idr m i••ýed to ad-
just 1hC pH.
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I It is obvious that Incone! Possesses good inherent corrosion re-
sistance to chloride media up to 260" C. The highest corrosion rate
measured was less than one mil per year.

D. AUTOCL-AVE TESTING OF MONEL. NICKEL AND INCONEL

An investigation of possible ways to improve the autoclave test
program led to the selection of a sýtatistically designed experiment.
Onie of the many outstanding advantages of a designed experiment is
the inh'erent ability to determine main effects and interaction effects of
the independent variables with assurance. It is nearly impossible to
determine the latter with any other type of experiment. The factorialii design lends itself readily to- mathematical evaluation as well as graphic
presentation of the resulis. T1he basic purpose of the designed experi-
ment was to determine the relative resistance of Monel and nickel to
general corrosion under various envimromental conditions. In addition.

- a few selected tests with Inconel were planned for comyj_=5on.

- 1. Sample Preparation and Treatment

The material supplier selected Monel and nickel tubing 2-1/2 inchecs
in diameter with 5116-inch wall thickness from individual heats. Somne
of this tubing was drawn to 3/4-inch OD. with a 0.65-inch thick wall.

- This tubing was set aside for use in the fabrication of test heat ex-
changers. The remainder of the tubing was split. flattened and rolled

jj to sheet 3 inches wide. 1/8 inch thick and 72 inches long.

Thie as-received Monel sheet was rolled to 0.080 inch and fully an-
n~ealed in a hydrogren atmnnnsphrv at 790* C for one hour; nickel was

j annealed in a hydrogen atmosphere at 730' C for one hour. The an-
nealed strips were deoxidized. then further reduced to 0.040-inch thick-
ness. producing SCP:. cold work. Test coupons and tensile specimens
were sheared and numbered. The coupons were rinsed in acetone.
pickled in dilute hydrochloride acid. rinsed in hot distilled water and
dried in. a heated air bla-ýt to prevent water stainithg. Half of each typee
of coupon was fully annealed, as above. and the remainder of both types

of coupon was stre-ss -relieved at 232* C f-r one hour.

The Incone! specimens were preparvd in the -same manner, .e
0.080-inch Inconel was fully annealed at 980' C for 15 minutes in a hy-
drogen atmosphere. The thickness was reduced to 0.03*3 inch. which
produced 50's cold werk. Tensile s~rejm'-is and te'st coupoins wer'-
shezred, and half of each type was annealed at 980* C for 1.5 minutes

430' d in air for one hour.

in~~~~~~~~~~~~6 a hyroe ato-ee a2d 7he ote2afwssr eivda
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All of the test coupons--Monel, Inconel and nickel--were three
inches long, 1/2 inch wide and 0.040 inch thick. Beam specimens
wzce substituted for U-bend specimens in these tests for several
reasons, including the large number of specimens in each test in a
limited autoclave volume and better control of stress level. After
testing, these specimens were examined for pitting, cracking and oth.er
evidence of local attack, but these factors entered into the statistical
analysis only to the extent that they affected the weight loss due to
corrosion. Therefore, acceptable descaling techniques were of prime
importance-

Mayiv methods were evaluated in an effort to find an acceptable de-
scaling process. These methods included: (1) cathodic treatment in 5%
sulfuric acid inhibited with 0.8 gram per liter ethvlquinolinium iodide.
followed by a dip in 10% nitric acid or 10 ammonium hydroxide; (2) a
treatment in boiling 25% sulfamic acid for one hour; (3; an alkaline
permanganate (10% NaOH-5% KMnO 4 ) and 10% oxalic acid process: and j
(4) cathodic treatment in 10% caustic solution, followed b%- . dip in lI-"
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 riuzsed in
water. rirnsed in acetone, then dried with an electrically heated blower-

The blank correction is 2.3 x 10- gmlcm2. Although this blank cor-
rection w'as in some cases close to the oxide weight, it was considerabiy
iow-er than the correction of any other method evaluated.

The descalingi method conciuded to be the best for Inconel was the
alkaline permanganate-oxalic acid procedure. This treatment consisted
of exposir.n the corroded coupons to an alkaline permanganate solution
to loosen the oxidv, followed by exposure to 1015 oxalic acid The blank

correction is 4-3 x 100 grncm

2. Sample Holders

-he ho!dcrs for the spccimerns were fabricated of inconel with Tef-
lon and diamonite insula:c:-s. Each holder supports 12 specimens, 6
stressvd and 6 unstressed. T-he beam specimens were supported at
both en-s.. Stress was applied by adjusting a fine-thread screw, which
loa-ded 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 5 isI
a photograph of the sample holder with coupons mounted.

MNID-F--2727
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3. Environment Controls and Experimental Design

There were eight experimental factors. Each factor had two ]eve~s,
except chloride and time, which had three. These were: i

Factors Levels

Material Monel and nickel I
Chloride 10 ppm. 100 ppm and 1000 ppm

Alkalizing agent (pH 10) Na 3 PO 4 and NaOH

Oxygen* Low (-. I ppm) and high (-u 15 ppm)

Heat treatment Annealed and stress-relieved

Stress level Unstressed and stre.csed to 906 yield

Phase Vapor and liquid

Time 50. 200 and 2900 hours

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

temperatures. I
Stock solutions of all the water treatment chemicals for use through-

out the program were prepared prior to initial tests-. These included i
N/10 Na 3 PO 4 - 12 H20. NI10 NaOH and a large supply of NaCl solution

from which aliquot portions were withdrawn and properly diluted in
volumetric glassware to produce the 10 ppm. 100 ppm and 1000 ppm Cl I
soluticns. The NaPO solution used to adjust the pH was back titrated'4
with enough Na.2HPO to =a-snre that there w- 4.. = 2-: -., 'he s-

lution. Deionized water was used in the preparation of all su,iutions. I
Three autoclav'es. randomly assigned, 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 th" materials are the column factors. There were three row fac-
tors: heat treatment, stress level and phase. The two classes of each I
row were run simultaneously within an autoclave and three specimens
werz exposed to each set of conditions. Thus. 24 coupons were exposed
in each autoclave run. This procedure ruled out fractionalizing the
replicates among :he row factors. Also because of information losses.
particularly concerning possible interactions, a fractional factorial was
no: considered. The *.-st program indicated by Fig. 6 was used for tl-
200-hour tests. Since each column in Fig. 6 represerts one test run. I

h-.is series consists of 24 runs.-

N.II)-E-2727
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3. Environment Controls and Experimental Design
There were eight experimental factors-. Each factor had two !evels,

except chloride and time, which had three. These were: I
Factors Levels

Material Monel and nickel I
Chloride 10 ppm. 100 ppm and 1000 ppm

.ilkalizing aent (pH 10) Na 3 PO 4 and Na2H I
QOygen* Low (",, ppm)and high (- 15 ppm)

Heat treatment Annealed and stress-relic-'ed

Stress level Unstressed and stressed to 90V. yield

Phase Vapor and oiquid I
Time 50. 20s) and 2000 hours

*The initial concentration of oxygen dissolved in the wz': Zr aL opera .i,.
temperatures. I

Stock solutions of all the water treatment chemicals for use throuph-
out the program were prepared prior to initial tests. These included 1
NI10 Na 3 PO - 12 1H20. NI10 XaOH and a large supply of NaC! solution

from which aliquot portiolts were withdrawn and properl-: diluted in
volumetric glassware to produce the 10 ppm. 100 ppm and 1000 ppm CI |
bolutions. The Na 3 P1-4 solution used to adjust the pH was back titrated

with enough Na 2 HPO4 to assure that there was no free alkali in the so-
htion. De-ionized wat.r -was used in the preparation of all solutions.

Three autoclaves. randomly assigned, 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-
zors. htat treatmen. stress level and phase. The two classes of each I
row were run simultaneously within an autoclave and three specimens
were exposed to each set of conditions. T'us. 24 coupons were exposed
in each autarlave run.n This procedure ruled out fractionalazing the
replica:es among the row fa-otors. Also because of information losses.
particularly concerning possible interactions, a fraction.l factorial was
not considered. The test program indicated by Fip. 6 was used for the
200-hour tests. Since each column in Fig. 6 represents one test run. i
this series consists of 24 runs.
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Corrosion tests were alorun for 50 and 2000 hours. The test. pro-
grams for 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 o! S-vnbols

Sýymbol Definition

Cl 1  10 ppm chloride

C11, 100 ppm chloride

Cl 3  11000 ppm chioride

0 1 1 ppm ox~gerj

i0

2~ lopmr oxy en

pH1I NaOH

HT I Annealed

lITT., Stressed relieved1

S Stressed

U Unstressed

V Vapor phase

L Liquid phase

All tests were r-un at 232* C to prevent ,..ress relief of the couponsI
during test. For preg-isely !he sa=.e reasoa. ai! coupons that were not
annealed were stress relieve i at 232* C prior to Ieing stressed for

4. Stress Level Calculations

I num'ber of supplemental :.est.s were perform~ed on auto-iavre
specimens and =n the specimen rnaterzal-- *r provide dat1a to establish
specimen parametf-rs for the antoclave proz.-am. Th~eSe inciu.'ted
:enssic tests on Monel. nickel and Inconel szecimens and determinationI
of strain-deflection rurve5 for autoclave spec:mens.

?.XD-i -272
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Sie woere 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 Monc!
and nickel tensile specimens were fully annealed at 790' and 730* C.
respectively. for one hour. The other half of the tensile specimens was
stress relieved at 2320 C for one hour. The results 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

I Physical Properties of Autoclave Coupon Materials
(average of three values)

Modulus

90% of Propor- Utimate of

Yield Yield tional Tensile Pof-ec,-t
Strength Strength Limit Strength Elab.--iiy El.,:,g.ation

(psi) (psi) (psi) (psi) x 10-b (2 i:.. J

Monel
(stress
relieved) 123.700 111.000 79,000 126.470 28 28

-Monel
(annealed) 23.015 27.000 28.000 78.630 24.5 24.5

Nickel
1 (stress
- relieved) 109.060 98.200 82,000 121.665 32.0 32.0

Nickel
(annealed) 19,115 !7.200 10.250 74.080 29.1 29.1

inconel
I (stress

relieved) 166.600 149.940 131.600 169.600 29.6 29.6

Incor.el
(annealed) 32.860 29.574 23.600 93.200 26.7 26.7

I
I
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Figure 9 shows a typical stress-strain curve for stress relieved
Lionel. A stress level of 90% of the yieid strength (0.29.v offset) was
chosen arbitrarily for stressing the autoclave beam specimens- The
total strain associated with 90%,* of yield stress was determined di-
rectly from the curve. For example, in Fig. 9. this -total strain isI

Strain-deflection curves were determined for several typical beam-
type specimens-. An SR-4 strairs gage was attached to the center of the
coupons, which were then deflected in 5-niji increments- Strain versus
deflection was plotted. Since the strain-deflection relationship is
independent of material properties. the same curve was used for all
coupons.. The deflection required to produce the strain corresponding
to 90% yield stress was determined from the strain -deflection cur-,e.

The &-flections employed are listed in Table 6.

TABLE 6j

Coupon Deflections

Deflection 3
Material Cenditzon (nits)

Monel Fully annealed 46.01

Lionel Stress relieved 126.0

Nickel Fully annealed 18.51

Nickei Stress relieved 86.0

Inconel Fully annealed 42.0

Inconel Stress relieved 155.01

i. Results*

The results of those autoclave tests confirmed th-at, under the'
;-aricd and sc-:-crc tcst. condiftions uscd. nickel. M4onea aW Ln~cone! are

not susceptible to stress ..orrosicin cracking, and they are verv re-I
sistant to corrosion. An incipient surface attacic was noted on some
of the 'Monet and nickel specimens that were tested for 50 and 200
hours. but none of the specimens cracked or pitted. No cracking ofI

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

The coupons from the 2000-hour test presented a more meaningful I
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 mildly
as shown in Fig. 10. All 12 of the vapor phase coupon-:, but none cf the I
liquid phase coupons, suffered attack. No significant difference in
attack was noted between stressed and unstressed coupons or between
annealed and stress-relieveo coupons. The attack occurred on bol, I
the tension and compression surfaces of the coupons. The affected
areas were relatively large, but shallow. with the average depth about
I mil. Frequently, a centrally located pit with a diameter-to-depth I
ratio of about two was surrounded by an area of shallow attack, which [
was perhaps 50 to 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 I
in Fig. 11. N'o pitting or attacked areas occurred on the Monel coupon
in either the vapor or liquid phase in the low chloride. lo,. oxygen test

The nickel coupons exposed to vapor in the 2000-hour. high chloridt.
Shigh oxygen test were attacked mildly also. Both the tension and the
compression surfaces were affected, but the tension surface was worse.
There was a slightly greater attack on the stress-relieved coupons I
than on the annealed coupons. The liquid phase coupons were attacked
also, but very slightly. The pits in most cases were hardly more than
-icipient attack. Four of the 12 specimens were pitted; the maximum I
dt-pth found was 0.5 mil. Coupons in the low chloride, low oxygen test
were also pitted. Five of the 12 vapor phase coupons were attacked.
One coupon has only three pits. but the other four had perhaps 200
pits per square inch. The physical eondition of thc specimen (heat I
treatment and stress) appeared to have no effect on pitting. Five of
the 12 water phase specimens were also pitted. Trhey. too. were
liberally covered with pits. The appearance of pits on both vapor I
and water phase coupons contrasted sharply with the previously
noted shallow attack on Monel counons. The ratio of diameter to
depth was about two; however, there was no surrounding area of
attack. The maximum dept3% found was 1 5 mils. A photomicrograph
is shown in Fig. 12.

Half of the Inconel vapor phase coupons in the high chloride, high i
oxy.gen test showed very shallow attack, as in Fig. 13. An isolated
pit found on one of the coupons was four mils deep. bu" generally the
pits we-c no deeper than about one mil. The attack occurred on both
the tension and compression surfaces of the coupons and appeared
to ,be about evenly divided, so far as heat treatment and stress were
concerned. -X photomicrograph of a typicai pit is shown in Fi.. !4.
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Vapor phase
lOUU ppm ci ph 10 (Na
Si 02 2000-hr exposure

Fig- 10- Porti-an of Monel Coupon Showing Incidence
of Pit ting (6.5 zMag)

Vapor phase:
1O00 ppm C] pH 10 (Na 3 PO4 )
13 ppm 02 2000-hr exposure

Fig. 11 Photomicrograph of M1onel Specimen Showing
0.0014-Inch Deep Pitted Area (250x Mag)

I

I

I Vapor phase:irsn pp.n. l pH In N WA3P I
15pm 02 2000-hr exposure

Fig. 2. Photomicrograph of Nickel Specimen Showing
0.00135-Inch Deep Pit (750x Mag)
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mI

Vapor phase:
1000 ppm Cl p11 1 (Na PO)

15 pm 02 2000-hr exposure

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

___-__ __ _ __ __- _ _ __-_ __ _ __ __ __ _ __ __ __

Vapor phase:
1000 ppm C! pH 10 (Na3P0.) I
15 ppm 02 2000-hr exposure

Fig. 14. Pbotor ticrograph of lniconel Specimen
Showing 0.0016-Inch Deep Pit

((2.X Mag)
!
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No attack was noted on the coupons in vapor or liquid phases of -ahe low

_-.~AId _-_W__gnz

The results of these autoclave 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 of Inconel is much lower than
that of Monel and nickel for comparable conditions. An incipient sur-
face dulling was noted on some of the Monel and nickel specimens !hat
were tested for 50 and 200 hours, but none of Ihe specimens cracked
or pitted. No cracking of any coupons was obser.cd in the 2000-hour
autoclave tests, but varying degrees of attack andlor 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 test=. The values are also

I averaged over the stressed, unstressed, annealed and stres' -elfeveý
coupons. The superiority of Inconel is clearly evident.

I TABLE 7

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

Nickel Monel Inconel
I (mdd) (mdd) (mdd)

10 ppm chloride Vapor 0.38 0.50 0.02

I 1 ppm oxygen Liquid 0.36 0.51 0.04

1000 ppm chloride Vapor 0.28 0.46 0.02

I 15 ppm oxygen Liquid 0.26 0.37 0.03

1 1: 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 I ppm oxygen.
presum•bly to maintain the protective oxide film. No attempt was
made to determine if there is an opfimum oxygen concentration. It
cannot be supposed that 15 ppm oxygen necessarily approaches the
optimum concentration required to maintain the natural protective
oxide film. A similar protective mechanism has been suggested for
other svszemns when other materials were involved (Ref. 12).

I
I
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The conclusions resulting from the analysis of variance which was
performed on the test iata are presented below:

(1) The stress level was not a significant factor in the corrosion
processes tested (all tests). However. it 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.

(2) In general, the NaOH was a more favorable means of pH
control than the Na3 PO4 except at the lowest chloride level

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

(3) Inconel has the highest corrosion resistance if the metas
tested (2000-hour experiment).

(4) In general, lionel i-c superior to nickel at 50 1--'-rs, whi--
after 200 and 2000 hours, nickel is more corrosion re-
sistant than Monel. The major exceptions occurred in the
200-hour experiment, where the interactions with oxygen,
phase, heat treatment and chloride are considerable
(all tests).

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

(6) The annealing heat treatment was generally slightly more
advantageous than stress relieving; this is partic,.Jl2r!y
cdeent in th-e 2G0O-hour inconei tests. However, there are
a number of exceptions io this conclusion (all tests). In
actzal practice, this is generally of academic interest be-
cause it is impossible to anneal a large complex structure.

(7) The lower oxygen concentration was more favorable. A
few exceptions to this occurred in the 200-hour experiment. -

(8) There was considerable interaction between the chloride
and oxygen effects on corrosion. In many cases, an in-
crease in chlorice concentration (from lowest to highest)
at lower oxygen decreased the amount of rnrrnsion, while
an increase in chloride concentration at higher oxygen in-
creased the amoun! of corrosion. 1o-wever. :he.re were I
many exceptions to this statement. In the 2nO-hour experi-
mnent. there was much evidence of minimum weight loss
,ccurring. ;-t 4we.-c.n ! 0 and 1 00 pp. chloride concentrations f
for the higher oxygen concentration.

!
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I (9) The combined chloride. oxygen variable produced lesscorrosion when at its lower level (10 pp= chloride, I ppUIoYogygen) in the 50- and 200-hour exposure times, but after1 2000 hours, this influence was reversed and the higher
level (1000 ppm chloride, 15 ppm oxygen) resulted in iess
corrosion.

(10) The rate a! which corrosion occurred over the first 200hours was. for the most part. considerably greater for thecombined chloride-oxygen variable at its upper level. After200 hoers, the rate decreased and approached zero. Forthe combined oxygen-chloride variable at its lower !eve!, t-he
corrosion rate was essentially constant.
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IV. CORROSION LOOP FACILITY

IAfter preliminary investigations by means of autoclave testing. the
materials of interest were used to fabricate scaled-down heat exchapgers
of two configurations (referred to as minriature and mode! test vessells)
and tested in a high temperature. high pressure loop under simulated
plant operating conditions. The loop facility can accommodate four
miniature vessels and two sets of model vessels simultaneously. A set
of model vessels consists of a steam generator (SG-N) and a superheaterI ~(SH-N) in series.. The test vessels, when installed, are an integral part
of the loop. 'However. the use of rlanged and tube fitting connections make
installation and replacement relatively simple.

I The facility consists of a primary system which furnishes beat for
all of the test vessels. Each set of model vessels has aa individual
secondary test system, while a third secondary test system serves theI four miniature vessels. The facility control systemr re~qu~re. insaxiu~l
startup operations, but thereafter all test paramneters ',r ma~intainzt.*
by automatic controls - Safety interlocks provide for automatic shutdo -.
in the event of a malfunction. The primary loop design parameters wetre
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 mrode! steam generator at about 17.5 gpm- This primary
water flow through the hairpin tubes of the heat exchanger delivers heat
to the secondary at a flux of about 25,000 Btul/ft 2 hr.

1The secondary water for the model vessels was preheated to 246* F3 --before ubeing --," ý-'-.Ie the Ste~m. ft- .. or, which prtda 8'F
-saturation temperature at the operating pressure of 200 psi. The steam-
ing rate was specified as 60 lblhr. In the superheater, the stearr tesn-
perature was raised to 40?' F.

Temperatures and pressures for the miniature test vessels were the
same as those of the model steam generator. The prescribed steaming3 rate was 8 lb/hr. All of the secondary conditions given above are nom-
inal; minor deviations due to tube scaling, loop characteristics, etc-.,
occurred during the test program (see Refs- 3. 4. 6 and 10).

I ~In both model aind miniature secondary systems. steam *as condensed
in cooling coil!s and returned To a inake-up tank. Provisions for water
sampling for chemical an~alysis are provided. The desired environments3 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 thermal efficiency and saffety. A detailed

description of the loop facility is given in Ref. 7.w
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: V. MINIATURE HEAT EXCHANGER TESTING

i Miriature heat exchangers were fabricated, using the fo2lowi•ng t."e
materials: Type 304 stainless steel. Croloy 16-1. Inconel. Monel,
nickel and bimetal (carbon steel secondary, smainless steel primary).
Table 8 summarizes the materials of construction and test results for
the miniature (and model) vessels. Appendix A gives the chemical
composition of hedt exchanger materials.I

A. GENERAL DESCRIPTION

I. 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 external circulation of the secondary environ-
ment. However, the condenser coil in the dome, which. .airnatned 0I--
proper secondary pressure, produced a water-vapor-co:-icnsate -y..le.
Nine test vessels of this configur..tion were tested. These included
three with AISI Type 304 stainless steel tubes, three with Croloy 15- i
tubes, one with bimetal tubes (low carbon steel on the secondary side)

i and two with Inconel tubes.

The test loop was extensively m-odified during the course of the pro-
gram, which necessitated a design modification of the miniature test
vessels. The secondary system was made dynamic. The design of the
m..odt!ied test vessel is shown in Fig. 17. Steam, generated in the
secondary side of the test vessel, passes out through an overhead port.3 is condensed externally. and is returned to the vessel through a make-
up tank and pump. The environmental constituents are controlled by
blowdown or by additions of required chemicals injected into the sec-3 ondary make-up water.

All the miniature test vessels were oriented horizontally so that the
planes of the two hairpin tubes were oriented ±30( from the vertical.
Water lei-el was maintained so that half of each tube was exposed to each
phase, vapor and liquid.

3 2. Fabrication Procedure

Tne iheat exchanger unit consists of three main sui.•ssemblies: the
tube and tube sheet assembly, the primary shell and the secondary
shell. Two types of tutb sheets are used; either the tube sheet is of a
crrosion resistant alloy--possibly that of the tubing--or of carbon steel

with the primary surface clad with a corrosion resistant alloy such as
stainless steel, nickel or Inconel. The tube sheet of corrosion resistant

I
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alloy is machine, .spletely before further assembly. li the casc of
the carbon steel tu sheet, the prima ry surface is weld-c.ad before
machining if an alloy tubing is used and after machining if a bimetal
tube of carbon steel and stainless steel is used.

For the prcclad tube sheet, a weld clad of 318-inch thickness is
deposited on the unmachined blank. The sucface is machined, leaving
114-inch thickness of clad. The blank is zhen machined to final dimen-
sions. The tubes are inserted into the drilled holes of the tulb sheet
and are rolled in place, producing approximately 5% reduction in the
tube wall thickness. The tube is expanded about 114 inch beyond the
tube sheet. The tube ends are positioned either flush with the tube
sheet surf-ce of 1116 inch above the surface. The tube-to-tube sheet

j seal weld is prqduced by the TIG process with no filler metal added.

For the post-clad tube sheet, the surface to be clad is machined
114 Jinch below the finish dimension to provide for the clad. The bimetal
tubes ;-avt the outer layer of carbon steel machined away for approxi-
mately 112 inch at the ends. The ends are inserted into !!,z holes in
the tube sheet and are positioned so that the edge of the rurlun steel
clad extends approximately 1116 inch above the tube sheet surface.
The tubes are rolled in place, with a 5% reduction in the tube wa--il
thickness. The tube is expanded 114 inch beyond the tube sheet. The
carbon s.eel clad is weld-joined to the l"-e sheet by the metallic arc
process, using a carbon steel weld electrode. With copper chill plugs
inserted in the tube ends, a layer of stainless steel is deposited around
each tube by the TIG process. The tube sheet surface is clad by the
metallic arc process and each successive layer of clad is initiated by
first making a fillet weld around each tube. The total clad layer is
m-ade 318 inch thik and is machined to provide a final thickness of
114 inch.

The primary shell components are fabricated from a 300 series
st-ainless steel and are generally assembled by making a TIG weld root
pass at each joint and filli-g in by the metal arc process. A fillet weld
of L-.conel joins the shell and the tube sheet clad, thus preventing the
carbon steel from contactirg the primary water. The flow baffle is
joined to the tube sheet and the shell with inconel fillets. The end cap
weld is the final closure of the primary chamber. This butt weid is
made with stainless steel weld metal.

The secondar- shell is corstructe"- ."riirelv of carbon steel, except
in Vessels I 2 and 3. and is complete when ioined to the .ube sheet.
The junction weld between these two compoi.en!s is made by the metal
arc process with low alloy steel filler -netal. The units are not heat
treated.

I
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The completed miniature heat exchangers were pressure tested and
checked for leaks under water. The primary side was pressurized with
air to 2260 psi and the secondary side to 375 psi. The vessels were
cleaned with 10 oz/gal Oakite 90 and rinsed well. prior to installation
in the loop. They were recleaned after installation in the corrosion
loop-

3. Pretest Evaluation

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

4. Post-Test Evaluation I
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 thr-.1gh each
close to the tube sheet surface. Care is taken here to nr-ent dama~zt
to the tubes and the adhering corrosion products. Photographs are tak., |n
to record the general appearance of the units. _"Macr-opbotographs ofi
pertinent areas are also taken.

Corrosion products are scraped from the tube surfaces and examined
by X-ray diffraction to determine the composition of the corrosion products.
%get analyses and cmission spectroscopy analyses are run when necessary-
*,o determine the major constituents of the corrosion products. The tube
shect assembly is sectioned further for metallographic examination.
TliThe locations from which mezallographic specimens and specimens for
visual checks are taken and the details to be examined are outlined below. -

(1) Tube-to-tube sheet weld joints. Longitudinal sections of all

of the tube welds examined to observe:

(a) Heat affected zone of the primary tube sheet surface.

(b) Weid surface--primary side. -

(c) Heat affected zone of tube wall--primary surface.

(d) Heat affected zone of tube wall--secondary surface, if
in contact with water.

(e) Weld proper- -determine soundness and general weld I
characteristics.

E
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%2) Tube crevice surfaces are exposed by the removal of half-
tube sections to observe:

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

(b) Presence of cracks as determined by liquid penetrant
test.

(3) Longitudinal metallographic sections are made from each of
the tube-to-tube sheet crevice areas. one-half inch into the
crevice from the secondary surface to examine:

(a) The crevice surfaces.

(b) Surface of tube sheet adjacent to the hole.

(4) Tubes and tube bends. The following sections are taken fromeach tube for metallegraphic examination and 6--. -, rinatizif
of the effects of the secondary environment.

I (a) Straight portion of tube exposed to secondary water.

(b) Straight portion of tube exposed to vapor, where appiicable.

I (c) Section of tube at point of maximum bending.

(41 Contact line between water and vapor- -transverse to Kater
linewhere applicable.

(5) *Tube sheet periphery--representai'.ve number of metallographic
specimens are taken at the secondary corner and at the shell-
to-tube sheet weld.

(a) Transverse specimen at water-to-vapor interf.ceo where
applicable.

(b? Machined OD of tube sheet near secondary surface.

(c) Weld joining shell to periphery of tube sheet- -determine
weld soundness and general characteristics.

(d) Surfaces adjacent z- -•ld if in contact wiih water.

Following is an outline of the general heat exchangvr s:ctioning
procedure:

(I) Remove shells by sectioning close to tube sheet surfaces.

MND-E-2727
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(2) Cut through tubes approximately 1/4 inch above tube sheet
surface.

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

(4) Transverse cuts through half-tube sections approximately
114 inch from weld to allow for removal of tubes to expose
crevice surfaces.

(5) Preparation of metaliographic specimens from specific areas
as detailed-

B. TESTS WITH AISI TYPE 304 STAINLESS STEEL VESSELS.
(MIN 1, 2 and 3)

These three corrosion test vessels were constructed entirely of
Type 304 stainless steel with Type 308 filler metal for all welds. The
hairpin tubes were fabrica~ed from a single length of tubini wizb a :,4-
inch OD and a 0. 065-inch wall. These vessels =ere testF.•:a!-icall1

I. Tests and Results

a.-MINI

i.MIN 1. with a total secondary volume of 2.85 liters. was ch-rged
with 0.83 liter of water containing 992 ppm C1. 61 ppm PO4 and

40 ppm dissol-red oxygen. The resulting pH was 10..• Fifty and a half
Tnif!i!eers of air were added to the system. If all :he oxygen in the sys-
tem were in the vapor space, its concentration would be l. 68%. How-
ever, according to Henry's La-w, about 1. 1 pp= 02 was dissolIved in the I
water at the operating :ernperature of the secondary water, which was
1940 C.

?4IN I 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 eye. as shown in Fig. 18. The cracks extended
through the entire thickness of the tube walLs shown in Fig. !a. The I
cold worked condition of the tubing is shown by the strain lines visible
in Fig•. 19. All the cracks origi:ated at the outside surface of the tubes.
d.MII ad also developed st'ess corrosion cracks around each hole of

the submerged portion of the wube sheet. The cracks appeared to
originate at the sharp edges of the drilled holes and propagate in planes
radial -o the hole axis. j

I1

I
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I

St b. MI2

MW 2. with a total secondary volume of 2. -; li.ers, was charged
initially with 0.83 liter of water containing 995 ppm C1. 58 ppm PO4
and 7.9 ppm dissolved oxygen. The resulting pH 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 oxygen present were con-
sidered to be in the atmosphere. :he concentration would be about 0.23%.
In this case, Henry' s Law shows that less than 0.2 ppm 02 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 hours 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 submerged sur-
faces. The tube-to-tube sheet joints with expand-led tubing s.--Ved no
penetration by the environmental medium. The joints which did not h=.-
expanded tubing were similar in appearance, above or below the wat-er
line, but there was some discoloration of mating surfaces.

c. M6fIN3

MIN 3, with a total secondary volume of 2.85 liters, was charged
with 0.83 liter of water containing 108 ppm Cl . no phosphates and
7.9 prp dissolved oxygen. The pH was adjusted to 11.5 with NaOH.
No additional oxygen was added to the system. but the vapor space was
brought to one atmosphere with argon. As in the case of MIN 2, the
calculated oxygen dissolved in the envir.-onmentnl water was less than
0.2 ppm at operating temperature. Under those condi.ions, MIX 3
failed after 10&5 hours.

Examination of W.IN 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 shnwed local pitting on the surfaces.
which was more extensive in the hole exposed to vapor. Cracks developed
in submerged portions of both tubes and tuoe sheet, also in the unex-
panded tube and the tube sheet which formed the crevice exposed to
vapor, where pitting had occurred. Large axial cracks were present
in the bent portion of one tube. -fill the cracks in the .ube originated at
the outside surfaces, and some penetrated the entire wall thickness.
Cracking occurred also in the submerged portion of the tube sheet in
the area adjaCent to the tube holes, as shown in Fig. 20. A network of
very shallow stress corrosion cracks developed at the mating surfaces
of the tube and tIbe sheet near the weld of the steam phase unexpanded
tube-to-tube sheet joint. These cracks de-.eloped in the heat affected
zones of the parent materials.
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2. Analysis of Results

AMIN 1 and MIN 2 provide an interesting contrast. i.e.. the only
difference in environmental exposure was the- difference between about
S. I np.n dissolved oxygen in the water of MIN 1 and 0.2 ppm dissol-ev

oxygen in the water of MIN 2. MIN 1 failed, but MIN 2 did not. The
absence of cr-Acks in MIN 2 strongly suggests that a low concentration
of oxygen, even if periodically depleted and replenished, is tolerable.
Perhaps the presence of phosphate combined with low oxygen 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 free 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 "
to the outside surface 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 stresses contributng to tube failures. -
The failures of the tube sheets around the drilled holes can be attribted
to a hibhlv stressed condition resulting from residual E4ses r n tein
stock and intensification of these stresses because thc. ,a:.ined hc:
act as stress raisers. No corrosion or cracking occurred in the ex-
panded tube-to-tube sheet junctions because there was no penetration
by the environmental medium.

Since stress corrosion cracking occurred in the tubing, a cursory
analysis of the existing stresses in the tubes was made. Figure 21
shows three short lengths of tubing, the outer two of which were cut
through one side with an abrasive cutting disk. while the center piece
"-xas cut only half way to show the width of the cut. The pieces which
were cut through sprang apart about 1132 inch after cutting. It is evi-
den: that there were circumferentia! tensile stresses of considerable I
magnitude in the tubing.

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

The Croloy 16-1 tubing used in MIN 4. 5 and 6 was 0.75 inch cut-
side diameter vaith an 0.065-inch wall thickness. The tube sheet was
made from Type 430 stainless steel bar stock. The material did not
meet chemical specificatiuns 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 required size at the time t.ese units were
fabricated. Difficul!ies attributable to the application of this material
arose when the tube-to-tube sheet welds were made. A consis*ent
pattern of radial cracks occurred throughout all of the seal welds.

I|
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Fig. 21. Longitudinal Cuts in Tubing. Illustrating tWe
Magnitude of Stresses in the Tubing (3x 'Aag)
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The defective joints were repaired by machining out 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 disclosed no
leaks. The Type 304 stainless steel primary shell and the Type 430
stainless steel secondary shell were joined to the tube sheet with Inco-
Weld A material.

1. Tests and Results

a. MIN4 j
NUIN 4 was charged with G. 85 liter of water that contained 763 ppm

Cl and 51 ppm PO 4 . The res..dting 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 -perating temperature.
381" F. was about 12 ppm. The vessel had performed satisfactorily
for 2091 hours when a decrease in pressure was noted. An urisuccess- i
ful attempt was made to increase the pressure by decreasnig the flow
of cooling water through the coil in the secondary system. With the
cooling water valve opened slightly, pressure was maintained at 175 psi I
for the next several days until the pressure dropped off to about 150 psi
at 2283 hours. The pressure finally dropped to about 125 psi at 2578
hours and the test was discontinued.

After -:he shell was removed, the tubes appeared as shown in Fig. 22.
The entire secondary was evenly coated with a dark, almost black, ad-
herent deposit which was identified as Fe203 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 a sub-
merged tube taken about 114 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 mrl in depth. A
metaliographic section of the tube sheet from one of the crevi.-c arcss I
adjacent to the tube-to-tube sheet weld of an unrolled tube showed a
few ;-er-y slight cracks (see Fig. 231. These cracks wrxe at the edge
of the heat affected zone. it is possible that the molybdenum in the j
tube sheet was responsible for the cracks.

.in area of great concern and interest is the vapor-water interface
where the corrcston products were deposited. Examination of this I
area sho'aed pits up to about 10 mils in depth under the deposit.

The cause of the leak in MIN 4 was not found. presumably, it was
in the vapcr space of the secondary., because no crystallized NaCl
-xas v2sibl- on the outside of the vessel below the waterline. No leaks
occurred between the primary and secondary.

MND-F-2727
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I Fig. 23. MLN 4--Section of Tube Sheet at Crevice of Vc.-cled
Tube. as Pclished. Note Cracks
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b. MU 5

MiXN 5 was charged with 0. 85 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 indicated that
the dissolved oxygen 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
prmary 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 hours, the pressure again started to drop and continued
slowly until it reached 125 psi at 941 hours. The test wa.ý riccontinue-.

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

When the secondary shell was removed no prominent ring of cor-
rosion products was fouind as in MIN 4. Instead, the deposit was dis-
tributed over a large vertical area on the tube bends presumably be-
cause of the 2'uctuating vapor-water interface level caused by the three

The interior of the secondary shell presented much the same ap-
pearance as MIX 4. The dark adherent deposit consisted of Fe2 03

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- I
ference of one of the tubes at the interface. The area was the worst
of either MIN 4, 1MIX 5 or MIN 6, so far as pitting was conccrned.
The approximate depth of the pits is 10 mils. I

Melallographic sections were made of tile tube-to-tube sheet area
adjacent to the seal weld in qll the tubes. An interesting resu!t was
discovered. The heal affected -one of the tube sheet of the unrolled
tube xas cxtensive!v cracked. A series of p,-lishings on one of the
specimens, each polishing removing about 1164 inch, showed that the
cracking was rather extensive. The explanation of these cracks can
probably be traced to the molybdenum in the tubt sheet composition.
As was found in the case of MIX 4, the secondary environment pene-
trated the unro~led tube-to-tube sheet crevice, but was excluded from
the rolled tube. The leak, presu-.mably in the secondary shell, was
not found.

t
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I c. MIN C

MIN 6 was charged with 0.98 liter of water that contained 403 ppm
I CI. The pH. unadjusted, was 6.5. 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-

i 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
tubes. X-ray diffraction analysis showed that magnetic iron oxide.

I 30 4 . was the only prominently discernible pattern. It is interesting

to note that the dominant iron oxide structure was Fe 30-, whereas in

I MIN 4 and MIN 5, the dominant structure was Fe 20 3 . MIN 5 hart a

more limited supply of oxygen initially. Both MIN 4 and MIN 5 had
more oxygen initial!- and had leaks. During the period when pressure
could not be maintained on these vessels, a power outage and a pri-
mary loop heater failure interrupted the tests. This provided ample
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. Therefore, it is
indicated that the initial low oxygen concentration made the iest on
MIN 6 appear favorable. No cracks were found in this test vessel.

2. Analysis of R~esults

The performance of the Croloy 16-I tubes was encouraging In that
none of the tubes cracked. Although it was impossible to maintain
~-c-,....s tests with. two o:•!he . hree Creloy 16-! test vessels, the
fault lay with the shell clusure welds, not the tubes. "'niftially, the tube-
to-tube 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.
The limitat':n of she static svstem as a test device, without replace-

- ment of oxygen, is indicated by the formation of Fe30 •n MI0 6, the
3 4*

only Crolov I'G- miniature which did not leak...- As expected. il"- worst
corrosion, i.e. the deepest 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 OD 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 4-112-inch
OD bar of annealed SAE 1020 carbon steel. It had provisions for the
deposition of a stainless steel weld on the primary face and adjacent L

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 1
the tube entrance holes were drilled and reamed to E izeo 0.005 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- j
bore was 1-1/8 inch in diameter. This provided a 3116-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
=ere positioned to project 1116 inch above the bottoms of the counter-
bored surfaces and were roller expanded into the tube she'_i.

The tubes were joined to the tube sheet with an Inconei weld so
placed that only the outer ferritic layer of the tube was penetratfd.
The remaining counterbore volume was filled in with Type 308 stain-
less steel weld metal. The Icnc"el as-! hus overlaid with stainless
steel and a junction made between the stainless steel layer of the tube I
and the primary surface clad. The excess buildup in the tube was
removed by reaming. After the containment shells were joined to tae
tube sheet by peripheral welds, the unit was inspected with dye pe:ne- I
t.-.. and statically tested with 2260 psi on the primary circuit and
375 psi on t.'ve secondary.

I. Tests and Results

MIN 7 was clerged with water containing 1000 ppm Cl and 30 ppm
PO4 at pH 10.5 with 1.6% 02 in the vapor space, initially. It -was

tested 3256 hours with an interim dcwn time of 138 days. The second-
ary system was untouched durimn this ernire period. At the end of the
test period, all the o=ygen v.as depleted from the secondary environ-
ment. All indications "ere that the bimetal miniature test could have
continued indefinite%.

The secornary surfaces were coated with a dense, adherent dark
film sim;.lar to that found in all the other test units. X-ray examina-
tion F'howed the film to be com psed of alpha-Fe2 0 3 -and Fe 3v0.-

Figure 25 shows the tubes with ihe c.trrosion products as removed
from the shel!!. Examination of the secondary tube and tube sheet sur-
faces revealed no evidence of -=crks, as expected.
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Micro examination of the tubing revealed numerous irregularities
in one of the two tubes. The stainless steel was approximately 114 of
the tube wall thickness instead of the usual 1/2 value. It was highly
sensitized along the cntire tube length. and cracks were present which
completely penetrated the Type 304 stainless steel liner, following
intergranular paths as shown in Fin. 26. An unusually broad zone of
heav-y carbide corcentratien can b, seen in the stainless steel at the
carbon steel interface. Both the carbon and stainless steel contained
unusually high percestagi-s of carbon The hieh carbon content of the
stainless steel can be attributed to the diffusion of carbon from tie
ferritic steel during tube fabrication. The intergranular cracks are
assumed to have developed during fabrication of the tubing as a result
of the high carbon content. The cracks could not have resulted from
corrosive attack since general grain boundary attack did not occur and
the cracks are relatively uniform in width throughout their lengths.
Additional material in the "as received" condition was not available
for checking to determine if the cracks existed in the tubes before
test. i

2. Analysis of Results
I

The feasibility of using a low carbon clad in the secondary syste•., i
where only limited amounts of oxygen are present, was shown to be
favorable. The known quantity of oxygen initially present was quickly
used, after which no corrosion occurred. The key to a euccessful 1
application is the elimination of oxygen.

E. TESTS WITH INCONEL VESSELS
(ALN 8 9. 10 AND 11)

1
I

The Inconel tubing used in these units was 3I4-inch outside diameter
with an 0.070-inch wall thickness. The butt and fillet we'ds between
".he Lconel tube sheet and the Type 304 stainless steel primary were I
made with Inco-Weld A rod. In MIN 8 and 9. the secondary shell and
.ube sheet were bot*h of Inconel ard were joined with Inco-Weld A rod.
T..ese two vessels were tested with static secondaries. The secondary
sys*em in MIN 10 and I I•was dynanic; anr' the modified design, shown
in Fig. I. was used for these vessels. .MIN 11ý and 1i were fabricated
with AISI 1030 carbon steel secondary shell joined to the Inconel tube
sheet with inco-Weld A rod.

I
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1. Tests and Results

MIIN 8 was charged with 0. 77 liter oi water that contained 1002 -=p-..
chloride as Cl at pH 8- 3 adjusted wifth. trisodiuM.Ph spha~e. Air a
atmospheric pressure was the coi-ergas. The oxygen initially disSolved
in the water at operating temperature was about 12 ppm. The vesse!
performed satisfactorily over its lest life of 5296 hours- At the co.n-
clusion of the lest. 0-.77 liter of the charge water was recovered- The
vapor space oxygen measured about 20% by volume- The pH was S.
Some crystallization of NaCI occurred at the interface and in the crer-
ices of the unrolled 'tubes and thus lowered slightly the concentration of
dissolved Cl.

The submerged tubes asf MIN 8 were evenly coated with a very thin
iridescent oxide film. as shown in Fig. 27- The tubing exposed to va-
por hmad an oxide flini thickness which varied from virtually none through
various shades of iridescence to a heavier blue coloration where con-
d=ased water dripped ianto the exposed tubes- There wa3Z x, ntiteci
deposit of corrosion products at the interface. The o-.z: z.. ~app:Mze.C
was excellent. As usual, the crevices between the tube and tube shee-
of the :=roLled tubes were partly filled with errvironmental solri. 21-1
eter. no deleterious effect was noted. There was not ernough corrosizon
product to determin-e a thickne-ss. ep- h atta ~sr
oxygen remained after the test (bt volume), verv little corrosion
occurred.

'MIIN 9 was charged with 0. 85 liter of water that contained 997 ppm
chlo-ride asOC.- The pH was adiusted to 8.3 with N-2014 Air atatmn~s-
pheric pressure was the covergas. The in;.'tial concentration of oxygen
in the water at operating !emperature was about 12 ppm.- The vesrzel
performed satisfactorily over its test life of 2631 hour-s At the con-
clusion. of the test. 0. 84 liter of the charge water --as recov.zred. 711he
;mpor space oxygen ineasured about 1616 by volume.

TLhe -visual appearance of UN9 contrasted sharply with the appear-
ance ofM M 8. Figure 28 shows the unlit -xith the secondary shell re-
moved. The pale yellowr-green film on the submerged portion. cf the
tubes was less than 0- l r.i' in thickness. X-ray diffraction identifiedI

,wodoi~r~stucurs n h from.. the submerged tubes--a di:,-
torted NiO- h 9 0O structure with traces of Fe 0The --ortions of the2 3'

tbsexno-sed to ranor had very hltle corrosion 1=l excen: at the
poont wh~re water, condensed by the cooling coil, dripped uanto the
.ube-s. Som.e areas oal the tubees showed bright metal. A calorpi
cross section of the submerged tube, aft.er cleaning, showed sorre
isolated areas of slight pitting in Ithe range of I to 2 mils in depnts.
rHzivironmental solids were agazn found in the crevices of the unrolled
-ube.
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The general appearance of MIN 9 was very good. There was very
little corrosion 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.
Presumably, the caustic was responsible. It is notable that no similar
film occurred in LuN 8. where the pH was adjusted to the same level
with trisodium phosphat-.. It is also interesting to note that. although
ample oxygen remained at the conclusion of the test (at least 16 by
volume), little corrosion occurred.

c. MIN 10

The secondary environment of MIN 10 contained 1000 ppm Cl and
the pH was maintained at 10 with sodium hydroxide. There was no
chemical treatment to remove oxygen but the secondary riake-up
tank was maintained at 180" F to expel dissolved gases. This main-
tained the oxygen concentration at somewhat less than 0-5 =-;._ Since
very impure conditions were used for the test environmen'. t-p wate-
was used for make-up. Three other miniature heat exchangers, MINi ;
15 and G. were tet:ed _-ong with U1N '0; and some u'M cu:ty was en-
countered in maintaining the specified water conditions. Chloride
fluctuation was primarily caused by ineffective removal by the steam
separators of entrained droplets which contained dissolved solids from !
the steam. This resulted in carry-o-er of the chemicals to the common
slorage tank. Since all the test vessels cic not have the same steaming
rzte. there was some interchange of environmental solids. MIN 10 wast,•ctrd 3044 hb.,rs without failure.

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 remcvcd frcm bo.: the water "n-d -:V-ar
phases. X-ray diffraction showed that CaSO4 was the major constit- J
uent and CaCO3 was the minor constituent in the deposit from both
the vapor and liqJid phases. Baltimore City tap water was used for

make-up water because an objective of the tests was to further in-
vestigate the possibility of using untreated tround 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 not appear in MIlN 10. although both had the sz-me chemical
environment. As expected, the environment penetrated the crevice
formed by !he u.nexpanded tube and the tube sheet. flowever. metallo-
graphic se-tiors of both the tubes and the tube sheet adjacent to the
areas of penetration showed no detrimental effects.

MND-E-2727
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Examination of the tubing after cleaning revealed some attack of i
the secondary surface. Some incipient attack and a few shallow iso-
lated pits--the deepest was three mils--were found. The attack was
slightly more prevalent on the surface that was exposed to vapor that :
on the surface exposed to liquid. The extent of pitting suggested pos-
sible ferrite contamiraticon of uhc thubing after fabrication was com-
pleted. because of the carbon steel shell. -

The exceptional resistance of Inconel to corrosive attack under
severe environmental exposure is obvious. The Inconel tubing in this
test vessel, after more than 3000 hours in a hot solution containing I
high chloride, some oxygen and numerous other dissolved materials.
suffered only minor attack. The .ubing suffered very little general
corrosion. i

d. MINII

The secondary environment of MINI I contained 1000 n••n Cl and the I
pH was maintained at 10 with a solution containing 33% riaPO4 and
67% Xa27HPO 4 . There was no chemical treatment to remove oxygen 1
but the secondary make-up tank was maintained at 180" F to expel dis-
solved gases. This maintained the oxygen concentration at somewhal
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 the tubes after the test. X-ray diffraction analysis
showed that CaaSO 4 was the major constituent and CaCO3 was the minor

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

t-The tube with the expanded joints showed nr- environmentpl pene-
tration in either phase, but the er,'ircnment penetrated the unexpanded
tube joints. The tests with SUN 10 and MIN 1! were indistinguishable
in results with respect to t-.h minor environmental difference of pH
adjustment. There was isolated incipient attack with a few shallow
pits. up to about 5 mils deep. in MINI I.

2. Analysis of Results

"The performance of the inconel tubes in all the vessels was very
good. It :s far superior to any material tested previously. The se-
vere conditic.ns under which all the test vessels were operated had
little effect on Inconel.

-MND-E-2727



w

k 

63

I
p

I

I
I
I
I
I
I
I

I
I
I
I

I

i mmiii
Fia. .3u. M1� I 1- -Appearance After Test

I



64

F. TESTS WITH MONEL VESSELS (MUN 13 AND 14) I
The Monel heat exchanger tubes were fabricated fror. the same

heat of material that was used in the Monel autoclave test coupons. I
The tube sheet body was 1020 carbon steel w.th nickel overlay on the
priary side. The secondary shell was 1030 carbon steel. These
vessels had dynamic secondary systems. Deionized water was used
for make----,.

1. Tests and Test Results I
a. MINI3

The secondary environment in MIN 13 contained 1000 ppm CI and
the pH was adjusted to 10 with a solution containing 670% 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 crei-a r-ur-
faces, were free of any measurable quantities of foreign ?n.alter and
showed only a very thin film of gray discoloration on both vapor and
liquid surfaces. X-ray diffraction identified Fe30 4 as the major con-

stituent in the deposit found on the tubes in both liquid and vapor phases.
The film of corrosion products found on the tubes in the liquid phase
was slightly darker thar, the film in the vapor phase. All the tube-to- i
tube sheet joints were expanded in MIN 13. thus excluding the environ-
men*. Pits were found on the secondary surfaces which ranged in
depth to about 3 mils. Figure 32 shows a typical area of attack in the
.,-pr and liquid phases.

b. MIN14 I
MIN 14 contained secondary water of reactor quality--0.5 ppm Cl

maximum. pH 10 with a trisodiuzn phosphate solution free of "excess
hydroxide" according to the Whirl-Purcell (Ref. 5) curve. 10 ppm I,
SO3 and 200 ppm maximum total solids. On occasion, there was some

minor carry-over of chloride into M.IN 14. which necessitated flushing
with demineralized water until the chloride concentration was within I
specification.

MIN 14 was tested for 1412 hours. The film on the submerged
tubes was slihtly dar.ker than the tubes, ewposed to vapor. Figure 33
shows the tubes after the secondary shell was removed. In MIN 14.
a]! tube-to-tube shee: Joints were expanded and there was no pene-
tration of any of the Joints. The results, so far as pitting was con- I
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 I
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difference in test environment. at least with respec- to dissl-ved
"chloride. The secondary environment of MIN 13 contained 100 ppm
C1. while the environment of MIN 14 was virtually chloride free;
therefore, pitting may be independent of the presence of chloride. I
2. Analysis of Results

Monel showed good resistance to general corrosion. However. i
the Monel tubing showed considerably more incipient attack and pits
than were found on the Inconel tubes. The ratio of pits to areas of
incipient attack was greater also than that found on the Inconel I

G. TESTS WITH BIME£TAL (MIN 15 AND 16)
I

The two bimetal heat exchangers were constructed identically.
Each had a carbon steel 1030 tube sheet with Type 308 stainless steel
overlay and a 1030 carbon steel secondary shell. Type 303 filler
metal was used for all welds. The primary side of the ý-I:-pir tut.c-,-
was AISI Type 304 stainless steel. 0.032 inch thick. an-! i.c szcon.a.-•
side was 1020 carbon steel 0.032 inch thick. These vessels were
tested dynamically along with MIN 10 and 11. Tap water was wzued .
for make-up.

The tests with MIN 15 and 16 were intended to define the extent I
of galvanic protection in the bimetal system. MIN G was intentional!.,
defected by filing away the low carbon steel facing the secondary en-
vironment to expose the stainless steel. Defects of two sizes. 118 inch
by 118 inch and 118 inch by 3V'4 inch were machined on the tubhis ex-
posed to the vapor phase, the liquid phase and at Lie vapor liquid Ln-
terface.

I. Tests and Results

a. MIN 153

The water conditions for MUN 15 were 800 ppm C1 and pH addjusted
to 10 with a solution containing 33% Na3 PO4 and 67% Na 2 HPO,. I

MAN 15 was tested for 3019 hours. "Ine tubes were heav'iv c--ated
with corrosion prod-cts and scale, as shown in Fig. 34. X-ray dif-
fraction identified the major constituent on the submerged tubes to be I
CaCO3 and the min-or constituent to be Fe3 04 w:t.h a t,-rice of CaSO4 .

The maior constituent of the deposit in the vapor phase was found to
be Fe30., with traces of CaCO3 and CaSO4 . Ail the tubes were ex-

panded into the tube sheet. There was no penetration of any of these
joints. The tubes were badly pitted. particularly in the vaper phase.

MND-E-2727
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There were a number of areas where the low carbon steel secondary
clad had been penetrated completely, exposing small areas of stain-
less steel. The stainless steel suffered no detrimental effects from
ex-3osure to the severe environment, presumably because of cathodic
protection by the surrounding sacrificial, low carbon steel anode.

b. WIN 16

The environmental conditions of MIN 16 were identical to those
of MIN IS. MIN 16 was tested for 3035 hours. After testing, the tubes
appeared similar to those in MIN 15. Th2 composition of the scale
was the same, and the portion of the tubes that was exposed to the
vapor plase had the same eark, almost black, corrosion pro-ducts as
found in MIN 15. The tubing in MIN 16 was purposely defected by ex.-
posing the stainless steel sublayer, as is illustrated in Fig. 35. T7e
defects and the extent of corrosion are clearly visible. Gross amounts
of the low carbon steel clad were corroded away. Meta-lographic sec-
tions from the areas of the defects revealed no detrimental effects as
far -s the stainless steel was concerned..
2. Analy'sis of Results

I
The most striking result was the excellent resistance of the sub-

merged low carbon steel tuihing to the severe- environment.

A rigid definition of tne extent of cathodic protectioni in these
tests is very difficult- it could easily be argued that the chance ex-
posure of a crack susceptible area (an area where stresses are ade-
quate for crmcking, needing only exposure to water which contains
exgezr. and chloride at high temperature) is remote; therefore. the
fact that crMcks did not occur in the specific area exposed does not
prove anything ccnciusively. However. the fac tlCat the AISI Type 304stainless steel did no! crack cannot be completely disr-egarded. The
g-oss loss of the low carbon steel outer clad from the lubing on the
--apor phase is no proo, that cathodic protection was in effect. Con-i
sidering the conditions. i.e.. a nearly dry b.iier scale, it is doubtful
if cathodic protection could operate.. It appears that additional tests.,
designed specifically for the purpose. are required te. obtain a fIz'al

ill !he tvibes were expanded into the tube shEet. T'he environment
was effectzv.Alv excluded..

ND - E - 2 7 27



H. TESTS WITH NICKEL VESSELS (MIN 18 AND 19)

These vessels were testee dynamically. Deinineralized water was
used for make-up.

I. Tests and Resutts

a. IIN I8

"-The econd2ry environment :n MMI 18 contained 1000 ppm C1 and
the pH was adjusted to 10 with a solution containing 67.% daiodium
pwnsplite and 33% trisodium phosphate.

MIN 18 was tested for 1385 hours. Figure 36 shows a closeup of
the tubes before they were cleaned. The secondary surfaces were free
of any measurable quantity of a corrosion film. There was a dark gray
discoloration on the tube surfaces in both vapor and liquid phases.
The ti-An deposit on the ftbes was mos.ly- Fe 3 0 4 in both v, v-zor and

liquid phases. There was a very smzll deposit of corrosion products
at the interface- T-he submerged portions of the tubes were flig•t*.-
darker than the portions exposed to the vapor p!ase. in MIN 18. all
the tube-to-tube sheet joints were expanded, and there was no penc -

tration of the joints by the secondary erm-irounment. The tubing was
pitted and the extent of attack was about Prqual to the attack on the
.Mane!_ :t-es -; !I-N 13. Thcr= was little difference in thc exlent of
attack between the vapor and liquid phases. The pits ranged up to
m-ils in depth.

b. MIN i9

SThe environment of MIN 19 cont-ined 0.5 ppm C; .,,ximum. 10

ppm SO3 . 200 ppm nmximum total solids and pH was adjusted to 10

with a trisodium phosphate solut:on free of "excess hydroxidt" accord-
ing to the Whirl-Purce!! cu:-.e, It was necessary on occasion to flush
the secondary sy.stemr of MUN 19 to reduce the slight excess of chloride

I wlhich accumulated.

MIN 19 was tes!ed for 135q hours. Figure 37 shows 2 ,-loSeup of
.he tubes before cleani.g, 1 'e 3 0 was the nzajor constituent of the

d•eposit in both the vapor and liquid p.ases..- The vapor-iiquili ::--Ae--
fa-e was not as pronouncec as the interface in. MIN 18. Gener-all,. *.he

nfrllappearance was abi. h acas MiN 18.f All the
I be sheet joints were expanded in MIN 19. which excluded *.e see-

oi-XArv enr;iso.m•ent. Some incip:ent attack and pitning occurred in
"-hus vessel also. The extent of attack was about the same as that in
MIN 18 and was -ompar=b-e to that. i= MIN 13 and !4. *-.c- lrno ,..
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vessels. The fact that both vessels, MIJN 18 and MIIN 19,were attacked
indicates that attack may not be dependent upon the presence of chloride.
The extent of attack was about the same in both phases.

2. -Arl-sis of Resul-ts I
The results with nickel closely approxinMate the results with Monel.
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I
SVl. MIODEL HEAT EXCHANGER TEST!NG

Sets of model heat exchangers (a set consists of a steam generator
and superheater) were fabricated, using the following materials: Ty-pe
304 stainless steel, Croloy 16-1, Inconel and bimetal (carbon steel
secondary-stainless steel primary). Chemical compositions of the
materials are summarized in Appendix A.

A. GENERAL DESCRIPTION

I Model vessels ci thic design shown in Fig. 38 were used to test
J - materials of construction of both steam generator and superheater

eonfigurations. The steam generator and superheater are separate
units. The only differences are a blowdown port in the steam generator
and a flow baffle in the superheater. The length of the tubes frm
tube sheet to top of bend is about 25 inches, and the tute- are 112- .,-

314-inch OD with an 0.065-inch wall. The tube sheet is 2-3/4 inclf-c
J thick. Each unit corsists of three subassemblies: G) tubes and tuLv

sheet. (2) secondary shell and (3) primary shel. A summary of the
materials used in the construction of the vessels tested is sh.a.%n rn
Table 8.

2. Fablric.ation

J Most of the fabrication methods used for the model vessels are
qiAte similar to those employed for miniature vessels. (See Section
V-A-2. )'The tubes are first assembled into the t.ub• •heet. An ex-

Spander is used to roll all tubes for a length rquivalent to the '.thickness
of the tube sheet plus 0.250 inch. The tubes are weld-sealed on the
primary side and the weld overlays made when necessarvy No ,veriav
is required on the AISI Type 304 vessels. but overlays are required or.
the others. Aflter welding the secondary shell to thi tube sheet, the
assemblv is helium leak-tested -=ti. a mnass sp-c•-trometer. F.nally.
the assembly is compietted b-.7 welding the primary shell to the tube
sheet. The primary side is hydrostatically tested to 3375 psi and the
secondary side to 675 p:i. N,,ne of thr .rzsels received any heat
treatment.

1 3. Environmental Control

Numerouz analhs-t-- and chemue-zj adaustrnents were neces:arv o
maintain the s-o-cifc•d rvirror.nz.ents. Control of •ndzvidua! envr.--ropents
was ssmeahat ddi:-;i-' ecausealf !c=.dental e-r.airnt-7nt of dis,;v'-d
solid;. which trans:jortrd chero.•ql hehnrait- fromn the ý4;..

,I ;
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I generator through the superheater and condensate return to the make-
up tank. Corrosion products from the wrought iron pipe in the second-
arv sys•em -n front of the steam generator contributed to the problem
of proper environmental control. Model exchatrsers SX-1, SX-2, SX-5
and SX-6 were tested with one feed pump and one make-up tank serving
two gels of vessels. as did the condensate return line. !ntermixing of5 environments occurred freauentlv. Irtermixing of environmental chem-
icals stopped when the sys:e-m was divided into two entmes w:tb a
secondary system for each off the two sets of model heat exchangers.

I 4. Pretes: and Post-Test Evaluation

See Sections V-A-3 and 4 under Miniature Heat Exchangers. The
Isame procedures are pertinent for the model beat exchangers.

BI. TESTS WITH TYPE 304 STAINLESS STEELI VESSELS (SG-1 AND SH-1)

1. Tests and Results

The initial water treatmes.1 of the secondary water was very sim: -
lar to one used bv commercial water treatment firms: 40 to 50 ppm
chloride, 40 to 80 ppm phosphate and suZ-te 6 to 10 ppm with pH 10.5I ~~to 11.S The st-a-mnhss stree ves-sels, wX 1 ere tcstcd for 27hu.

a. Steam renerator (SG-l)

The primary surfaces of the 304 stainless steel steam generator
%ere contt-d with an adherent uinformr dark film. Preferential or

I localized attack were not observed. Metalvgraphic examination of the
heat-affected zones in the tube sheet and tube walls disclosed con-
siderable grain boundary carbide prec-pitation, but n-o evidence of
preferential a.tack. The secondary surfaces were coated uniformiv
with a deposi:ed layer of rust-colored corrosion product. X-ray ezam-
inaznon indicated that this consiurted of alpha-Fe2 0 3 and Fe 0.. The

Sia'er was relatively adherent. but much of the coating -c-ould be re-
moved by brushing.. Fig-,re 39 shows the tube assembly as removed
from the si.-ll after test- Chenucal cleanig of the tubes yielded bright
reflec.ivw -surfaces. Micro exam:,=non of the tub4- and tube sheet dis-
cht,,sed compleete freedom from crack.ng.- Sect:oning o! the tube sheet
shomed that only lihmt•ed leakage of water ;nto the crevice area had

I YI. Superheater (SH-I)

T : he .ia)- staintess x:eei superheater was dsco.'*nue,
becu-au-- _f a ic-*e' Ah.ch devei,.'1,I in w;he w =. :hr -r- -:ze- after ;',27 1

I '! '" !'!I
• I "I
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I hours of test. time. Figure 40 iz a photograph of the area of failure.
Major leakage occurred in the tube sheet secLion between two circum-
ferential welds, with a small a-mount issuing from an adjacent leak in
the secondary shell. The tube sheet and the attached shell sections
were cut longitudinally, as shown in Fig. 41, to expose the cracks which
caused the failure of the unit. Micro examination -f the labeled sections
in the figure showed that cracking started in the tube zheet at the end
of the secondary sh!lI crevice and propagated inward. mainly in an
angular direction toward the centermost portions of the tube sheet.
Cracks also propagated to the periphery of the tube sheet, whicn re-
sulted in the main leak. Closer visual examination of the edge of the
tube sheet exposed several other cracks of 114 inch and greater which,
however. did not show signs of leakage. At the point of leakage in the
tube sleet, the crack propagate.. !I-rough the secondary she!] waIe, and
into the shell itself, where additional leakage occurred. The failure
exhibited typical transgranular stress cor-osion cracking. H.gher
magnification photographs of the large crack as shown in Fig. 42 give
evidence of considerable grain boundary attack along side !ranch,: :.-.
the main c-ack due to sensitization from the heat of we!.-r;.. Ext.,r..r.vt
cracking of the secondary surface ,f the tube sheet could be seen by
the unaided eye.

SectiAns made through the tube holes which were checked with a dye
penetrant test revealed the extent of cracking which occurred in the
tube sheet. This is shown in Fig. 43. The portions of the tube holes
shown in Fig. 43 are approximately 2-314 inches long. Penetration of
.-:quid an-d corrosion products along the tube crevice from the second-
- :"cha:nbsr varied from 1 tc i -- 2 inchrs, relative-ly consistent with

the lengths of cracks along the holes en the tube sheet.

Extensive cracking of the tube wall was also found in the areas of
leakage. Figure 44 shows cracks in a tube wall, as revealed by yive
penetrant. The cracks extended completely thrraugh the tubes in many
cases, ma-k.,ng it possible to snap the half-sections of tubing in two b%
hand- Dye p-netrant chec.ks and metal;-graphic examuination tof the tube

sect:ons above the tube sheet re-ealed no evidence of cracking.

3 The .rimary surfaces showed the tv-pical dark, adherent c ating and
no evidence of cracking. The secondary surfaces of the tubes and tube
shnr-t %es r covered with a very thin i eddish-brown adherent film similar3 ifn appe'arance 9o that ,tn the secondary surfaces of the steam genera!c*r.

2. Analv-sis of Results

U Theze :s no doubt that Type 304 stainless steel and probably a'll of
t-he austenitic stainless steels are not applicable in heat exchangers
unless both Zhe primary and secondary water systems are dem,.meraiized

.MND- E-2727
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and particular care taken to eliminate ali oxygen. The early failure
cf the 304 stainless steel superheater confirmed that stressed austen-
itic steels are readily susceptible to stress corrosion cracking. The
entrainment of oxygen, while actually very low in percentage, together
with interminuent foaming or other phenomena which permitted dis-
solved boiler constituents to enter the superheater and become ccn-
centrated as evaporation progresses, created conditions conducive
to cracking in the superheater.

I C. TESTS WITH BIMETAL VESSELS (SG-2. SH-2, SG-4 AND SH-4)

The bimetal model heat exchangers were constructed analogous to
I the bimetal miniature heat exchanger. Oniy o- steell ce-•n.tctd '.thcsecondary environment.

1 1. Tests and Results

The original environment in SG-2 was 40 to 50 ppm C-, * to 86
ppm P0 4 - 6 to 10 ppm S03 with pH 10.5 to 10.8. This ' -taimeat was

I modified after 3853 hours of test to include only a control of chloride,
pH and oxygen, with the chloride concentration increased to 800 to
'1000 ppm.

The water conditions used to test the bimetal steam generator.
SG-4, were thuse specified fur the Slw- reactur. The desired en-
vironmental controls were: 0.5 ppm chloride. maximum < 0.5 ppmi
oxygen controlled by maintaining 10 ppm sodium sulfite. 200 ppm total
solids maximum, and pH adiusted to 8.5 with trisodium phosphate.

1 Some difficulty was encountered with chloride contamination. The
I- source of the chloride contamination wzs finally traced to a thin film

of corrosion products, from a previous test. in the blowdown coil. The
occluded chloride was leached slowly from the •.,r.vtion film into the

I secondary solution. lb- blowdown coil had been -aned after previous
use, but apparently a thin film remained. After recleaning the coil
and after an extended flushing of the secondary system with deminer-
alized water, the chloride concentration remained within specification.
During the entire testing period. the secondary make-up tank was
maintained at 180" F to expel most of the oxygen.

i a. Steam generator (SU-2)

This steam generator was service tested 5041 hours. along with the
Li.met2al superh.eater, rhc primary surfaces of the heat exchanger
were enureiv free of foreign deposits, but contained a uniform and
adherent dark filu,. The secondary surfaces of the Wtbes. tube sheet
and shell wai" underwent extensive general corrosion and were covered

I
I MND-E-2727
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by a loosely adhering film of corrosion products. X-ray analysis of the
deposit showed it to consist of alpha-Fe20 3 and Fe 3 0 4 o There was

extensive pitting of the surfaces, particularly under the tubercular
growths. Figure 45 shows the surface tuberculations as emphabized
by oblique lighting. Areas of small and large pits are readily apparent.

The large pits numbered about 50 per tube and often penetrated to
the stainless steel. Figure 46 shows sections of the tubes at some of
the large pits. In some cases, several square millimeters of stainless
steel surface were exposed. Only slight attack occurred in the high
carbotr.-one of the stainless steel clad interface. There w%% no evidence
of pitting or stress corrosion cracking in the stainless steel at these
points.

The tube-to-tube sheet crevices re-a--- sealded ---- -h -''
water for the greater portion of th. ;r lengths. The water generally
penetrated the crevice approximatei, 114 to I inch from the secondary
tube sheet surface. Little corrosion occurred at these points.

The ID surface (stainless steel) of the tube contained s high degr'-
of grain boundary carbide precipitatioa in the heat-affected zone neal
the weld. The high carbon zone was approximately 0.002 inch in depth
and can be attributed to pickup during normal tube fabrication. The
unheated portions of the tube were completely free of precipitated
carbides at the surface. In no case, however, was there evidence of
pr -ferential grain boundary attack from the high purity primary water
after 22 months of contact.

'. Superheater (SH-2)

The secondary surfaces of the tubes in contact with the steam were
extensively corroded. The zones outside the flow-baffle area suffered
general deep pitting; in particular, the area adjacent to the tube sheet
was deeply pitted. The area under the baffle was generally pittea and
had isolated areas of general corrosion, about 112 inch in diameter,
which penetrated to approximately 70 to 90% of the carbon steel wall
thickness. The attack was similar to Vnat shown in Fig. 46. The
smaller pits. covering the entire tube surfaces, were about 0.040 to I
0.080 inch in diameter by about 0.020 inch deep and about 100 per
square inch. Figure 47 shows examples of the pitting corrosion and
the large heavily corroded areas found under the flow baffle. The tube-
to-tube sheet crevices remnained sealed f-rvr the secondary, as did
those in the steam generator. A heavy deposit of loose. szaly cor-
rosion product was found on the secondary tube sheet surface. X-ray
examination of the surface deposits sl-owcd thaat they -ere composed
of alpha -Fe 2 0 3 and Fe30 4 .

MND-E-272;
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c. Steam generator (SG-4)

This bimetal steam generator was service tested for 4890 hours.
Figure 48 shows the tubes and tube sheet with the secondary shell re-

moved. The overall appearance of the vessel contrasted sharply with
the limetal steam generator, SG-2. A very small amount of corrosion
products was found. The secondary surfaces were covered completely
with a reddish-brown deposit. X-ray diffraction of the material scraped
from the tubes showed that the principal constituent was Fe 3 0 4 . Emis-

sion spectroscopy showed that iron was almost the exclusive metz'.11c
constituent of the deposit. The corrosion products at the base of the
tubes on the tube she-t w.-re rotin to be mixed iron e ,ides ,-f ab'_t !he
same composition as the deposits on the tubes.

K There were no full penetrations of the low carbon steel clad, as
occurred in the bimetal steam generator tested previously. The
deepest penetration found was 9 mils. The extent of corrosion in SG-4
was clearly much less than that which occurred in SG-2. The tes'
times for the two are comparable. The extent of corresit-: in SG-4
was somewhat more than expected, considering that the concentrair:.:.-

I of chloride and oxygen were very low.

The tubes of this vessel were expanded into the tube sheet. Thertr
I was no penetration of the crevice by the secondary environment.

d. Suprrhimter (SH-4)

I The superheater was, of course, servL=: tested for 4890 hours, along
with the bimetal steam generator. The appearance of the steam gener-
ator after the removal of the shel is shown In Fig. 49. The tubes were
covered with an adherent reddish-brown deposit. X-ray diffraction anal-
ysis showed two principal patterns, Fe 2 0 3 and Fe 3 0 4 , in the corrosion

products. Emission spectroscopy showed the principal component to be
iron. There was a slightly greater quantity of corrosion products -, the
tube sheet of the superheater than on the steam generator. X-ray dif-
fraction analysis showed that the corrosion product on the tube sheetIhad the same composition as the deposit on the rabes. Just as the steam
generator from this set war not ncarly ass corroded as the steam gener-
ator from the previously tested set, so the superheater was not nearly
as corroded as the one tesEed earlier. The deepest pit found in the sur-
face of the secondary trbing was about 3.5 mils. The worst pitting •-s
on the tubes near the tube sheet.

2. Analysis of Results

In the dynamic system reported here. where all oxygen was not
eliminated, the thick layer of corrosion products -educed the steam:ng

I
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rate from about 70 Iblhr initially to about 48 lb/hr finally. Con-
siderable difficulty was encountered in maintaining the proper steam-
ing rate and attendant superheat control. Corrosion in the steam gen-
erator (SG-4) with no oxygen or chloride was more than expected but
the extent of corrosion was clearly much less than in the steam gen-
erator (SG-2) containing oxygen. The absence of stress corr,-z-.on
cracks in the bimetal vessels, as expected, is an indication that low
carbon steels, even when stressed, do not experience this phenomienon.

D. TESTS WiTH CROLOY 16-1 VESSELS

1. Tests and Results

The desired environmental controls for these test vessels were:
800 to 1000 ppm chloride, pH 8.3 to 9.5 and no oxygen (controlled -ith
sulfite). Considerable difficulty was encountered in trying to maintain
these secondary water conditions. Much of this difficulty was traceable
to the large am.,unts of corrosion products which originated mostly in
the wrought --c- piping in front of the steam generator. Thc corros•)cz
products we. imped into the steam generator with the 7.n!ie-up wa er.
As the corrosion products settled onto the tube sheet, chloride was|
occluded onto the particle surfaces. The chloride concentration fluc-
tuated as the deposit on the tube sheet was agitated by action in the
steam generator. The use of sulfite was not specified for the control I
of oxygen, but was arbitraril:.: adopted in an effort to control its con-centration.

a. Steam generator (SG-5)

"he Croloy 16-1 steam generator was service tested for 4253 hours.
Upon removal of the secondary shell, the appearance of the tubes wa- I
as shown in Fig. 50. a closeup of the tube ends. The discontinuous
film of corrosion products indicated that active cells, probably pits.
occurred beneath. Subsequent investigation showed that this was the
case. The depth of pits ranged to two mils. A considerable agglomera-
tion of corrosion Droducts was found at the base of the tubes on the
tube sheet.

The interior of the secondary was completely covered with typical
-ed rust to a thickness of about 17 mils. X-ray diffraction of the ma-
terial scraped from the tubec showed that the principal constituent was I
Fe O. X-ray diffraction of the agglomerate from the base of the
tubes showed it was composed mainly of CaCO3 . Emission spectro-
scopy identified Ca as the principal component of the agglomerate. It I
is notablc inat the two samples of corrosion products were dissimilar,
because this fact heloed to idenif-: the source. The source of the

MND-F-2727
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profuse amount of agglomerated material and loose corrosion products I
was undoubtedly the secondary feed system. The entire secondary feed
sys.em was rebuilt with stainless steel after this test.

All the tubes were rolled into the tube sheet of MOD SG-5. There- I
fore, environmental chemicals were excluded, except for the first
112 inch from the tube sheet surface. No cracks were found in the
crevice in the vicinity of the seal weld, as in the Croloy 16-1 min- i
iatures.

b. Superheater (SH-5) i

The appera•--ce of the SH-5 superhe-ater after the test :s s-. in
Fig. 51, a closeup of the tubes. Many tuberculations of varying sizes
occurred on the tubes. X-ray diffraction of the deposit showed two
dominant patterns, XaCI a".- Fe3 0 4 . Emission spectroscnny showed

the principal components of the deposit to be Fe and Na.

The depth of pits under the tuberculations ranged to ;•" 43 mris.
The tuces, -ftcr . - Crc ,.-ne.ally brigh. m- etal wth many
isolated areas containing deep pits. As expected, there was no pene- I
tration of the rolled tube crevices by !he secondary environmen!.

2. Analysis of Results i
The general resistance of Croloy 16-1 to corrosion was good but,

unfortunately, the corrosion which did occur, occurred as pitting. The
superheater. SH-5o was pitted severely, which prevents an estimation I
of its service life. Extensive pitting to half the thickness of the tube
wall was f6und in many areas. I

E. TESTS WITH INCONEL VESSELS (SG-6. SH-6o SG-7 AND SH-7)

1. Tests and Results i

The environment in the SG-6 s'eam generator was 800 to 1000 ppm
chloride with pH 8.3 to 2.5 and no oxygen (controlled with sulfite). In
contrast, the secondary environment in SG-7 steam generat-jr was 9.5
ppm chloride, 150 ppm phosphate. 10 ppm sulfite, with total solids 175
to 200 ppm and pH 10 to K(.5.

In SG-7 and S11-7. 112-inch Inconel tuhing %%as subfo.:u..d fur the
usual 314-inch tubing normally used in the test heat exchangers. The
design was modified slightly :o provide equivalent heat transfer surface.

MND-E-2127
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a. Steam generator (SG-6)

This vessel was service tested Z'or 3819 hours. At first glance.
the appearance of the tubes in this steam generator was discouraging
(see Fig. 52). Howeverý, investigation showed that the Inconel was
remarkably resistant, even under the severe test conditions. The
boiler scale was about 25 mils thick and had iust started to flake off.
Despite the poor appearance, the only deleterious effect of the boiler I
scale was a lowering of heat trarwse- rate. In the areas where flaking
occurred, the lustrous surface of the tubes is visible (Fig. 52). After
chemically cleaning the tubes, they were bright and lustrous and the I
surface retained score marks and scratches from fabrication. A few
limited areas of surface dulling with smaller areas of incipient surface
roughening did occur.

X-ray diffraction of the boiler scale identified the major constituent
as CaSO4 . The results strongly suggest that in consideration of heat

transfer and service, the secondary water should undergo scmne puri-
fication before it enters the steam generator.

The environmental chemicals did not penetrate the tube-to-tubt
sheet crevice. The tubes were rolled into the tube sheet. N;o cracks
or pits were found.

b. Superheater (SH-6)

.After the 3d; u-hour test. the tubes of the Inconel superheater ap-
peared as siown in Fig. 53. A gray-white film about four mils thick
covered the tubes. X-ray diffraction identified the scale as CaSO .

After cleaning, the tubes appeared similar to those in the steam gen-
erator (SG-6), except there was no surface roughening. There was no
penetration of the crevice at tt-h rolled tubes in this superheater. No
cracks or pits were found.

c. Steam generator (SG-7)

This vessel was service tested for 4747 hours with no failure.
F!2g. -;4 shows the tubes aftcr test. The t.bes were covered with a
thin. adherent reddsh-brown deposit which X-ray diffraction analysis
identified as mixed iron oxides, mostly Fe 2 0 3 . After cleaning, the

tubes appeared bright and lustrous, as shown in Fig. .5.

The agglomeraie of corro.io:u products on the tube sheet at the base
of the tuLes had the same com--osit!ion as the coati"g on the tubes, ex-
cept for a minor inclusion of CaCO3 . No corrosion products were

I
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found in the crevice between the expanded tube and the tube sheet. N'o
cracks or pits were found on any of the secondary surfaces of the
inconel tubing.

"I d. Superheater (SH-7)

The superheater was tets*ed 4747 hours. along with the steam gen-
erator. The tubes appeared as shown in Fig. 56 after remova o!f the
secondary shell. The tubes were covered with a loosely attached. pale.
reddish-brown film very similar to the fMlm on the tubes in the Inconel
stea•' generat.or SG-7. The principal constituents were identified as
Fe 30 and Fe20 by X-ray diffraction analysis. Emissiun spectro-

scopy showed that the metallic constituent was almost exclusively Fe.
After cleaningthe tubes were similar in appearance to those from the
steam generator (see Fig. 55). No cracas or pits were found in any of
the Inconel tubing. There wab no envir.7,nmental penetrafion _-I the
crevice between the expanded tube and the tube sheet.

2. Analysis of Results

Incone! .•as the best material tested. The Inconel tubes in the
stea.-m generetor and the superheater wbich were tested in reactor
quality water were almost completely unaffected by the environme::;.
Even when exposed to wate- which contained a high concentration of
dissolved chloride. Inconel showed a r-sist.tnce superior to all other
materials tested.

I
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VII. CONCLUSIONS

Of the metals tested, enlv the austenitic stainless steel. AISI Type
304, suffered stress corrosion cracking. The ferritic stainless steel.
Crolo- 16-1 and low-carbon steel pitted extensively. Monel ard nickelwere pitted slightly- Intone! was attacked om-'y superficiallyv.

Admittedl-, the test environments in most cabes were severe; but
this was intentional and was specified to emphasize differences betweeis
the various metals tested. On the basis of these several tests. Type
304 stainless steel and Cro"loy 16-1 must be rejected for long term
i-se in heat exchangers, unless elaborate precautions are taken to
remove detrimental con'stituents from the secondary environment and
also from the primary environment. The applicability of low-carbon
steel is in doubt even with a high purli% secondary environment.

AMonel and nickel pitted slightly in a pure, as well as an impure.
sec-ondarv environment. The severity of the attack did -- it ap-ear t-.
be related to the chloride concentrations in the respect-, i-nvire-r-.nts.
The attack, albeit very slight, particularly in the high purity envtruo.-
ment, must result in ranking these materials below Inc'anei in ti-
evalua:ion for steam generator service.

B:y all criteria, Inconel was far superior to any material tested.
Even in. a very severe enairor mcnt with extended exposure at high
temperature, htwouil sdffe: em hardll. niure than. superficial attack.
On the basis of the several tests reported here, we must conclude thatIncone! is the most serviceable material vet !ested for steam genrrqtir
and sup~rheater service.

3 Rolling of the heat exchanger tubes into the tube sheet should con-
tinue to Lbe specified. In these tests, there was very iimiited. if a:.-..
penetration of crevices formed by -the tubes which had been expanded
... the tube sbeet., wl-ereas ithere was always pc-cr.-ton ir. the crev-
ices where tubes were rot expanded. in the vapor phase, the penetra-
tion alwayvs continued to the seal-weld of the tube-to-tube sheet. Con-
cvntratiuoi of solids in the crevice and potential detrimental cffTcit.
due to corrosion can be eliminated rather cheapvl by rl-iig. in addi-
tion, tube f-t-up is imraproied and the probabii:ty of weld defects gre-atlyreduced.

Little can Le add-d "% st. •:ate ui the art concer;:-ng the treatment
of secondary water for use in a steam generator fabricated with Inconel
tubes and !c.w-carbon -.-- I :.'! •r "! hr. .L. "hur , the crn-
cen:ration of chloride and!or cxygen appea: ed to be unr-l.tzed to the
inc:p:ent attack which inconei suffered. Needless 1o say. s.ifficient
rc-aunent t.. remove boiler scale antors, calc:u=n and magn(sium. -s

r--quar•-d. Evaporators are appl'cablie f.,r th_.s purp,.e. Ttr- inc :dentat

%
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removal of chloride aoang with the calcium and magnesium is beneficial
because of its definite adverse affect on the low-carbon, steel compo-
nents of the heat exchanger. Deaerators effectively remove dissolved
gases from the evaporator feedwater. Injection of _ulfite or other ox-. -|
gen scavengers into the secondary feelwater removes the last traces
of oxygen.

By all appearances, Inconel is sufficiently resistant to highly impure 1
environments to withstand untreated secondary water. However, the
problem of boiler scale formation would be virtually insurmountab'e.
The carbon stcel tnbe sheet and shell would most likely be the portions I
of the stea•m generator which would suffer most in untreated secondary
water-

I
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