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IMPURE WATER I[N STEZAM GENERATORS
AND ISOLATION GEMERATORS

Daniel van Rooyen and Martin /. Kendig
Corrosion Science Group
Department of ‘uclear Eneray
Brookhaven National Laboratory
Upton, “ew York 11973

SUMMARY

Stress corrosion crackine (SCC) can occur in stainless steel (S5 and
Inconel 600, but they do not behave in the same way.

) less ~“rane %0

-

w

SS is prone to SCC in as well as 'lalk ‘ncorel 500

SCC in NaOH, and normallyv resists SCC in

Y R

Impure water ingress into PWR steam generators or 3WR 1sglation condensers
is discussed in terms of C1°~ - cracking and “alK cracking, taking into
account the kinetics of chemical chanmces, concentration changes ancd 3CC.
Chances in chemistry are relativelv ran‘s.

or if 0, is oresent. The 0N Qroo
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€17 cracking of SS can occur at
in the use of sea water is believed %0 2e Tess important than the Jresence
0

2-
fa0H cracking is a greater likelihood in S5 than in Incorel, althouch doth

materials are suscestible.

- -~

Operation at temperature for ud t0 2 week with moure water may lead to 3CC
of the tubes by C1° or “aOk.

Elimination of 0, will reduce the chances of C1 SCC of S§, MaOK cracking

0 Inconel, or oure water crackina of sensitizec 35

Silica mav hold ootential as an ‘naredient %o sunoress caustic formatior
due to concentration effects in alkaline impure waters.

‘awering the ‘emperature as Auizklv as 00$sis'2 weuld 2752 e tenefigial in

O

a steam qenerator ~ith Inconel 600 tuces anc a causts




STATEMENT OF PROBLEM

A meetina was held in late June 1973 in Bethesda to discuss the matter of
impure water that may be introduced into puR steam generators or BWR isolation
condensers. J. R. Weeks and 0. van Rooyen represented 3NL. [t was said that
new plants are or will be required to have a 16-hour supply of feedwater avail-
able in case of emergency. Also, such new plants are being designed to be
sapanle of reaching cold shutdown within 3 period of 36 hours. In older plants,
shere are no such rules for supnlies of feedwater to De available, and € it
~ccamas exnausted for some reason then the olant woult rave %0 use an impure
source for emergency cooling under cold shutdown is r:acned. Some of these olants
=av only have a 30 minute suoplv of oure water on hanc.

2¢ major concern to the “RC is the sessinilisy that stress corrosion crack-
ina 'SCC) will occur. Tube materials are tyoically stainless stee'! (SS) or
‘n=cne’ 600, and both of these materials under certain conditions are sublect

=5 SCC. The most likelv imoure water that would find entry in steam zenerators

"

ar isolation condensers would be sea water, lake wazer, river water Ccr water
Frem 3 municinal supolv. In the case of sea water, the 2% 3% the resultine solu-
tiar will droo and chloride can concentrate fn crevices or 2T 2reas of 'ocal

“oiline.

£--antially, three protlems are associated with ¢n'loride entry, f.e., those
of SCC, accelerated corrosion of carbon stee! and pitting, Of these, only the
sraccing of S5 in chlorides is acdressed in the section an sea water because
sitsinn and denting are not forms 0f corrosion associated withn safety acuestions
in the time oeriod of about ore week.

Cresh water, from which zarbon dioxide zou'd 2e exdelleg, 1€ intracuced ‘nte

staam oenerator or isolaticn condenser, s usua'ly excectec I show 3 o ~ise,

e

53 *hat caustic cracking mav become 2 oroblem. “he o Zan aiso rise as 3 resu’t

3¢ the reaction of lla salts ‘n the imnure water with 2xisting dxiles or hycroxize:

in *he tystem, 1iving free "aCF. In this case, Zoth 'nconel 300 and SS are knowr
en underto SC2. Siver water cr other saurces ¢ ‘rash water 17€ «nown IC JonNe

sain sodium salts, and therefore, the matter 3¢ zaustic crack'ng will e dis-

sussec in shis section, includéms Soth of these 2770ys.
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The questions that were raised by MRC for Brookhaven to look into concern
mainly the matter of time. In other words, how long can a certain impure water
be tolerated in the components that have been mentioned above’ An additional
question concerns the possibility of additions or other steps that could be
taken to reduce or mitigate the effects of the impure water on tube intearity.
It was agreed that the 8rookhaven review would consider a period of approx-
imately one week which would cover temperatures from operatina temperature down
+a colé srutdown. [n practice, 2 substantial portion of this time period would
involve boiling and steaming while orderiv emergency arocedyres and repairs are
carried out. MNRC felt that one week would be a reasonable basis for the oresent
analysis.

CHLORIDE STRESS CORROSICN CRACKING

~hloride cracking is considered 2 sotential orsblem for S5 dut not for
Incone! 600 tubing, which has a niah nicke! content. The crackine of SS in
~hlorides depends both on the chloride concentration, the OF of the solution,
and the electrochemical potential. The nigner the sotential” the less chlorice
is usually required for crackine to start, and the cpposite s also true. hen
r17 is introcuced, the pH can De lowered in local reaions such as crevices.

-

z.~ +nis to happen, local corrosion is needed. The latter is stimulated Dy
- axidizing species. The pr droo will '
species will do the same, we emphasize the oxidizing aspect in this discussion.

A curve showine the relationshin between chloride concentration and oxyfen con-

affect SCC, but since the oxidizina

~entration was developed many years aqo ‘) and is included in Fia. 1 with other

data taken from a recent naper Dy hordon. ‘! Subsequent work by R. L. Jones ' ©
has extended the knowledge about the effact of electrochemical sotential, usina
solutions with .1 M NaCl (which is equivalent to atout 0.6% MaC! or 2.36% C

p
an¢ *ests which were made at 290c. ‘tio SCC was €ounc in 10-hour %es%s without

-

.
High oxygen concentrations 1ive rise %0 hich electrochemical rotentials, §0O
shat the 510t of chioricde versus Oxynen concentration ig *he sarme ‘n orincid
3s cnlaride versus electrochemical potential. *he &¥%ecss of 0o Jer se Can
2i¢ar from that of controlling the potentia] 3t the sare value by electronic
amparatyus, as shown by Josbors and Pagenaren o/ for sensitizec €S in oure

nacer,

o3



any apolied electrochemical potential, in tests done in an atmosphere of helium,
i.e., nc oxygen present. As the potential was increased, using electrochemical
instruments, SCC was observed t0 take place in about +1000 mV on the hydrogen
scale. This is quite a high potential, corresponding to an oxygen concentra-
sion well in excess of that in feedvater in contact with air. Cracks start from
pits under these conditions and_somt additional work showed that when the in-
struments were switched off after pittina had started, in order to lower the
sotential, then no cracks penetrated thne material. This sucoests that even if
-alarige and Jxvnen are nresent ‘or a time long enou~ - *0 start pitting, SCC may
sti11 not be serious if the oxycen is removed soon encugh. Time ‘s obviously
-ritical in this remard, but at any stage the removal of 0, will reduce the
-nances of 3CC. A ooint of uncertainty rereins, since 1t :s not astablished
whether an existing crack will arcw or would be arrested in the absence of 02.

Jecent data also indicate that there is an absence of cracking in C-rings
s+ressed above the yield point exocsed ©0 solutions at 500°F with low 2, and
nigh chloride. These tests indicated only an extremely slight amount o; inter-
sranylar penetraticn, which was not typical of SCC in sens‘:izéa SS. The oxyaen
was somewnere below 200 ppb, which was the maximum level in the starting solu~
tian: unfortunately the effluent frequently contained zerc or much less oxyagen
-nan was introduced. Consequently, the tests can only be considered to have
seen oxygenated to the maximum of 200 opb, and under various (most?) time oer-
iods probadbly contained no oxycen at all. The test does reinforce the conclusion
snouch that removal of oxynen or kaeping the oxyren very Tow will eliminate the
risk of early SCC in SS.

The use of sea water in an emernency situation for coolina the steam nen-
arator ~oulg necessarily intreduce an yir.gaturated anueous electroiyte with
nizn chlorise. This, when in contact with SS at soeratinc temgeratyre 'n the
icinity of 290°C, would definitely pose s threat of early SCC, certainly well
within a2 one week neriod unl..s the oxyaen is removed from the solution. There-
fare, *€ sea water is used as standby =00lans, it should te deaerated or its
Jse should be discontinued within a matter of nours in order %0 reduce the
nazard of SC2 in 8. The scints of particular vulnerabil ity here woyl? be

*hose §'+es where chlorides concentrate 3s 2 result of S0ilina or as 3 resu’t

de



of corrosion takina place inside the crevices or inside pits that would form

——

as a result of the intrusion of sea water.

The relationship between cracking and chloride concentration (as well as
slectrochemical potential), correlates well with the work by Jones, whc found
no cracking in his tests in a 30 hour test neriod when 02 was ibsent, and po-
-ential not controlled. Also, he observed no oits in his tests. It seems
rsasonable to assume that the test Sv Jores could have run considerablyv bdevond

~2,rs with the sare result, since the electrocherical 2ctential -as net Iuits

- - - e W

12le “or cracks or o1%s %0 develod. Consequently, unter similar condilicns 2

-~
» . - . »
722~ zgnerator with SS tubes or an isolation conlenser wouiC De exdectec 0
seraze without cracking for a period of several davs. Howevar, Jones' work

* )

% Y 5 3 . ~ " 2 ~n Aart
2ces nCt cover the cCase where i0Ca. 20 ng takes Diace angd wnere Ch:C Jes
2,12 se cancentrated v 2 larne factor. Ns discussed ‘n the next section for

e - - -

: 9
. P & crackinal,

ocal changes in concentration Zue to heat *lux

-e $e'S - -

reiatively ranidly, so that the kinetics of SCC 3re exbDected 0 e rate ce-

.-

- ~ e - P < &1 - e -
ter~ining. Conditions of increased concentration ind neact Jx would have %0
e 2x3lared in greacer Jdetail Sefore a final conclus'on Zan e Iraxn redarcing
* -~ . »
the Tow 2. solutions.
o : 1 1 b o] - -~ 2 - 2 \* ~ A - -~ &
[ ~dditional laboratory resuits by 2osborg in Sweder an” 3. M. Gorden
- - | % u ~ aeinn anf £1° 4
somewhat to clarify the cuantitative asoects of the aJues<tion ¢l and
1 [ 1 3 1 1 s . » . ‘asianehine
' /218, fa. 1 includes older data tocether with mOore recent re.3770Nns S
“ '
y |} 5 -
! .etvieen chloride and oxvaen, as summarized bv Sordon
|
1 remark nere 1§ needed concerning crack oropacation ang Irack nITIATION
v . Sl g . -
n SS the crack velocity can be of the order of 0.005 - 0.01" fer nour. Lon-
4 . $ " £ * L B/ - - - .
’ sequentliy, once cracks ‘nitiate, thev could penetrate 3 thin-«a *J0e quite
* 2uickly. “any alloys with incressed resistance t2 C1 SIC have lcneer surviva
%i™es In’y Secause cracks 30 "0t initiate reagtl. n Timmung' 317078, SO%H
nitiation and oroparation are exiremeiv 512w Or 13sens
CAUSTIC CRAcKINA
hereas %he influc 7% sea water ints 3 st@2~ “erericir or 2rn 50133100 I0on-

ienser causes 2 drop in oM, Other raturli waters sucCh as river vater axeg water

wr

L
o
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and nerhaps municipal water supplies would lead to higher DH and introduce the

danger of caustic cracking.

Since the SCC problem is affected by several variables in this case, it
is necessary to consider the two pertinent factors separately, in order to
determine their effects on the kinetics of caustic SCC:

1. The rate and degree of concentration of MaOH due to boiling,
chemical reactions, and the effect on oM of solution chemistry.

2. The SCC of the metals involved.

Local Boiling, Chemical Reactions, Species in Solution

Ao
10%

It i3 important to estatlish some idea of the time neeged t0 form a l-
localized solution of “aQH from the natyral impure water and the environment
«ithin the condenser or stear Jenerator. cancentration of alkali in waters
can resuls from the high temperature shift of the equilibrium below to the
right:

(1) NaHCC o2 a0k * c,

The chemical kinetics are rapid and the snecies always exist at equilibrium
s,en at low temperatures. HOwever, scale formation and crevices within the

:eam generator oroduce high heat £lux crevices where the sodium nycroxice will
cancentrate. The chemical reaction will not determine the extent of high alka-
line formation, Sut rather the shermal hydraulics will determine the concentra-
tic. Hence, if occluded high heat flux reqions exist, haCk will concentrate
from &?-fn‘TJX of alkaline waters such as those containing 2aHCO3. W. Pearl
st al. > calculated a concentration of 0.1 molal NaOH within an isolated
crevice with 2 heat flux aiving a 109C temnerature rise above bulk during 3
nypothetical ‘nflux of Migsissippi waters. Hovever, nydrolvzable spectes such
as silicates which consurme AH™ to for= insaluble products will have 3 sTrong
moderating inflyence on the rise 1in 0K~ concentration (see Aopendix A The
dynamics of the steam formation orovide the rate determining sten, not the
~nemical kinetics of reaction 1. Soecific ~ates will De qualisatively descrided

later.
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The case for the situation where a dissolved sodium salt reacts with cor-
rosion products to form the alkaline crevice is different, as .iscussed next.

The anions of some heat-flux-concentrated dissolved sodium salt: can react
with metal oxide and hydroxides within occluded regions to produce free dis-
solved NaOM. For example, a possible scheme by which sodium phosphate will
react with maanetite is as follows:™

(11) na, WPO, (dulk)  _"MIe-OUt  wa, wpO, (crevice)

B . ]
(111) 4 H.0 + 8 Na, HPO, + 3 Fe.), wan?
2222 20 2 HPOy 14 rrEvTEE”

=e3(904\2 + 6 Fe(PC,) + 16 NalH
(see Economy et al., ref, (4)

The s:eamine dynamics which cause loca! concentration as considerec previcusly

The chemical kinetics of (Ill), however, prod-

7

will determine the rate of (II
ably determine the rate of the cverall process renresentec Dy the sequence of
reactions.

- e

Times between 10-15 hours are recuired for [I[ %o ecuiliprate at

(&)

m
~ 280% for .02 mole phosphate/ka H,).'

There is more information sucgesting that the hide-out orocess s more
.-~ =han reaction [III). S. Yasnima et al. reported the existence of a cor-

2 concentration of phosphate within a semi-isclated crevice to De ince-
gendent of bulk nhosphate concentration or Na/ohosphate ratic as observed
af*ar *he 400 hours of the test. Concentration of oyrophoschates orocduced the
same rates as observed after 100 nours. The concentration process clearly is
nct the rate determining steo for corrosion. In tests at BNL, using a

"in exarnle of crackine that occurred in the field is Zenznau, where 't was sus-
sected that lla pnosohate reacted witn iron oxide formed earlier in tne 1ife of
the steam nenerator and which was converted intd "alk and iron ohosonate when
dosine with phnosnhate was started. As will be examined later, 't has Deen specu-
lated and calculated bv various scientists, that "al™ of a relatively hioh con-
centration zan be nenerated escecially in areas where it will not readily di€fuse
way SUCH 1S crevices or underneath deocosits. Other inaredients Suffer these
local elecsrolytes, sc that the final pH decends on the overall electrolyte
composition.



QLM FCZSC‘ solution at 100°C, the concentration at a steam blanketed regiun
via hide-out of FC(OH)3 through precinitation occurred within 1-2 hours, as
shown by a rapid drop in local solution conductivity.

In summary then, concentration of species produced by heat flux proceeds
quite ~apidly and will be controlled by the relative rates of flow into and
steaming from occluded regions. If concentration of “aOH proceeds merely Dy
a heat flux concentrating mechanism of NaQH in the bulk solution, it will occur
auite ranidly. Somewhat longer times will be required if chemical reactions
petween hide-out materials must occur to produce tne alkalinity. For the pur-
soses of SCC predictions, it has-to be assumed that the time to form dangerous
levels of MaOH, once impurities have been introcuced, is short, i.e., one day
or less.

An interesting oossidbility for mitigating the “ialH SCC oroblem is to add
silicate to the impure water. FAs stated above, it is calculated to have strong
suppressing effects on the Tevel of caustic that is formed locally. (This is
not standard oractice, so that unidentified secondary nitfalls may exist, e.q.,
sossible buildus of local acidity and scale formatinn.)

Rates of SCC of SS and Inconel 600 in Caustic

Laboratory tests with caustic have been done by various groups such as
.estianCuse<6'7'3'9) and 3&wr10> s0 that there is a sood amount of data for
sredicting whnat would haopen in MaCH solutions of various concentrations. Une
fartunately, an unknown ascect in this correlation to De made with field condi-
tions is that the influx of ‘mpurities will not give rise to a predetermined
concentration of NaOH and a fixed electrochemical potential. Therefore, in
diffarent narts of the steam generator a whole series of caustic concentrations
may arise depending on location, as stated before, and alsc on the concentration
5f other species such as silicates. Consequently, it is necessary to consider

the ¢ ‘ect of several levels of “aCH and 35 plus other fons in tryina to determine

how SS and Inconel allov tubes will perform.

It is generally acceoted that the use of slowly strainina specimens ~ives
~ost severe results, followed by U-bends, and that C-rings cive the Tongest
fa4lyre times. However. since stresses of unknown levels can exist under oper-
ating conditions, ¢ is felt that sufficiently conservative conclusions can be

o8




based on results with high stress, i.e., U-bends, for which the largest number
of data are available.

Hestinahouse data indicate that -bends of Type 304 SS in deaerated 10%
NaOH can crack in three days or less and similar results are obtained in higher
concentrations. At 90% and 110% of the yield in 10% NaCH, 304 shows only minor
surface penetrations in 220 days, and 25 mil cracks fn 33 days, respectively.
Obviously the stress level is proven t0 be quite significant. Compared to this,
211loy 600 cracks in a matter of several months and Alloy 300 (Inconel’' behaves
~ora 1ike SS than the nicke! base alloy. Since the earlier discussions showed
«nas cnemical changes can occur rapidly to raise the oW, it is evident that
shere should be concern about SCC in §3 within a matter of a few days if impure
(NaOk-forming) water is introduced. ™itivating factors would be (1) absence
of high stress, and (2) snecies in solution that suppress YalK level. For
Incone. 600 in cases where 0, is not oresent, less propadbility of SCC within
one week exists, decause laboratorv data indicate relatively lona failure times.
This is believed %o be 2 result of the hicher Mi content of Inconel.

The oerformance of 35, and 21loys 800 and 300 in 3507 caustic with anc with-

. r

aut additions is given in Tasle [, taken from refersnca (2]. It is evident

shat 2110y 600 is much more resistant that 304SS. Also, some additions such

= or Si?z would be detrimental.

In practice, it must be considered that the introduc*ion of river water -
other relatively "high Ya" imoure water will be air-saturated, and the oxygen
would be replenished as more and meore of this solution is used, so that specific

™4

stens will be needed if 32 is to be removed. carlier [nternational Nickel Co.

results showed that Inconel 600 cracks in caustic soda at high concentration with

an aver-pressure 0f oxyqen or air. 'hile the level of oxygen in the IncC tast

was 1igher than the level 0f 6-3 ppm exsected %0 e introduced Dy 2 solution in

ecuiliorium with air, the field condition will nevertheless continue the supoly
I'n ~‘

of air (C,), whereas in the c sed system used oy Inco the O, was cradually

-
lowered by consumotion durina the test oceriod. In this case, trerefore, [ncone!
€70 ‘5 in an 111-defined arey area where it ‘s not certain whether it possesses

decyate resistance to SCC for one week i€ 2ir is not removed. Another complica-

e\

.

an is that results obtained 5y Theus at 32i4'"" indicated that 2 sma’l

o'. sh.‘o




in the anodic direction can introduce SCC in Inconel! 600. This observat.on ine
dicates that there are two bands of electrochemical potential in which there is
a danger of SCC of Alloy 600 in caustic: the one lines at a high level, cor-
responding to a considerable over-oressure of air in the International Nicke!
ca. tests, and the second one is lower and nearer the electrochemical potential
of a deaerated solution and corresponds to the B&W and Westinghouse controlled
sotential data. A safe zone is melieved to exist between these two, and there-
fare tnere may well De cause for concern over 3 relatively Tow level of Qxygen
ar gener oxidizing species which could cause a sufficient snift of the corro-
sion potential in the deaerated salution to move into the first band of caustic
crackina, which could be as dangerous as much higher C, levels. The amount

2 oxvgen recuired for this shifs has not been determined accurately, and such
tests are needec.

The botton line for Inconel 600 is, therefore, that contact at onerating
samoeratures with "alK-forming impure water should be avoidec or discontinued

im Yags than two Oor three days, uniess €} ‘2 can Se removed, or (b MalH forra-

+ion suporessed in local regions. further, lowering the temperature as guicskly

as possidble would be peneficial, as caustic SCC of ‘nconel 800 s known tI de
stronaly temoerature-dependent. 2150, it is evident that a better know!edge of
nat local conditions in terms of “alH and stress may develeo in service, would

make gredictions a areat deal easier. The addition of S$i0,, which can buffer

she buildup of 'lalH, may also intensify the situation if ‘;rge amounts 0f caustic

sre aresent, as can be seen in Table L.

CPACKINA OF IMCOMEL AND SS IN QELATIVELY PURE WATER WITH A SMALL AMOUNT CF
TAIGEN PRESELL

The cracking of S5 in water with only a little oxgen present Nas accurred
in sensitized S5 even at low temperatures. Should such material e 'n service,
shen the simnle intreduction of 2 small amoun® of oxygen could oose 3 oroblem
in highly stressed or actively straining reg.Jns. The cracking rates appear t0
be 2 maximum a< 200% . An analysis of the situation in 3 steam aenerator or
isolation zondenser indicates that the chances of such cracking are low, tecause
the tubes are not usually installed ‘n the sensitized condition, so that the

vime required for cracking can 2e excected %o De ‘onger than one week. 'S
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would not be the conclusion for sensitized materfal; for this reason, it is also
important to consider welds, the original material, and also the possible longer
term sensitization that is known to occur at operating temperature. Experi-
mental datz along these lines are incomplete, and require emphasis if the SCC
oroblem in impure water is to be addressed comprehensively. Reference to
‘original material" above concerns mill practice which may not be sufficiently
controlled to ensure delivery of 100% unsensitized stainless steel tubing,

T
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Figure 1. The Effects of Oxygen and Chiorice on the
SCC of Austenitic Stainless Steels in High
Temperature wWater




TAB

(Ref

LE 1

8)

Stress Corrosion Test incidence of Fe=NI-Cr Alloys in Strong Caustic with Additivesr

(Mili-annealed C-rings in duplicate, at 110% of yleld strength, exposed 0 equimolar 50%

{KOH « NaQOH) + additive; §20°F; 1+, 3-,

or §-month exposure.

One sample/heat metailographically examined for cracking |

Additive

T
I

Months

Type 304

Stainless Steel

T
Incoloy 800

Inconel 800'

None

Secondary l.ua(e'
102 SiOr

% Ph (as PHO)

1000-ppm C1°
1000-ppm F~ (aa F~
0.5% As (as Ay
1% B (as H3B0)

10% sodalite®
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APPENDIX A

o @a. Paaci and S, G, Sawochka"' have made a calculation of the pH rise due
to concentration of impurities introduced by a Mississippi River inleakage.

o Concentrating effect is limited by 8.P. elevation which was taken to be
o
107C

1
.‘ Define 24 = <100 [H‘j [H’] K H. concentration

‘ neutral pH is that wiere [H‘] -[OH']

o For an isolated cavity with the 10°c temperature rise and a fresn water in-
gress (Mississippi Water), the hydroxyl fon may reach a concentration of
0.1 molal in the absence of silica. This corresponds to 2 room temperature

-

pH of 13.

Silica can produce a suporessine (beneficial) effect.

-~

Through hydrolytic nrecipitation silica will buffer the solution ¢
lower oH at high concentration factors. e.2., 100 opb silfca will reduce the
L ]

b ]

lavel %0~ 107 to 1072 molal for the same comditions.

EPRI =d0e-1)




ENCLOSURE ¢

STAFF POSITIONS REGARDING
SEP_SAFE SHUTOOWN SYSTEMS REVIEW
QYSTER CREEK NUCLEAR PLANT

1. The licensee must develop, by April 1981, plant operating/emergency pro-
cedures for conducting a plant shutdown and cooldown using only the
systems and equipments identified in Section 4.0 of the SEP Safe
Shutdown Systems report.

2. The licensee must propose a technical specification change to establish
a minimum condensite storage tank inventory of 90,000 gallons to
accomodate the safe shutdown water reqguirements identified in Appendix A
to the SEP Safe Shutdown Systems report.



