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b N - 1.0 ABSTRACT |

Results from stress corrosion and electrochemical studlies are re-
ported for Fe-Cr-FHi alloy expozed to NaOH-HaO zolutions at temperatures
below 200°C. The corrosion potential of Type 430 stainless steel in |
caustic solutions (<« 605 MaOH) is considerably more active than that of
Type 304 stainless steel, The stress corrosion cracking of 430 stain-
legs steel as compared with 304 stainless stsel oceurs rapidly and in
low concentrated cematic solutions (30% NaOH), The attack on L30 stein-
leas ateel is predominently intergramiler with some pitting, Design of
an electrochenical eell suitable for electrokinetic imrestigation t:tf
metals at high temperatursa in fused RaQl is given.

2.0 CONCLUSIONS

1. BStress corrosion cracking of annealed 430 and 30b stainless
zteels was studied in boiling caustic solutions (20-80% NaCH). The
lower limit of caustic congentration at which failures ocourred under
100% yield stress was 30% NaOH for Type 430 and 50% for Type 304. The
failure time for 430 wes considerably lower, 5.5-18.5 hours as compared
to 37=102 hours for 30U. The corrosion potentials of both strezzed and
ungtressed gpecimens of W30 were L00-500 mV more active (cathodic) than
that for 304 in solutions < 60% NaQH, The mode of attack wag inter=
granular, with some pltting in the first alloy and transgramilar in the
zecond allay.

2. Literature on corrcgion of alloys at high-temperature In Na-NaCH
environmant is reviewed. Dezlgn iIs given of a zirconium oxide-coated
all-nickel autoclave cell guitable for high-tempersture electrotinetic
corrosion atudies in fused caustic environment.

3.0 INTRODUCTION

Thisz work 1e being condueted in support of the LMFBER activities to
identify the possible Incidences and extent of cmustic stress corrogion
eracking which could ecawgse premature eguipment felilure, The most likely
gites where such SCC iz pogpible are (1) in the steam generator at the
Na-Hz0 interfmce and (2) on exterior surfaces where Wa spills or leaks
can hydrolyze to form NalH sclutions in the presence of moistura.

Caugtic 5CC iz a sericus coneideration in iron base alloy aystems
and bscanes generally more seriouns with increasing iron ccncentrationa

' in the alloy as showm in COQ-2018-4,




Thie program is approaching the problem by conducting both direct
500 studies and fundemental studiea aimed st underatsnding the phencomenon.
The work 18 outlined in a serles of teeks., Work performed on a given
tagk is descriked. Note that work is not performéd each quarter on all
tagskes owing to the echedule for starting the respective task and also
to vagaries in academic schedules for graduate studenta,

4,0 FROGRESS IN IMDIVIDUAL TASKS

Task 1 - Tests of Engineering Gecmetries

A. Aima

The purpose of this work ie to conduct experiments which simu-
late possible feilurs modes in epgineering geometriss te find vwhat kind
of corromion phencmensa might ocour in the avemt of & sodivm lesk. From
this infermaticn more specific definitions could be given to fundamental
gtudies,

B, Eeeults to Date
Nope
Tagk 2 - Cencral Effects of Alloy apd Environmental

Compoaition in Aqueous Solvente on Stress
Correcaien Cracking (D, V, Bubralmanyam;

A, Alms

The purpose of thie task is to agsess the general effects of
enviromment and selioy chemistry on the incidence of cauwstic stress
corrosion eracking., VYariablesa will include alloy chemistry, temperature,
congentration of (BT, ideniity of cation, dissolved gases including
oxygen., and elecirochemicel potential, -

E. BResults
1, Introduetion

In this report the ceustic stress cnrrusim cracking behav-
iors of Types 30% apd 430 steimless steels &re cumpared,

Alloying elements exert & gtronmg influence on the resiastance
of an alloy, Type 430 stainlesz steel is a ferritic type slloy contain-
ing 14%=18% chromium and no nickel. #n addition of 84 nickel to this
alloy resulis in Type 304 stainless steel, Hence, it was of intereat
to underteke a comparison in sodium hydroxide environment.

2



b 2. Experimental

The composition limite end yield stresses of T;.rpea 430 and
304 stainless steel are given in Table I,

Table T
Yield
C gition, wt. Stress
Alloy [ C  ®n  &f P 3 ¢r Ni psi x 10°*
430 [0.12 1,00 L.00 0.0%  0.03  14.0 Bal, 3,50
'18-{] FE
304 0,08 2.00 1.00 0,045 0.03 18.0- 8,0- 1,74
50.0 12.0

The following heat treatment procedure was adopted for the
L3 and 304 stainless steels:

(1) Type 430: Heated for 2 hr. at 2100°F, Purnace-cooled
to 1450~ 1500°F and held there for 1 hr., and ‘then
furnace-cooled to room Lemperature,

(2} Type 304: Heated for 2 hr. at 2100°F and then air-cocled.

The heat-treated wires (15 mil dia,) were degreased and
then subjlected to constant load tests in boiling NalH scluticns of
10-80% strength., The fallure times, corrosion potentials, and crack
morphologies of the specimens were determined, Detalls of the experi-
ments are glven in & previcus report.

3, Regults

a. The effect of Nalli concentration ocn the failure times
The effect of caustic concentration on the failure times
of apecimens is ahown In Fig. 1. The adinimom NaOH concentration reguired
to produce cracking in alloy 430 was 30%, while thet in alloy 304 was
50%. In the concentration range 60-80% NeOH the failures were rapid
for alloy 430, {5.5-18.5 hr) as compsred to that for allay 304 (37-102 hr).
Thua, it appears thet the addition of W1 improved the registance of
alloy 430. In a previous report [COG-2018-18 (Q-5)], it was mentioned
' that the sensitized 304 ztainless steel has poor resistance to caustie

SCC because of the depletion of Cr from and around the grain boundaries.

P




FAILURE TIME {hr}

:\ \\\
\ . 304
100 - \
[ —
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Fig., 1 - Effeel of codiom hydroxide conecentration on feilure times




This indicates that the absence of either Ni or Cr lowers significantly
the resistance of iron-base alloys to caustic stress corrosion cracking.

b. The effect of NaOH concentration on crack morphclogies

The effect of NalH concentration on the crack morphologies
is shown in photomicrographs (Fig. 2). In this figure, photos 1 and 2
show the structures of the heat-treated 430 and 304 stainless steels,
respectively. The 430 stainless steel shows a ferritic structure with
chromivum carbide precipitate along the grain boundaries. On the other
hand, the 304 stainless steel shows a larger-grained sustenitiec structure
free of any precipitates.

Photos 3, 5, 7-9, and 11-18 are of the unstressed failed
specimens of alloy 430. These indicate pitting features and significant
Intergranular type of attack. The cracked tips of the specimens from
the solutions of 60, 40, and 30% NalH show some ductile features relieved
by elongated grain boundaries (photos 9, 13, and 16, respectively).

The mode of failure of alloy 304 was of mixed type with predominantly
transgranular character [photos 4 (804 NaOH) and 10 (60% NacH)]. The
unstressed specimen of alloy 304 in 80% NaOH shows scme generalized type
of corrosion (photo 6).

¢, Corrosion Potentials

The ccorrosion potentials of the alloys as a function of
HalH concentration are shown in Fig. 3. The corrosion potentials of
304 stainless gteel, both the stressed and unstressed, are more asnodic
than the corresponding potentials of 430 stainless steel. This differ-
ence ig quite significant in solutions of low (< 60% NaOH) caustic
concentrations. However, at concentrations of 60% NaOH and more the
difference is reduced to marginal (see Fig. 3). The stressing had
nominal effect on beth the alloyas. The slight shift in potentials was
toward noble values for alloy QBD, but, it was toward active velues for
alloy 304.

The negative shift of potentials is due to the accelerated
dissclution kinetics, while the possitive shift is due to the filming
process.

L. Discussion

The possible reactions esusing failure of the 430 and 30L
stainless steels are discussed here,




1.

430 Stainless steel annealed at 2100°F
for 1 hr, furnace cooled to 1450-1500°F,
held in the sbove range for 1 hr, and
Turnace cooled 250

for 1 hr and air-cooled

Flg. 2 = Effect of sodium hydroxide concentration on the crack morphologies
of 430 and 304 stainless steels (structure of bare surfaces after

heat treatment)

2. 304 Stainless steel annealed at 2100°F

150K
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430 Stainless Steel

Btresgsed; failure time
Eeorr = -379 miy

80% NaOH 304 Btainless Steel

5.5 hr L, Stressed: failure time = 36 hr
5 i = [
L50% EL"OI‘T o70 ]II]."-'H TOO

Fig. 2 - (contimued)




130 Stainless Steel 80% NaOH 304 Stainless Steel

5. Unstressed; exposure time = 5.5 hr
Bagpp = ~960 mVy 150%

(5]

Unstressed; exposure time = 36 hr
Eeorr = =955 mVy TOOX

Fig. 2 - (continued)
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430 Stainless Steel 708 NaOH

7. Stressed; failure time = 14 hr 8. Unstressed; exposure time = 1L hr
Egorr = -999 nVy 150X Eeopy = =979 mVy 150%

Fig. 2 - (contimued)
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430 Stainless Steel 604 NaCH 304 Stainless Steel
[ stressed)

10. EStressed; feilure time = 102 hr
Epopy = =525 mVy 150X

G, GStressed; failure time = 18,5 hr

Eagpe = ~974 mVy 150

Fig, 2 - (continued)
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430 Stainless Steel - 50% NaOH

TL

11. Stressed; fallure time = 26.5 hr 12, Unstressed; exposure time = 26.5 hr
Eogpy = =929 miy 150X B ory = ~929 mVy 150X

Fig., 2 - (continued)
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430 Stainless Steel - LO% NaCH

Stressed; failure time = 48 hr

Esgpyr = =909 mVy

L50%

Fig. 2 - (contimed)

1k,

Unstressed; exposure time = 48 hr
Eagyr = =914 mVy 150X



aaes  almllandie it < o iins Sl imiiealiaiaier” e

430 Stainless Steel - 304 NaOH

ET
o
W

Stressged; Tallure time = ET_L hr: pitting 16,

otressed; failure ti = . .
failure far from failed end, / ime = 67.4 hr; plastic

deformation near the crack fip,
Boorr = -918 mVy 150K

Unstressed; exposure time = 15 days
Ecorr = -930 mVy 150X

Figz, 2 - (contimued)




430 Stainless Steel - 20% NaOH
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Fig. 2 - (continued)



CORROSION FUTENTIAL (mv )

-100 . " _
ALY AQAD
304 _ ¥ UNSTRESSED
2001 (Y5 7400 & STRESSED,N00% Y&
430 & UNSTRESSED
(¥.S 36,000psi © STRESSED,ION% Y.5.
-~ 300
=400 = 1‘-
~S00-
L
-0l 430
"-mﬂ'
-800 |-
-S00-
Lr
| |
K 20 30

CONCENTRATION OF NaOH (wt %)

B B
Fig. 3 - Effect of sodium hydroxide concentration on corrosion
potentiale
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The reacticns that might be occurring in NaOH soluticn with
iron and chremium carbide of alloy 430 are aa followa:

20rCa + 21Ha0 = T0ra0a + &0{s) + 42H" + U2e {1)
Fe + 2Ho0 = HFeQs~ + HT + 26 {2)
FHFeOs~ + HY = Fegle + ZHa0 + 2e {3}

Reacticns (1) and (3) would be responsible for the formation of thick
filme and lesd to pitting attack, while dissolution reschtion {2) would
be rezpongible for intergranutar eracking. I'm a situation where both
Pitting and intergrammlar cracking were observed all three reactionz
night be occurring.

The annealing at 2100°F does not leave any carbide precipi-
tetea in 204 stainleas steel. Hence, in this ecsse, the cracking process
probably involvas the formation of anicnie epeciesz HN1O™, In sdditicon
to HFeQz~, The pitting occurs in the presence of stable oxide films on
the aurface, which are formed at higher potentials., At etesdy state
correaion potantial of alloy 304 there might not be such films on the
gurface, This poszibly waz the reason for the predominant transgranular
attask on alloy 304,

Tazk 3 - Ganaral Effect of Alloy and Environmental
Campoaition in Sodium Bage Environmenta

. Containing NalH on Stiress (orrosion Cracking
TF. 0. D)

A, Adme

The purpose of this task i to parform a parallel program to
that in Task 2 except for the enviromment being a sodlwm bese,

B. Results
1, Introduction
Literature periinent €o SCC of alloys in B.quam;.s NalH
environments was reviewed in report CO0-2018-4(g-1). Here, litersture
pertinent to SCC of alloys in fused WelH is reviewed, Literature on

corsosion sbudiez done to date in fused KalH ernvironments is meager,
especially S5CC studies,

16




Since datm en fused Na(H wre not readily svailable but
scattered in obsoure literature, another anapect of this review was to
make availsble such data which might be required in carrying out this
task, The data scught were physical propertiea, thermodynesmie properties,
heat transfer properties, fluid flow properties, aclubilitise, and
electrochemieal interactiom with Fe-Cr-Ni zlloys. To aveld umnecessawy
verblage, only references to these are given here.

2, (orrosion in fused HalH

Cragihesd snd Smith® conducted corrosion tests cn 30 ele-
mentel metals and 62 alloys in fused FelH enviraments. At 1500°F only
five metals (silver, nickel, zireonium, copper, and monel) showed any
degree of resistance to corrosion., In these five cases the nature of
attack was intergranulsr. Tests performed by Gregory and Wace® showed
that at high tempersature in fused ¥aldl, platinum and zirconjum hsave sgme
degree of corrosion resistance but silver and nickel sre the moat
corrosici-resistant netals,

A few corrosjion tests on ceramic materisls have alsc been
reported, In fused NaCH alundum, sircenium oxide stabilized with lime,
mixtures of aluminum oxide apnd magresium oxjde, and thoria show some
degree of corrosicn resistance. Smith® performed corrosion tests on
ceramic and ceramic~related substances in fused HalH., He noticed that
several cther cermmica are sufficiently registant to be ugeful, but
obgerved magnesium cxide as the most corrosion resistsnt of the gceramlex,
Corrosion in the fused Wa(H was observed to gccur both by aoluticm and
by chemicel reaction. A few cersmice were noted to react by oxidstion-
reducticn reactlonz, but mozst have been found to be attacked by oxide-
lon-doncr-scceptor reaction.

Corrogion literature is reviewed under the following
headings: corrosion mechanisme, influence of additives, mass trangfer
corrosion, dynamic corrosion, and gtress corrogion cracking.

8. Corrosion mechanisms

Chemical resction between fused WalH and s metal occurs in
two eteps; i.e., primary reaction and secondary reaction.® Regardless
of metal {M), with Au ma an only excepiion, the primsry reaction is

ZHalH + M —=Moxide + Baz0 + Ha.

The sequence and naturs of the secondary reactions which
mey occur depends on varicus Factors, such as whether the simosphare
is gtatic or flowing, reducing, neutral, or oxidizing, snd which metal
is inveolwed. Possible reactionz swhich have been substantiated by
experimental evidence are:

17




Moxide + Hzp —M + Hz0

M + Nas0 —» Moxide + ZNa -
Ke=0 + 1/2 Ha -—I*HaﬂH.+ Ne -
Ho0 + Ne —=-HalH + 1/2 Hp
ZHa + Hav:ﬁ —=Naz0) + NzH
NeH —=Na + 1/2 Hz

Corrogion by oxidation of the metals iz caused either by
the hydronyl ions, alksali metal ionz, or impurities dlasclved in the
fused WalH gyatem,.

(1) Corrosion by hydroxyl ionas: The hydroxyl iona are’
reduced to hydrogen and oxide iong, while the metal is oxidized to form
metel iong, 'The metal ions may in turn dissclve and act ag oxide-icon
acceptorz and form &n oxide or an oxysalt,

For a meta.l of velence x, the corroslon by h:.rdruxidse ione
may be represented az

H+J¢H'—hux++xﬂ=+§ﬂ2 .

The above resciicn occurs from most reactive metals to the most inert,
Sometimes this hydroxyl ion reaction produces a hydride of the metal,

If the hydride iz volntile it mey escape; if the hydrida is.not volatila
it may react with the hydroxide as do the alkali metal hydridea. Thiz
gide resction does not geem to be important in t.he corrogion of mpst,
metals. Water mey slso form at timee; e.g.,

‘HiQ + Hp =i + Ha0 .

Corroaion of elemental metals can be divided into 2 groups,
The first group conaists of those metals which are stromgly attacked
by hydroxyl ions at 500°C; i.e., alkaline earth metals, antimony, arseanic,
berryllium, cerium, niobium, magmesium, manganese, molybdenum, tantalum,
titapivm, tungeten, end vanadivm. The second group consists of metals
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which have gome corrosion resistance in fused NaOf at 500°C; 1.84, .
aluminim, bismuth, chromiwm, cobalt, copper, gold, indium, iron, lead,
nickel, palledium, platinum, silver, and zirconium.

The asecond group of metals appears to be corrosgion resistant
because of protective £41m formation, and, in scme casez, small thermo-
dymamie driving force, For instanee, aluminum geems to be protected by
film formation, whereas nickel can be maintained aimost in thermcdynemic
equilibrium in the melt under isothermal conditionz.

The corrosion rate of nickel at high temperature haz been
found to depend oh the partial pressure of hydrogen over the melt. Under
hydrogen cover in fuzed MadH up te 815°C, nickel haz insignificant
sorrogion for 100 heurs provided that thermsl gradient is absent,® In
the absence of hydrogen cover, the corrosion rate ig slow below hm‘ﬂ
but, increases with tempersture; sbove 800°C it is exceedingly hich.®
The general reaction ie

Ni{a) + 2NaOH (g ) ——=NasNi0z(s) + Hz(g)

At 9R0% il the hydrogen formed is evacuated from the system slowly, so
that & aignificent pertial pressure exists over the melt, considerable
water vapor is evolved,® It was suggested that the corrosicn Process
congistes of two steps; i.e.,

Hi + 2NatH ——=NiQ + Nag0 + Hz
and -
Hi0 -+ 2NalH ——-HazWNi0s + HoG,

with the overall reaction bteing,
Hi + 4NalH ———NeNi0s + Naz0 + Ha0 + Hs -

An additionel scurce of water was postulated from the reduction of oxide
ions by hydrogen when the latter is present in sufficient concentration.3:?

As mentioned above the reaction bebtween fused NalH an:l i
wa8 inhibited by Hz, but no such effect was observed in case of Fe,®
A geries of reactions between fused NaOH and Fe, GI', Mn, Ti, Te, and Be
ig lizted by Walker et al. a

(2) Corrosion by alknli metal ions: After (H- ions have

been reduced and consumed, Ni reacts with Wat icns. Sodium ions are
reduced and sodium nickelate is formed.
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It is also postulated that hydroxyl and sodium icnz are simultanecusly
reduced by all metals. Sodium icn reduction may be represcnted as

Ni + Z2Rat —e*t 4 2N .
The scdium thus generated can react with hydroxyl lons as fr_:llagm:
EHa+EEH‘*_—a-EHa"‘+ED""’+H3 .

If the aecond reaction proceeds &5 rapidly sz apdlum is genermted, the
net regnlt is as though only hydroxyl ions had been reduced.

(2) corrosion by Oxidizing Solutes: Dissolved oxygen and
the percxids iong are lmown to be powerful oxldizing agents in fused
hydroxidea, Uszing sueh solutionsz, investigators were able to cause very
rapid corrosion of nickel with the production of oxysalte in & valence
state greater than two.?

Water at sufficient concentration seems to act as a wesk
oxidizing agent.® A small addition of water to the blanketing atmosphere
over fused NalH haz little effect on the corrosion rate of nickel, but
substantial mmounts of water made the corrosion much more severe.

(4) Corrosion of Alloys: The corvosion of mlleys by fused
NalH is not slearly underatood; however, there is as yet no evidence o
support the assumption that ite mechanism is different from that encoun-
tered with elemental metala,

. Microatructure reveals two phencmena distinctive of alloys.
Firast, the formation of pores or voids beneath the surface of the cor-
rodsd alloy, and second, the formation of complex two-phase corrosion
rroducte at the surfase and along the grain boundsries.

Quelitatively, Brasunas*® has proposed the following:

At the early stage of corrosicn the Pe atoms at the suwrface
of the metal specimen are cxidized much more rapidly then

the Hi atoms, As a result, the surface becomes depleted in
Fe. Thia depletion establishes a conceniration gradient and
causes diffusion of Fe from the interior of the specimen to
the surface, where reaction contirmes, The diffusion of jron
iz presumned to occur by & vecani-lattice site mechanism, so
that there is a flux of wacencies diffusing from the surface
into the intericr of the specimen, Since the crystal lattice
cannot waintain mere than a certain concentration of vacant
lattice sites, the excess vacancies which accummlete from
inward diffusion “precipiteie" as voids. These voide continue
to grow as lopg az the inward flux i= meintoined,
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The gecond kind of corrosion phencmencon is related to the
inhibition by formation of coxlde film on surface of the metal., A pro-
tective costing ecan be formed on a metal surface even by exposure to the
vapor of Na(H at about 750-800°C,

Corrcsion of Inconel, #gtainleasz steels, and Croloy in fused
HalH environment is discussaed helow,

Inconel: When Inconel was exposed to fused NalH at U50-815°C for
up to LOG hours, selective leaching of Fe and Cr occurred, 131 The
corrosion product, a mixture of oxides and zodium oxysalts, waz scen to
have grown in & network of charmels which started from the metel surface
and penetrated into the bulk Ineonel. The geometry of this network
differed conslderably with experimental conditions. Rate measurements
were made and results reported,

imong the various metals which form complex corrosicn product layera
in fused KalH, only Inconel has been extensively studied. Results
obtained from tests under helium blanketing atmosphere were guite dif-
ferent from those obtained wunder hydrogen with regeard te both corrosiom
rate and microstructure,

Under a hydrogen-blanketing stmosphere, Inconel showed & slight
smount of corroslon after 100 hours at 600°C. Fram 600 to B00°C, corro-
slon increased rapidly. At all temperatures corroalon attack began at
grain boundaries, Grain boundary corrosion products consisted of a
metallic metrix within whiech were seicnlar particles of & nonmetallic
phasze, After grain boundary attack had advanced a few mile into the
alloy, & massive two-phase corrosion product layer formed on the surface
and thickened with time,

Inder & heijum-bl ankeiing atmoaphere, the corrcsion rate of Inconel
wes slgnificently gre=ster. A messive two-phese layer wes formed but the
microstructure was quite different.

Systamatic studies at sk Ridge of the corresion of Inconel in KOH
have revealed that atteck is & Tunetion of temperature, time of exposure,
and ambient atmoephere, Fitting type corrosion was noted at temperatures
sbava 1000°F end wag more pronounced under sdr or a vaouum then under o
hydrogen simosphere,

Steinless Steels: The microstructure of corrosion products formed
in the resction between fugsed godium hydroxide and irdi=rich Fe-Cr-Ni
alloys were imvestigated,l®,'* fType 304 stainless steel and four other
high-purity Fe-Cr-NHi slloys were exposed to fused NaOH at B15°0C. Each
corrasion product layer was found to contain a nommetallic network

?:[,hreading through s metallie matrix, and which was similar to that in
necopael,

Nemsensitized Type 304 stainless steel specimens were exposed to
high-temperature, high-purity water reactor environment.lS Intergranular
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cracking was cobserved. Similer fallures occurred in stressed I3 tubular
capsule sPecmen exposed to a dilute solution of NalH at 650°F, while
exposure at 550°F caused mixed transgranulsr and intergranuler eracicing.

Croloy: The corresion rate of ercloy ln an agueous solution of
WaOH Was observed to be very dependent on temperaturea,’® Preliminary
investigation indicated a corrosicn rate of 1 ipy in 904 NaOH at G660°F.
In genernl, the corrosion rste in agqueous WaOH was very high above 200°F,
reaching & meximum of 2,67 ipy at 900°F. The rate in fused NalH was of
the zame order, reaching s maximm of 2.67 ipy at 900°F; however, the
corrogion rate in sodium eemtaining approximately 90 ppe Faz0 was com-
paratively low at tepperatures up to 1250°F, Por the system NaOH-Na,
the corrosion rate increased az the concentration of HaOH increased, but
it was lower than that in the agueous Na0H at the same temperature.
Plots of corrcsiem rate of Croloy 2-1/UL in agueous NaOH and in Na con~
taining NalH avre given in reference 17, The corrogion rate in & scdivm
hydroxide sodlum hydride sodium aystem was lower than the rate in the
godium hydroxide-aodiuwm system,

Exemination of spacimens removed from a model ateam gensrator test
locp after 1000 howrs of exposurs to 1000°F sodium showed no significant
decarbwrization of Croloy or Type 316 stalnleas steel, 18219 Although
there 1s slight evidence of a beginning stage of decarburization at the
Croloy sample surface, no change in the mercstructure waa evident other
than the normal effects due toc exposure at these temperatures.

In other studies partial decarburization of Croloy exposed to S0G°F
scdium and the precipitation of carbides in Type 316 stainlesa ateel
exposed to 1100°F scdium are reported,?®:?l fThe corrosion rate of Croloy
in Ne-10% NalH at S00°F was found to be approximately three times the
rate in Na-5% N2DH &t the same temperature.®?:?? Recent reviews of
investigatlions on corroslon of possible reactor metals are given by
Hlmon et 81, of Battelle Memorisl Institute.

b. Effect of Additives

The effect of additive agents on corroalon was investigated
at Qek Ridge Natlomal Laboratory., Addition of 50% NaCH to NafH was found
to minimize the attack on Inconel, However, none of the additives tested
to date aeems to Teduce corroalion by any sighificant level, Several
corrogion inhibitors evaluated in static capaunle eyxperiments at Battelle
Memorial Imstitute also failed to deprese the corrosiveness of 1500°F
FRaCH.®® One sdditive » MpO, appeared to inhibit attack noticeably, but
ita effect wes far from encugh to eliminate the problem,

¢. Mame Trangfer

Mazs transfer is normally referred to as the corroaion-
related phenomenon vhere metal is removed from the hot parts of a loop
system snd deposited in the cool parts of the system. This phenamenon
is particulerly encouptered in fused NaOH with nir.-.kel iren, copper,
sllver, gold, mnd their alloys.
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The reaction between nickel snd molten sodium hydroxide
was investigeted for its mass transfer effect. 2% The amount of mass
tranzfer is noted to be strongly affected by varisbles such as tempera-
ture, temperature gradient, flow condiiions, atmesphere, and the chemical
composition of both the coustic and the nickel,

In the initisl stages of deposition of nickel in the fused
NalH aystem, erystals grew as a densge deposit, forming an aimost con-
tirmuous plate over the cold leg surface, The ecrystal graing in this
Flate frequently contimued in the orientatiom of the grains in the basze
metal, When this dense plate became several thousandthe of an inch
thick, wvery long dendrites began to appear, Because of the dendritic
form of the thicker deposits, a relatively small amount of nlckel waa
found to have & large effect in restricting flow through a pipe. When
the flow of liquid wvas repid dendrites became dialodged and they col-
lected in irregular masses, which formed plugs that effectively siopped
fluid flow sltogether.

The mass tranzfer of iron in fused sodium hydroxide has
heen found to be more severe than that of nickel under ccumparable con-
ditions., For instance, it wes found that under hydrogen at 550°C the
mass transfer of iron was worse than thai of nickel at B00°C, other
conditions being consfant. However, iron was not observed to form the
long dendrites that were found for nickel, rather, the erystale on the
iron deposits remained scmewhat equiaxed in habit,

Hastalloy B and the stainless steels have haen ohserved
to wndergo mass tranafer in fosed sodium hydroxide uwnder hydrogen.

Monel showed mass transfer under both hydrogen and heliwm, Extensive
gtudies of mass trensfer have been mede om Tnconel., It wes found that
Inconel showed corrosion in fused sodivm hydroxide at roughly the same
rate, whether mess transfer tock place or not, and that meass transfer
tock place at roughly the same rete ags for pure nickel under the same
conditions. Mess tranzfer depogits formed in an Inconel-NaOl system
under an atmosphere of helium were virtually devoid of chromiu., Hydro-
gen suppressed mass tranafer of Inconel with shout the zame effective-
nesg g8 it did for pure niekel,

The mechanizm of mass transfer in fused WaOH is not knowm,
Several poseible mechanisme have been postulsted, which are all possible
In the senge that they do not viclate known principles, otharwige, they
are quite syeculstive.

d, Dyuamie Corrosion

The dynamic ccrrosicom of nickel in fused NaOH ig approxi-
mately 10 times as great as statie corrosion.®® Addition of sodium
uranate inereased the corrosion rate by a factor of 3 at A00°C., However,
at S00°C uranate did not show any effect,
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e, Stress Corroxion Cracking

Stress corrosion cracking tests of Type 347 stainlesgs zteel
were conducted st 636°F for pericds up to 1800 hours with 1 end L molal
NalH, Capswles conteining the sclutions and stressed U-bend apecimene
were uged, Time to failure was observed by deviabtion in meaguremente
of high-temperature strain gages mounted on the outer wall of ithe capsules
or by pressuwre gages., Tronsgranular c¢racking, in spproximately 100
houre, wes noted in nonstresa-relieved materials in the welds and welded
region, With stress-relieved welds, the welds failed in a thin-wall
gege section at a etress level of shout 22,000 pei, Corrosion in the

specimens was predominately intergranular in nature, The results of this .

study indicate that sn applied atress just below the yleld point waez not
sufficient to cause atress corrosion cracking in s normally conducive
environment, It wms not until a specimen waa plastically deformed that
strese corrosion cracking occurred,?®

In another experiment, testz were performed at 650-850°F
in various NaOH mixtures to investigate the behavior of Type 347 stain-
lezs ateel in 2imulation to the event of a water leak intc the NaEK-filled
system. Capsulem were used and the test showed stress corrosion cracking
to be severe in 1009 NaOH, and in RaOH sclubiona,®’ The additicn of
various additives to the NaOH showed that 1f the corrcsion rate can be
made to exceed 5000 mg/dn®-mo the tendency to crack iz reduced. A sum=
mary of promising edditives to caustic sclutions 1s presented in this
PEpeY .

Tests of U bend epecimens, stress rupture specimens, and
ministure beoiler have ghown that Type 347 stainless is aubject to caustic
stregs corrogslon cracking under a variety of conditions, Pure anhydrous
¥alH will cause cracking at BSQ°F, but mey not do so at a lower tempera-
ture, Concentrationa of 16 to 60% NaCH in sodium wlll cause cracking
at 850°F. Concentrated aqueous solutions of NaOH will produce cracking
at 650°F with threshold stress below 2 or 3% of the yleld atrength.
Dilute agquecus sclutionz containing 1 to 24 NaDH were alan inveatigated.
Strese corrosion eracking produced by cmugtice iz metellographically
indistinguisheble from that produced by chlorides. Unlike chloride
eracking in aqueous solutions, caustic cracking is not dependent on the
preeence of oxygen,<®

Posey 22 tested Type 347 stninless stesl with KOH, NaOH,
LiOH, and NHLOH to determine which are less conducive to ptress corrosion
and best suited for pH control of the water coclasnt, HNo cracks were
observed in the specimens,

The general corrosion and behavior of stainless ateels and
high nickel alloys heve heen exteasively atudied, But, the atreas cor-
rogion cracking of sllcoyes in fused NalH hawe not been fully investigated,
In the case of creep behavior of alloys in the aystenm fused NalH there
appesr to be no litersture to date. It ia therefore an open fisld and
should prove challenging.
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3. Froperties of fused NalH

Data were collected on varions properties of fused FalH.-

A handy reference to data sources ir given below,

Sodium Hydroxide Handling: :
Caustic soda, the most dangerous of all alkali to
handle
Caustic soda poiscning, fume peisoning, eye bhurns
Skin and flesh bwrns, precaution and prevention,
storage and handling

Physical Froperties of Sedium Hydroxide:
Melting and beiling point of pure NalH
Boiling point of cone, solution of NalH {Duhring and
Ramsey Young rulcs)
Melting point and compoaition for several entectic
. hydroxide syztem
Dereity of mnlten NaiH

Yapor Fressure of anhydrouws molten NalH
Water vepor pressure ower molten NaOH
Thermnal coefficient of axpansion
Electrical conductivity

Specific conductivity

Equlvaelent conductance-single salt melts
Electriosl resiativity

Thermodynamic Froperties:

Heat capacity. heat of formation, heat of waporizetion,

haat of fusion

Fusion point for NaCH-Nas(0a

Cooling curves ,
Entroples of phase transition and fusion
Entrony, Enthalpy, Heat capacity, Free Energy,

Equilibriwm constant

Heat Tranzfer Properties:
Thermal conductivity
Haat transfer coefficisnt

Fluld Flow Properties:
Viscoeity
Surface tension
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Ref, No.¥

31,32

33,34
35,36

35,36
3“; 3?']4'1

43
33,36
44,33

33

33

k6o
50=54
1"6, II'B"BL"

36 L] 55 -62
556

39,£3,64
39,45,65,66

39
32




Ref, Ho.*
Electrochemicel Data:
Electrode potential of anion at TOO®C a7
Electroge potential of Nickel, Copper, Cobalt, Silver,
and Platimm 67,68
Corrosion potential of steinless sieels w/r to Gold 69
Emf of fused NeCH cell at BOO°C
Decompoaition potentisl of WalH 70,71
Sclubiiities:
Soiubility of metale in fused NalH T2
Soiubilities of Nickel in fused NaOH as a Dunction of
melt tempersture 72
Solubility of sodiwm in NaOH ,TS-Tﬁ
Solubility of Hz, 0p, &nd Np in NalH
Solubility of Fefll in Ra . TT
Solubility of NeDH in Methanol and Ethanol at 28°C 78
Zolubility of FNeOH in water 78
Solubility relstionship for NalH + NegCOg, NaDH +
NaxCOs + Ha0 50, T9-84
! Deteminetion of the moisture contamination on pure Nalf 85
| Evaporation procedure to produce anhydrous NalH
| Fhage diagrams of KeQH + other hydroxides
: Wa-H-0 System:
' Reaction of Na with water 86
Feaction of Ha with moist alir, and other impurities 85
Analyeies of Na-water reaction problem 16-22
; Beactions resulting from leakage of widter in acdium heat
' trensf. system 87,88

*Wumbers refer to the listings under Section 5.0, References.

i Tack L - Dissclution and Passivation Behavior .
| {G. Theus)

I ﬂ * ﬂimﬂ

This tesk is aimed at obiaining information on She kinetics of

I oxidation and reduciion processes in electrochemically accessible envi-

| ronments. This includes agqueous and fused salt environments as opposed

| to liquid metals. This work will define those regions where activated
diseclution and passivetion occur as a function of alloy, temperature,
and envircnmentsl composition. The definition of these regions provide
guides to where streas corrosion might occur and also provide direct

‘ Infomation on corrosion rates,
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B, EResulis

1. Introduction .

Regulte of the kinetic studies of Fe-Cr-Ni alloys in aguecus
causiic golutions (1,5, snd 10N NaCH) haeve been reported im the previcus
four reports. The pregent work concerns the kinetic studies of alloye
in fused HalH envirormments, .

In this report design of an experimental cell suitable for
use in fused NaCH environments is presented, Computer programs developed
to construct Pourbaiz type disgrams thermodypamlic equilibrive disgrams
for the behavior of metals in fused NaOH sclutions are aleo presented,

a, Design of the cell (autoclave) ia showm in Fig, 4, The cell
will be mades of pure nickel and eceted with zirecomium oxide atabllized
with lime., Thesae materials are most reaistant to attack by fused RaOH,
A reversible geold-oxygen electrode will serve aa reference electrode,
The cell will be heated and maintained at fused NalOH temperature or
ahove in a erucible furnace,

A nondnduetively wound Lindberg Hevi-Duty crucible furpace
Model Wo, 56622, dimsnsione 5" I,D, and & depth, along with Lindberg
furnace controller Model Wo, 5934k, will be used, A dry box will be
required for storage and handling of pure HalH,

Purchase orders have been issued for the furnace and accessories.
Arrangements are beihg made for construction of the cell,

bt. Thermodynamic equilibrium diagrams are useful meana of estimating
the stability of varicus phases {i.e., metal and corrosian producte) in
an enviromment. In constructiem of such & diagram (Pourbalx diagram)
the fundamenta) relation used 1& the Nernét equation;

E=E + % gn R ,
wF e

where

reduction potential,

B

atandard free energy change for the resction, and

acetivities of the reduced and the oxidized specilex,
respectively., )
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It is therefore nacessary to know the standard free-energy changes for
the wvaricus reactiong in the system as a funetion of temperature.

A vs, T correlations for various reactions of Fa, Cr, snd Wi
in fuged NaOH in the temperature range 500°-lL00°K are being attempted
from published thermodynamie data, Correlations for two reacticng of
Fe; i,e.,

2Fe + NaOH + 5/4 0a = Na + Fezls + 1/2 Ha0 (1)

Brd
3Fe + HaOH + 7/4% O —~Na + Pegq + 1/2 HR0 : {2}

were found to be

At = - 123479 + 3032 x 1O7F T

and

AG° = - 187.94% + 4ih x 107% 1,

respectively., The respective correlation coefficients for (1) and (2)
were 0,990 and 0.996. A correlation coefficient of 1,0 means g perfect
fit,

Tagk 5 - Effect of Enviromment on Mechenistie Behsvior
{F, 0, Du}

A, Alims

The ajim of this work is toc find the effects of enviromental
variahlegs on the course of mechanistic processes associated with cmustice
BCC. This work smphasizes effecte of envirommentsl chemisgtiry as opposed
to Tazk ¥ which emphagizes effects of metallurgicsal veriables, This
work aleo helps to interpret work in Task 6.

B, Reaults

The epperatus is being fahricated,

Task & - The Straining Flectrode and
Trangient Dissolution

A, Aims

In other work at 0BU it has been shown that the streining
electrode provides a2 good method for identifying those regiong of eleg-
trochemical potential where SCC is most likely. The purpose of this
task is to extend this understanding to caustic gystems,

29




B, BRegults

Hone this quarter.

Task 7 - Initiation emd Propagation of Cracks

A. Alms
The alm of this work 1s to study initiation end propegstion
processes in single eryetale of Fe-{r-Ni alloys. Speclal attention ig
to e paid to the eryetallography of initiatimn snd fracture processes.
This work emphasizes metallurgical variahles,
B. Results

Hone this quarter,

Tegk § - Corrozion Processes in Crevices

A, Ains
The ajim of thiz work 1s to define electrochemicml processes in
cravices agsociated with caustic environmentas. Crevice effects include
acoelerated corrosion a8 well as the formation of insoluble corrosion

produsts which expand and exert aubstantial foreea, Both of thees
procosses can be very destructive,

B, EResults

Kone this quarter,

Task 9 - Dissolution at Grain Boundaries

A, Adme
Caustic SCC frequently oceurs intergranularly and substantial
intergranular attack is cbaerved frequently when alloys are exposed to
cawstic environments, The purpose of this work is to define the amount
and mechanism of intergranular corrosion and also that portion which is
accelerated by atress.
B, HResults

None this guarter,
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Task 10 = Local Dissclution Frocesses on
Caustic Envirooments

A. Aime
The aim of this work is to investigate initiation processea
eaing thin foils which can be exposed to the enviromnment, stressed, and
subsequernitly examined in the electron microscope.
B. Results

None thia guarter,

Task 11 - Hetallurgical Structurs

A, Alms

The susceptibility of meny alloys to SCC can he drastieally
altered by changing the metallurgical ptructure, Such changes can be
effected by cold work precipitation hardening, special beat treatments
and changea in alleoy ccmposition to produce certain phases, This work
will congider possibilities for applying theae procedures for preventing
SCC.

E. PBesults

None this guarter, '

Tagk 12 - Detailed Mature of the Fassive Film

A Alms
The adim of thiz task is to define the detailed aspects of
chemistry and structure of the protective film on the surface of Fe=Cr-Ni
alloys in caustic environments. This effect iz important because all
chemical reactions end siress corrosion cracking are related directly
to the chemical or mechanicsl breakdown of these protective films,
B. Results :

Hone this guarier.
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