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ABSTRACT

Thie review considers the problems of general corroaion and
stregz corrogion cracking for Fe-Cr-Ni alloys in caustic environ-
ments. Enviromments considered are primarily NadH-H-O over a
broad range of temperatures. Information i pressented in aress
of themodynsmics, electrochemics) kineticg, corrogion retes, SOC
phencmena, struetures of pageive films, and inhibitors.: Materials
considered sre iron, chremiuwm, and nickel, as well as binary and
ternary alloys.
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SUMMARY AND CONCLUSIONS

Thie review considers the corrosion behavior of Fe«-Cr-Hi sllays in
caustic enviromments, which are mainly agqueous seolutions conteining
alkaline metel hydroxides (Na,K,Li}. There is no specific information
herein on shhydrous Fused sslts nor on sodiuvm-based solutions.

Thig review war prepared in gupport of the liquid metal cooled,
fagt hreeder resctor progrem from the point of view that any appiden-
tally spilled or leaked sodiuwm would oxidize or hydrolyzs to produse
FaOH-HaO-H,0 solutions. These aoluftionz, in & general way, are very
sggreszive toward this alloy system and particularly toward iron basze
allays. A seriss of scluble species is formed at higher pH's which
have identities like HFeOs; and Fel3.

The corrasion of these alloya in caustic envirorments tekes the
form of either (a) general corrosion or (b) stress corrosion cracking,
depending subtly on speeifie Features of the envirorment.

The review considers first the pure materials, iron, nickel, and
chromium, This is followed by the binary and then the termary alloys.
BEach eection considers stress corrosion, general corrosion, and electro-
chemistry of the respective material syatem. Btruetures of protective
oxide filmg are also discussed,

In addition to considering the general technelogical and mechanis-
tic behavior, methods for prevention or diminution of both general cor-
rosicn and S0C are described.

With respect to stress corrosion eracking there is a paurity of
data campared o chloride-induced SCC.

Important general observations from this review are summarized as
follows:

1. BStress corrosion cracking becomes most severe for iron base
alloys, This is contrary to the trend for chloride EGC where the very
iron~rich alloys are immune.

2. In general the effecta of temperature, allcqr stress, and
caustic concentration are critically interrelated. In iron SCC wiL‘I.
oceur at temperatures as low as FO0°C. The detailed mature of this
interrelationship iz not completely clear but these wvariablez produce
results in expected directicns. Suscepbibility to SCC is dscreased as
the total Ni apd Cr content is raised, as temperature is reduced, as
atress 1s lowered, and as the [CH™] 15 lowered.

3. The onset of caustic SCC ig shown to be critieally related to
the electrochemicel potentisl. The mean pobtential at which caustic

iii



BOC occurs for iron i generally independent of the temperature and
cauatic concentration, Thiz range of potentials iz associated with the
ancdic peak of the potential-time curve, A secondary range of cracking
occurs near the transpassive transition. These patterns are rsasormble
in terms of patterns cbserved for cother alloys.

4. The caustic 5€C, in general, appears to be dominated by elsctro-
chemical parametera. The initlation and propagation of stress corrosion
cracks appear to be related critically to transient anodic processes: a
reducible species (0n, Hz0) iz required for eracking to be sustained.

5. The information on general corrosion rates and electrochemical

parameters will be uzeful in eatimating rates of general corrosion of
Fealr-l alloys in caustle scolutions.

iv
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I

ZTRESS CORROSION CRACKING AND .GERERAL CORROSION OF IRCN,
NICKEL, CHROMIUM AMD THEIR ALLOYS INM CUASTIC SQLUTTONS

I. IRTRODUCTION

Stress corrosion eracking is the spontanecus failure of & metal
caused by the combined effect of corrceiem and stress. When the corroaive
envirement happens to be an slkali, the resulting phenomenon is knowmn
ag either caustic cracking or canstic embrittlement. The effects of
this type of failure can be very dramatic as in the explesion of a
boiler® or the failure of 2 steel hook permitting & facing block from
the side of & bullding to fall into a street below,© Of the three
metals—iron, nickel, chramiym and their alloys——diacussed in this
review, the caustic cracking of iron has been known for many years and
hasz been & continuing problem in steam boilers., The American Assceia-
tion of Raillroads was conducting extensive research® on this problem
during the early 1930%'e. In addition, failures of stainless steel heat
exchangers due to caustic siress corrosion cracking have been frequently
reported. Thiz often occurs when additives are used to raise the pi
and thereby prevent general corrosion; 1f there is a lesk or a process
where the hydroxide is concentrated, then csustic cracking occurs,

Thizs review has been prepared fram the point of view that caustic
stress corrosion cracking may be a mejor problem in materials used for
faat brecder reactor systems. Since the overall reactor system contains
toth scdim and water in generally intimate juxtaposition, there ias
certainly the reascnable incentive that materials selection shonld con-
glder resigtance to caustic stress corrcsion cracking.

While the usual precaution taken t¢ prevent leakage of sodiuvm aml
the arailability of molsture-laden alr would seem o be adeguate, there
is always the inevitable accident., An imadvertent spillage of scdium
or a emall leak at a minor component may perhaps be subsegquently yrdro-
lyzed by avallable molsture; and thereafter, when the system iz operat-
ing at elevated temperstures, rapid SO0 cen ensue.

SCC ie different from meny failure modes which may oceur during
reactor operstion; i.e., neutron damege, low cycle fatigue, liquid
wetal exbrittlement, mass transfer, and rediaticp=induced bublrle for=-
mations. SC0C can oceur at apy time during construction, installation
testing, opergtion, shutdown, and cleaning.

A matter of substantial concern with respect to materials for
IMFBE 1& thet caustic 3CT becomes more virulent at Iower alloy conpens=
trations. Thus the incentives for econcmy and for avoiding chloride
ECC lead directly to heightened censitivity to caustic B30C.

During recent years seversl importent symposis in the area of SCC
have been conducted and mumerous books and reviews have been prepared,* 14




This review covers the following aspects with respeet to irom, J
chromimm and nickel, and their alloys in alkaline medis: a) thermodynamic

basis for corrosion, b) stress znd general eorrosion, ¢) electrochemistry

and d) preventive methods for both kinds of attack,

IT. THERMODYNAMIC BASIS FOR DISSOLUTION IN CAUSTIC ENVIROMMENTS

The essential basiz for corrosion behavior in the eaustic region
is related to the solubilizing effecte of (CH)™. Adjacent to this
regicn, peseive films can fom. The regions of pd and potential, in
which these two processes can operate, are delineated ip Figs. 1-3,1%
which show potential-pH behavier for the iron, nickel and chromivm com-
ponents separately in water at 25°C, Little work has heen conducted
ghove 25°C to cbtain the necessary thermodynamic data for extending
theze disgrame to higher temperatures; however, up to abhout 300°C the
qualitative agpects of these diagrams can be assumed to apply. Imitial
work at Chis State University has shown that the general agpscts of
these diagrams remain the game but the svea of caustic solubility
increases with incresging temperature,

A, IRONW

The region of stability for varions species of iron in water are
shovm in Pig: 1.'% Deteiled information leading to the constructicon
of these diagrams is described by POURBADI.1® Essentlally, they are
constructed by calewlating all possible equilibria between sclid and
soluble speciez and then determining the regiona of potential at pH

ere certain ppecies are the most stable, Thus, in Fig, 1 above line
and to the right of line Feols is the most stable L of iron
aquecus enviromments at room temperature; below Hneaém s and
elemental iren is the most stable, and this fs the basis for luwer-
ing the potentials in cathodic protection.

At high pH iron will dissolve as the dihypoferrite ion accarding
to the half-cell equilibriuem;

Fe + 2H0 = HFels™ + ' + 2e | {1)

Further, the protective iron oxides will ﬂoluhil:lze according to
the equilibria:

JHFeGs™ + HY = Peg0, + 2Hp0 + 2e (2)
SHFelds~ = Fesla + Haol + Pe ' (3)
The trisngular region in Fig. 1 in which the HFel.~ ion i1z stable

ghould be eapecially noted, Here a soluble specles is sorrounded at
higher potentiales by stable insocluble preducts. Thus, there is a
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poagibility for dissolving st g lower poteptism] buib impedistely passivat-
ing. ' This possibility ig probably an important conditicn for atresa cor-
rosion cracking. The application of these ideas will be diseuzsed later.

B, FKICKEL

The potential-pH relationship of Fig. 2 for nickel ie generally
the same as for iron., Similar equilibria apply. 1t is particularly
noteworthy thet the region of stability of the HHIO,™ ien is breader,
thus implying that film formation will be more difficult if a trangient
digaolution event should occur, Thiz pattern is in a¢cord with the
cbgervation that nickel baze alloys are much less susceptible to stress
corronion crecking in caustic enviromments.

€. CHRMILM

The potential-pH stability disgrap for chromium-water at 25°C iz
shown in Fig. 3.'° The soluble spacies at high p is €105~

ITII. CORRCGICH OF IRON

4. STRESS CORROSION CRACKING

The general problem of caustic cracking of iton is of long standing
and is well ¥mown. The iniftial concern originsted fraw the experiences
with steam boilers. Various reviews have appesred in the published
literature.1®12 fhese reviews considered the overall picture of
caugtic cracking in the Unlted Statee, came histories of steel plant
experiences under varying liquor stages of chemical processing, explora=-
tory testing methods with reference to embrittlement detectors, and
theories of stress corrosicn and prevention. These reviews inciude
1ittle useful mechaniztic information.

1. Crack Morphelogy

+ i

¢ The SCC of irom in ecaustic 1s generally intergranuiar with
scme few obgervetions of transgrenuisr behavior. CHAMPION'® suggests
the following zignificant morphologliecal characteristics ol eaustic 50C:

1. The cracking is imtercrysisalline and isolated with
branching at the tip. Small portions of the crack,
anl especially the path of final Tracture, were

:, found to be transcrystalline, owing to the imposi-
y ticn of purely mechanical forces in addition to
stress corrosicn.

1Y
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2. The width of the crack, ss ochserved metallograph-
ically generally decreases with inereasing pene-
tration and ends in a fine peint, as distinet
from the blunted cracks often geen with fatigue
or corrosion fabtigue.

3, The cracks are transverse to the mein tengile
stress.

4. The surface of the metal is known to have been
exposed to a high concentration of caustic alkali,
but relatively little corrosion is cobserved
especially within the crack,

CHAMPION,'® SCHROEDER and BERK'® and WEIR® have reported inter-
erystalline type of failure. Similar failure has been reported by
SHVARTS et al.®! in their experiments with cylindrical specimens exposed
in sodium hydroxide concentration between 25-30% in the temperature
range 250-300°C. On the other hand, at higher concentrations between
35-70% in the same temperature range, EVANS®® observed transcrystalline
type of failure. Caustic 8CC of mixed type has been reported by HAMER
and COLEBECK,®® RATH? and AZHOGIN.®® BOHNENKAMP™® has cbserved trans-
granular cracking of steel in sodium hydroxide solution as shown in
Fig. 4. The basis for the change in the mode of cracking from inter-
crystalline is not clear but many metal-enviromnment systems exhiblt
such behavior.

2. Early Theories for Origin of Cracks

Farly theories of caustic SCC suggested that the important
feature of a mechanism involved in the potential differences between
grain boundaries (anodic) and the bulk grains (cathodic).

As early as 1928 PARR and STRAUBZ’ suggested thaet a ccherent
coating of Fes, is formed on the steel in comtact with the hot caustie.
This coating was believed to be reslstant to attack unless it was
rupbured by strain in restricted aress. In 1937 SCHROEDER and co-workers=®
suggested that oxide forms over the grain surfaces but not over the bound-
gries. This presumsbly produces an electrolytic attack at the grain
boundaries.

EVANS=® suggested that crack propagetion may be produced by
a concentration cell where the adwvencing crack has high alkali and the
surface a lower alkali. Such 3 cell would be as Tollows:

lron (ecathode) | dilute alkeli | concentrated alkali | iron (anode)

-
o™ — —

surface ingide crack



Flg. & = Photomicrograph of a cross sechion of streased steel
in boiling 33% WaOH at By = -700 mV (failure time =
4.8 hr).=® 200X



EVANS=? further pointed out that at the more snodie regions

iron dissclves as a ferrcate (Ne,FeO, or Na0-Feo) i.e., Fe™ or as
Fe at Mgh potentials {cathodic/anodic area very large}., If the
ferroete diffuses into a region where the alkali concentration is
lower, Fea0, will precipitate accomding to the effect of PH on this
equilibrium. Under tensile stress, iron (or steel) mey be attacked et
the grein boundaries where the.passive film is costed with the re-
mainder of the surface being protected. -

An outline of & ressonable mechanistic hypothesis hazed on
modern idess is given in Section C.

3. Effects of Controlled FPotential or
Controlled Cuxrent

Electrochemical control of corrosion experiments provides a
highly reproducible and fundamentally reliable basis for interpreting
girese corroszion cracking experiments. Using these tools, together
with controlled envirommental chemistry, it is possible to specify
uniguely the cccurrence of desired reactions on the metal surface.
For example, by campariscn with Fig. 1, the application of potentisl
at pH 15 can cause the metal surface to exist in the region where FesQq
(higher potentials) or HFe0.~ {lower potentials) is steble. Lowering
the potential below line & can alsc reduce watsr 4o hydrogen so that
the entry of hydrogen into the metal can be uniquely controlled and
inmvestigated.

Significant electrochemically controlled experiments on the
8C0C of iron in caustic solutions have been conducted by VENGZEL and
WRANGLEN,>® GRAFEN and KURON,3Y>?2 HIMPHRIES and PARKING,3S.2¢
BOHNENEAME,“® ROBINSON &nd WEL®S and PODOORNY.ZE

These electrochemically controlled experiments involved
primarily the following:

1. Effects of applied potential on 3CC as influenced
by varisbles of stress, temperature, and hydroxide
concentration.

2. The effect of applied potential on the current
fi.e., polarization wehevior).

3. Effects of applied potentlal on percent reduction
in ares of tensile tests.

4. The variation of potential with time or current
with time.

5. Effects of potential on crack merrhology crack
growth rates, and structure of oxide filme.




The nost reascnable conelusion from these studies iz that the
mature of the oxide film is crucial in determining the onset of caustic
SCC. Attewpts to show that hydrogen uptalke is critical have been shown
to he futile. The important results -from these studies are discussed
in subgsequent sections.

4. Range of Potentials for Caustic 5CC

It has been clearly established thet crseiing oceurs in
restricted ranges of potentizli. One area of crecking cecurs in the
region of the anndic peak which, up to bolling temperatures, is In the
range of =1000 to =£00 mVg. There is usually = second region which
cecurs just negative to the trangpasszive transition. Figure 5 relsates
the regions of potential in which eraeking occurs te the polarization
curves which define the neture of corrosicn on the stregged surface.
Thie includes the data determined by VENCYEL end WRANGLENZ® (in 204,
sodium hydroxide at 100°C, at losd = T70% Y.S5.), GRAFEN®! (in 35% air-
saturated sodium hydroxide at 80°C,st losd = 70% of Y.S.) and HUMPHRIES
and PARKINS®% {in 35% boiling sodivm hydrexide at a strain rate = 1073/
gec).

It hag beer found that the mesn potentisl st which cracking
peeurs is more or less independent of hydroxide concentratiom, atrain
rate (Fig. 6)°° and temperature (¥ig. ¢).%*

E. Effecte of Sodium Hydroxide Concentration

Simple studies examining time-to-failure ss s function of
hydroxide concentration appesr not +o have been condueted for iron inm
caustic enviroments. However, a mmber of studies have been conducted
which provide a gualitative baszis for asseszing such trends.

The reduction in aree of straining specimens has been studied
a5 & function of potential snd concentration of hydroxide; the data are
swimarized in Fig. 6a. The most significant feature of this work is
that rajsing the sedium hydrovide concentretion expands significantly
the range about the mesn of potentials where caustie cracking cocurs.
Further, there iz a trend for the reduction in area to be decreased as
HaOH concentration iz raised. The effect could be partially explained
by temperature efflects ag the boiling peint will be raised by 25°C as
the concentration is incremsed From 25 to 50%.

Figure T shows the effect of hydroxide concentration on the
current density at a constant applied potential of 158 mVy end a Lempeta-
ture of 100°C., At 209 NeOH the current density drops to negligible
valunes indicating the formation of a protective film of good quality.

The corresponding plot of strength ghewrs that this film is both resis-
tant to ion trangport and to mechanical bresking, These data are not
Immediztely interpretable in terms of caustic 3CC, but show that the

‘protective Tilms may vary substantially in their quality.
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The interaction between applied potentiel and NaH concentra-
tion has been determined slso by VENCZEL and WRANGLEN®® at 100°C,
Figure 8 summarizes their dats. Accelerated failure is cbaerved in the
ranges of potemtial st -1.0 to -0.8 ¥ and at +0.4% to +0.6 V. Increas-
ing Wa(H concentration from 20% to UOF does not increase eracking sus-
ceptibllity significently. VENCZIL and WRANGLEN®® do not report on
rorphological details of the eracking.

Farly work at 250°C in autoclaves was comducted by SCHROEDER
gnd BERK'® apd is summarized in Table I, The results do not exhibit
clear trepds and the effects of Na(H peem to depermd greatly on the pre-
sence of sodium silicate, The probable action of the latter iz to
lower the over-all current so that the corrczion can be localized at
advancing ¢racks.
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Table T - Effect of Sodium Hydroxide Concentration on Failu:elgf
Steel Specimens at 250°C (after SCHROFDER and BERK)

4verage Applied Stress Concentration {g/100 g) Ho0 Failure Time

(psi) WalH Waz5i0, (hr)
65,000 10 288 wro
&5 ,000 10 . 288 ¥F
60,000 10 0.75 %
60,000 10 0.30
én:nm 7.5 0.75 336 NF
&0, 000 7.5 g.ig 1216‘5
60,000 . 7.5 .

60:&:0 5.0 1.97 240 NF
60,000 5.0 0.75% 240 NF
60,000 5.0 0.30 240 NF

Shen removed from the bomb, specimens were found to be covered with a
very tightly adhering scale.

bNF - ne failure

6. Temperature

The effects of temperature in 33% sodium hydroxide solutions
at 70, 90, and 120°C, at potentials from -800 to -500 m¥y, and &t a load
of 4.27 x 10* psl are sumnarized In Fig. 9. An increese of tﬂnyeggtu:e
fram 70 to 120°C lowers the cracking time of ateels in hydroxidez™ Ly

almost two orders of magmitude at & potentisl of -700 m‘FfH.

7. Gtrain Rste and Stress

BOHNENEARMP determined the effect of applied stress on
failure time in 33% boiling NaCH &t ~TOO mVu. These dats are shown in
Fig. 10, He uszed the unusual procedure of determining stress by messur-

ing the specimen dismeter after tests but the error involved is nob
significant, :

At a constant Na®H concentration of 35% PARKINS snd HUMFHRIES??
heve studied the effect of strain rate, Figure &b shows that the strain
rate must be lower than 4.2 x 107" for an effect of the caustic to be
discerned. As the strain rate is further lowered the Tange of potential
where cracking cccurs is widened. At a constant strain rate of 4.2 x 1079
the meximm load at failure and the reduction in area are campared in
Fig, 6c. These figures imply that the effects of ceustic would not ba
observed at high strain ratesibut as the strain rate beccoues less, the
senaitivity to envirommental effects increases substantially.
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Figure 11 from work by GRAFENZ! compares the esase of pasgiva-
tion as affected by prior deformation in 35% sodium hydroxide at 8%°C.
The nondeformed spgcmﬁn increases its open circuit potentisl from
800 %o =400 ¥y in about one hour. This implies a decreasze of anodie
kinetica to the extent of about four orders of magnitude. On the other
hand the previously deformed specimens remained at the same potential
_ for over two hours indicating that prior dsformation prevents the easy
re-Tormetion of stable peszivity. This obzervation suggests a posgible
bhasls for ;pcrnpa@tian of stress corrosion cracks; a propegating crack
would always have a highly, deformed ztate at the crack tip while the
erack sideg had dizzolved away the deformed metal.
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Fig. 11 - Effect of cold defermation of steels on open
c:.rcuit pntantial—time curves in NaOH solu-
tion.




The effect of increasipg the applied load on the reaction
currert at constant potentisl has been studied by VENCZEL and WRANGLEN™C
their data are summarized in Fig. 12a and b. Figure 12a, at =58 mvp,
corresponds to potentlals near the transpassive transitlion. AL this
potential the reaection current without load decreases continvously
with time. Az losd is applied the breaking of the film produces posi-
tive bursts of current. Alsc az the load is increased, the specimen
deforms discontimously indieating fairly rapid 5CC. At =1050 wm¥y in
Fig. 12b the transient behavior shows negative peaks. Thie can only be
rationalized in terms of accelsrated reduction of the oxide {Fep04 + -
&' + 8e + e + MI0) since an ancdic transient due to, say Fe - Fe',
world produce a positive, or leas negative tranalent.

B, Dilute Alley Additions

GRAFEN and KURCN®Z have studied the mechaniem of intererystal-
line eracking and the effects of cerbon content using veltage-current
measurements and potentiostatic creep-rupture tests. Two sets of iron-
carbon alloys were compared, Cne was vacuum melted with carbon contents
between 0.004% and 0.52% and the other was a seriea of commercial carbon
steels with carbon contenta between 0.06 ard 0.37%. When the effect of
carbon content on cracking was studied, there was no difference hetween
the beharior of the two sets at a given carbon concentration. With
respect to the effect of carbon, incrsases up to 0.12% incressed speci-
men life; and thereafter, up to C.52%, the life times exhibited errstic
trends.

BOHNENKAMP™® studied the effect of potential on cracking time
for varicus dilnte alloys where the data are plotted as from Fig. ©
already described. The potential at which the minimmm in cracking
time occurs is affected by the alloy composition. The potential for
these minima are summarized as follows:

Potentisl at Lowest

Alloy Cracking Time, m¥y
Pure Fe =660
Pure Fe + W, technical stesl,
alloy with Ti additicns =TO0
Alloy with slhuminm =TH0 Lo =T25

1%
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9. Cragk Growth Retes

The aerack-growth rates for steel in bolling sodivm hydroxide

ware measured using the followipg technigue

JES

Opecinens were loaded

with 4,27 x 10* psi at a potentisl of -T700 mVy., The specimens were
removed prior to fracture, maximum creck depth determined, and plotted

as function of time as shewm in Fig. 13,

Theze rezults show that the

cracks grow contimucusly. The accelerstion of crack-growth with
increasing &tress cbeys the following relationship:

[ete) - )= -k(—‘*—é—{ - -:rﬂ) ()

nr

ar _ i
at

where r iz the radius of the remaining ercse section, kX the rate con-
stant, gn the lower limiting stress, and L the leoad.
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Fig. 13 - Maximum crack depth as a function of time.®®
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12, Properties of Oxide Films

" The behavior and properties of the oxlde r'ilms appear to be
crucial to the onset of SCC for steel: in caustic envirorments. The

potential=pH diagram of Fig. 1 for iron shows that two oxides may exist
depending on i and potential. Fegl, can form at lower potentials and
Fe.ly at higher potentials.

The most extensive study of oxide films relatlve to thair role
in 5CC has been conducted by HUMPHRIES and PARKINS, 3¢ They cbtalned
x-ray powier photographs of oxide films formed over a rahge of pobehe
fiala. AL -T10 m¥.,, they obtained & Fey0, stracture az predicted by
?ig, 1 (a = 8,9344); and st -50 mVy they found a Fe 0y structure (a =
8.395 k). 1In the intermediate range the structure of oxides did not
correspond to any of the above compositions. 1t is probsble that be-
tween Feal, and Fes0, iron oxides of steadily increasing ferrie iron
content mlght form.

Thin films formed on exposure to bolling éﬁ% sodiwm hydroxide
were examined by transmission electron microscopy.=  Films obbained in
the crificzl potential range where cracking coccurred were cauprised of
sguare platelets. GSelected area diffraction showed a high degree of
preferred orientation smong the platelets, The Feg0y film that was
comprised of these platelets contained large number of holes or pores
between scme of the platelets, the pores frequently joining to form a
contimious fault within the £film. Films formed at -360 mVy contained
very small erystallites (0.2-0.hu) having angular charascterisiics butb
without any obhvious specific shape. The crystallites were more randomly
oriented than were the platelets in the FeqQ, film, btut there were
fewer pores apparent in the Fes0, film. A% times stripped Fea0y films
ghowed a netwrork of holez corresponding to graln bounderies in the under=
lying metal; but it was Aifficult to discern whether these holes were
produced. In sbripping the £1Im or were Indicative of the grain boundary
Tegions. On straining these films, a network of cracks formed in posi-
tions corresponding to these grain boundaries of the metal surface,
while additicnal eracks, roughly parallel to one ancther and normal to
the prineipal tensile stress, developed over the grairn surfaces,

Besed on the sbove cbservations it can be concluded that: (a)
Oxide films function in blocking the initisted cracks, and cracking in
hydroxides occurs in the presence of Feal4 bub not Pepla. (b)) The atrain-
ing of zpecimens cosbed with oxides at vearious potentials results in in-
creased ancdic current within the rasnge of potentials wherein cracking
oeours for hydroxide solutions. The magnitude of this inecrease ies con-
giderably greater than could be accounted for on the basis of the area
of the unfilmed metal produced by the ©iln rupture, and this difference
could possibly be due to the fact that metal dissclution is enhanced by
“plastic strein. {c) The fact that cracking occurs only within the re-
stricted range of potentlzls is most readily accounted for by the sugges-
tion that cracking is associated with the formation of readily soluble
iron, the range of p-::tentia.ls for craaclu.ng agresing reascnably with that
for the formation of HFeO, .
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11, EBffect of Hydrogen on Caunstic 300

The negative potentials at which caustic SCC is most virulent
auggest the possible slternative that hydrogen uptake may be the cagza-
tive factor.

ROBINSON and NEL®, based on mechenical testz with hydrogen
charged steel specimens and FODGORNY?® by his voltage-time behavior
of the iron electrode in sodium hydroxide with and without sodilum
nitrate,tried o show that hydrogen uptake and subszeguent embrittlement
iz a responsible factor for failuare of steel in alkalis.

ROBINSON and NEL®S studied the effects of hydrogen eathodically
charged into alloys from caustic enviromments. They presumed that a '
key factor in the mechenism of caustic cracking was the hydrogen uptaeke
and subsequent esbritilement. They performed various mechanical teste
on the charged materizls considering such variables as steel composition,
applied stress, test temperature, caugtic concentration, and deliberately
added impuritiea., The hydrogen charging 4id not affect the upper yleld
strength, lower yileld estrength, and ultimate strength. Both the redue-
tion in area st elongation were consgidersbly reduced.

Fotched ber bend testg revezled a diminution of the maximmm
load and amount of energy abzorbed daring bending asz the charging time
ig inereaszed. Busceptibility to caustic cracking decreases with tempera-
ture in the range 210-2L0°C. Cracking sppears to be sensitive £o even
gnall changes in the chemieal composition of the stemsl, Zone refined
iron specimens remained unaffected after exposure to the most zevere
eracking conditions.

The effect of zodlum nitrate addition to a caustic ermviron-
went with regpect to determining the open eireuit potential of eteel
wag investigated by PODGORNY. *° His hypothesizs was that conditions
favering lower potentials alec favored cracking and that this indicated
that hydrogen entering intoe the alloy wms the chausative agent in canstic
eracking. The base solution used was 20% sodium hydroxide with 0.56 g/1
sodivm gilicate and 0.2 g/1 sodivm chloride. When the 2% nitrate was
added, the potentiszls rese significantly into the region where cracking
did not oceour; without this addition the potentizl remained active apd
wag in the range where ecaustic 30C occurred. The conclusion that hydro-
‘gen wag, therefore, a caustive agent baszed on the experiments iz totally
unfounded. There are too many other pogsible explanations of such
oheservations.

12, Additives ¢ the Cavgtie Enviromments
Anodie inhibitors have been extensively investigated for pre-
venting stress corrosion, Among the mest cxbensively lnvestlgated io-

hibitcas are silicates, phosphates, szulphates, nitrates, carbornetes, etc.
The preventive methods has been studied by SCHROEDER and BERK,'® RATH,?¢
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FARTRIDGE et al.,™ RADEXAR and GRAFEN,*® WEIR,3%:%% and FOCHEPTSOVA
and TIMCHEWKC.4! Very recently HUMPHRIES and PARKINS®® investigated the
effects of adding various inhibiting and noninhibiting compounds.

The detailed investigations of SCHROFDER mnd BERK'® considered
perticwlarly the effects of silicate at different ptress and hydroxide
concentrationse. For instance, Table I zhowe that pilicate exerted
beneficial effect at low hydroxide concentrations. On the other hand,
Table II shows synergistic effects of mixtures of hydroxide with car-
bonate, chicride, silicate, and alumine. It is clearly demonstrated
that only intreductior of sillcate to mixtures of €Oz, C1-, and A1.0a,
or singly, to bhydrozide alone ceuses fallure.

Table IT - Failure of Steel Specimens in Sclubions Comtaining
Sodiym Silicate apd Sodium Hydroxide {SCHROEDER
and BERK)1®

Temperature, 250°0, Average Applied Stress,
T0,000 psi, HNeDH Concentration, 25 g?lﬂﬂ g Hal,

Added Salts g/100 g HaG Failuwre Pime, hr
R, C0n 0.5 %, 1b4 npd
HaCl .13
ga;_,'goa 0.5 168 nrd

aCl 0.13
Alz0, 0.05
Na,C0s 0.5 3ue
NaCl g.és
tgamah 9:25
Na COq 0.5 21
Hal 0.13
Ra,5i0,0 0.2
Fa,8i0,P 1.5 77

84 dded 28 zlumimm chloride

bBakpr's water glase 40% solution, used to introduce silicam
info bombsa

Crgilure at shoulder
ANF = no failure ' 1

1
LT3
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Table ITT shows that adding a small amount of silicate a_l.ccel-
eratez SCC in csustic but az the amcunt added increazses cracking is
retarded, .

Table TII - Effect of Stress and Sodium Silicate Concentration on
the Failure of Concentrically Ground Bpecimens
~ {SCHROEDER and BERK)®
25 g/100 g Ho0; Temp., 250°C

Average ﬁpp_lied Siress Nao5i0s, &/100 Hp0 Failuyre Time
' (psi) {hr)
70,000 0.077 2k0 NF®
70 ,000% 0,15 32
70,000 0,40 i
70,000 1.7 10
70,000 5.0 . 8
70,000 10,0 135
70,000 10.0 20
60,000 3.0 135
60,000 3.0 120
55,000 0.1ﬁb 240 NHF
55,000% 0.16 152

apgilure zi shoulder

Psolution also contained 0,5 g NanCOs and 0,11 g MaCl/100 g HO
Baker's ¢.p. sodiim silicate (Na,8i03+3H,0) used to introduce silica
inte bonbs

CNF = no failore

+

PARTRIDGE et 21.,"" by using the embrittlement detectors and
by counting the number of specimeng not failed, esuld establish that
gilicate had inhibitive effects.

RADEKAR and GRAFER®® ghowed that bubbling oxygen through the
solution also prevents cracking, The maintenance of sulphate-to-
hydrowide ratio » 2.5 i still practiced as & mesng of preveh-t:iug cavstic
cracking; presumably there iz much axperience of beoilers not failing
under these conditions., However, the statistienl evidence of WEIRS®
shows no benefit {0 be derived from maintaining & high sulphate-to-
hydroxide ratio and there is ample practical experience of cracking in
bollers where the water condltions have met the speclfied minimm ratic.
The evidence in support of the sodium nitrate and cocrdinated phos-
phate?®12% freatments for the prevention of caustic eracking in boilers
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is more comvineing, although it i= by no means universally aceepted
that nitrate tresatment iz completely effactive ar that the use of
tanning for the same purpose may be regarded ns egtablished without
doubt. During their tests on a carbon steel in auntoeclaves at 140°C,
FOCHEPTSOVA and TIMCHEWKOY! could obtain an effective redwction in cor-
rotion rates under stress by manipulating the ratio of chloride plus
carbonete to hydroxide < 0.5. They observed a corrosion rate of 48
mils/year without inhdbitors., On addition of chloride and carbomate
~maintaining the above ratio, they found that the corresion retes were

2 mils/yesr with polished specimens {without oxide) and & mils/vear
with unpolighed specimens {with oxide).

MMFERIES and PARKINS®® have studied the effects of additives
on the percent reduction in area as z function of potential, A strain
rate of 4.2 x 107% /sec was used, The compounds having inhibitive
effects were added to maintsain & concentration of 15% (MaNOs, Na.30,,
HaHzP0,, valonea and quebracho}, or saturated solutions. Those having
accelerative effects were added in 0.2% by weight. The results are
summarized in Fig. 1%. The Ph0, Pos0, and Zn0 &re without effect, as
1z the deaerstion of the solution by the continuous bubbling of nitrogen
gas. Gusbracho and valeon=s tannins and WaH PO, completely inhibit
cracking. The results with 5% =ilicate indicate that oxygen does have a
partial inhibitive effect in agreement with RADEKAR and GRAFEN 8°% find-
ings. Fram Fig. 14, 4t can be noted that 50,~, N05=, and KMnO, have no
marked inhibitive effect upon ¢racking, sand are capable of producing
intergranular or britile fractures depending on the potential region,
&although they shift the potential of minimum for cracking.

Potential=-time curves were obtained with the above additives
gt a congtant strailn rele and these results are summarized in Fig. 13.
With N0~ , Pbg0, and KMnd, the potentials were shifted to more noble
values and intergranular cracking was cbeserved. With 0.25% b0 the
potentisl was s5till noble, in which case they observed long, very fine,
and brenched cracks. Specimens tested in scolutions to which Na,S50, or
n0 were added zhowed short intergranular cracks tut fracture was
accompanied by an apprecisble reduction in the area, The specimens
tested in zilicates had neither visible cracks nor oxide film due to
their potertials being in the critlical potential range. With guebracho
added, the specimens ghowed transgramular cracks to 2 depth of about
10u and a2t intervales of 20u.

GRAFEN and KURON3!,32 have shesm ewidence for, the poseibility
of anodic protection of asteels in caustic enviromments.
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B, GENERAL CORROSTION OF TRON TN CAUSTIC ERVIRCMMERTS

When compared to the stresr corrosion eracking of iroh, the general
ecorrosion of the iron sygtem hag been more extensively atudied. The
publizshed litersture containe information on corrosion rates in varicus
hydroxide media, properties of corrosion products, inhibition and elee-
trochemigtry. Congideration of general corrceion provides an important
basis for understanding the conditions for the onset of stress corrosicn
eracking. 'This section will describe both the over-all ecorrosion rate
vhenomenz as well as eurreant knowledge of the strueture and properties
of protective films, and electrochemdeal aspects of wninhibited and
inhibited zystems.

1. Corrosicn Belew 100° in Sodium Hydroxide

: The corrosion rates below 100°C has Leen studied by MASLOV
and GERMAN,?® and SAKMA and MARCINKOWSKA.*2? There has not been as mch
work on corrosion below 100°C as sbove 100°C.

The corrosicn rate of the base metel of the at.3Ep steel
{¢ 0.18, 31 0.02, Mn 0.38, Cr 0.06 and ¥i 0.04%) in sodiwm hydroxide
solutions of concentrations below 20% was measured®® and it was observed
that the rate iz independent of tempersture between 26-60°C. The maxi-
mm corroeicon rate under these conditions was 0.17 mils/yesr. The maxi-
mum ¢orrosion rate of a welded seam (€ 0.10, 21 0.11, Mn 0.52, traces
of Cr and Ni 0.06 per cent} under similar conditions was 0.3 mils/year,
The corrosion rate inecreased sharply et > 30% sodium hydroxide; and at
100°C the maximm corrosion rate wes 22 mils/year,

SAKWA and MARCTHEGHSKA*® studied the mechanical properties of
gray caat iron, coentaining ¢ 2.4, 81 1.33, Mn 0.66, P 0.1 and § 0.081%
after lmmersing in 4.6-85% aqueous solutions of sodium hydroxides at
room temperatures to TO°C and reported the incidence of pitting corro-
glomn. - :

2, Qorrosion Rates Above 100°C in Sodivm Hydroxide

MUKATBO and MASUKAMA 4% MASAMICHI apd SABURG,*™ THORNHILL®
(0.001% to ssturated NaOH) and ASAT and KAWASHIMAYY have studied the
corrosion behavior of irom in auboclaves,

In the range of 300-350°C, the corrosion rates inerease with
increasing sodiw hydroxide comcentration and tempersture.44:4%5 a4
low teaperstures the corrosion rates are independent of concentration
in the concentration range of 0.1-4%.% This value of 44 1z in sgree-
ment with the concentration required %o produce streas=corrosion crack-
ing, which is dbove 5%. THORMHILL®*® further reports that the greatest
rate of atieck oceurred in the concentration range of S0~70% NaCH.
Using hydrogen effusion methods to measure corroeion rates ABAT and
KAWASHIMA*® reported complex effecte of NaCH. They found that the cor-
rosion rates remalned mlmost constant up to 154 sodiwm hydroxide but
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repidly inersas=4 with further increase in the coneentration at 300°C,

When the concentration was as high as W&, the corrosion rate decreased
at first uptil g minime was reasched and then agein started increasing

rapidly with inereasing concentration.

The corrosion rate decreased when oxypen was added to 0.L to
L.0f BaH polutions at 310-350°C.%% This behavior could be probably
explained by the effect of oxygen in raising the potential in the range
where films are more gtable,

3, Strurture and Properties of Owide Films
Formed in Sodiom Hydrowide Solutions

From Section C-1 it is clesr that the incldence of etress
corrosion eracking in caustice emwilromments depends on the properties
of the protective film of reaction products covering the metal. The
structure and properties of such films in sodium hydroxide has been
studied by POTTER and MANN,%® CASTLE and MANN,*® FRASER et al,,":®1
KATO and ARAL,S? and KRUGER et 8l.%2 The highlights of their investiga-
tions were as follows: (i) films on the iron surface are muliilsyered;
(ii) growth kinetics are comtrolled by the inner leyer {Fea0.); (iii)
there iz an epitaxial relationshdp of the film to the iron substrete;
and {iv} films inciuwde y-Fel-OH, o-Fe0s, and Feal, mixtures having
erthorbonibrle, hexagonel and cubic structures, respectively, in weak
golutionz of sodiuvm Iydroxide containing other anions.

In the experiments with mild steel in 5-20% hydroxide at
250=355°C the existence of mtilayered oxide film over the corroded
surfece iz convineingly demonstrated by POTTER and MAMN,?® and their
results are summarized in Fig, 16, TIn Fig. 16 the corrosion rates were
plotted against square root of time, From Fig. 16a and b it can be
noticed that corrosion rates increage lineraly with time, The oxide
formed under these conditione has three layers, one which adheres io
the metal surface, an inner layer, and an outer layer. The growth rates
uf these layers are summarized in Fig. Yoe. Their thicknesses are in
the ratio outer:inner:adherent = 1:4:5. This structure and ratio
remained conetant at all ftemperatures and solution compositions studied.

CASTIE and MANN*® conducted experiments to elucidate the mech-
aniem for the formation of the multilayered oxide. It appears that the
adherent layer iz sofficiently unsteble that iron ions dissolve there=
fram but, at the same time can precipitate on oxide rmuclei generated
cuteide the surface of the adherent oxide. The sglubilization amd
reprecipitation depend on local changes in fH and sclubility of ircn
ionz. Essentisl featurez of thiz process are epitomized in Fig, 17.
CASTLE and MANN showed that the formetion of the filmeg is greatly
dependant on flow of the solution, This verifies that the dissolution

and precipitation procese is related to suhtle compositional gradients
in the solution near the corroding surface.
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The corrosion of mild steel in 40% NaCH at 316°C was investi-
gated by FRASER et al.,™»%! uging the hydrogen effusion method. They
also examined the morpholegy of the resulting oxide f1lmz and foumad
that a compact oxide {ilm would grow but severe pitiing often cecurred -
below this film, . -

With further experiments in 15% sedium hydroxids st 316°C

FRASER et al.,®»S! could show that two different rate-governing mech-
aniems are imvolved prior to the onset of pitting; {a) a large decreage
of the initial rate contrelled by the buildup of a protectlive film on
the nmetal surface and (b) a subsegquent swall decrease in corrosion rate
posgibly eontrolled by penetration of the magnetite filw by the corro-
sive solution. TFigure 18 shows that their resultz could be fitted by
an equation of the form: .

¥ =Yoo+ log [1+ ka (6-15}] : - {5)

where ¥ = total penetration, t = time, and k; and ke are constants. It
can be noted that theré iz an agreement between POTTER and MANY,1S5.49
and TRASER'S thowghts concerning the growth kinetics of cxides of iron.
However, Fraser's experiments are insufficient to show the existence of
weltilayered oxides, '

KATO and ARAI® examined the morphclogy of axide films using
transmisaion electron mlcroacopy and the crystal structure by reflection
and diffraction patterns. When 1072 W sodiur and ammonivm hydroxide
containing 1072 ¥ emmonium chloride were saburated with oxygen, the
oxides formed at 150 and 200°C were composed of mixtures of g-Feola,
Fes0y and y=-FeQ+0H, having hexagonal, cubiec and orthorhombie struectures,
respectively. When 0.01-0.1N sodium hydromide and smoonium tyedrestide
were saturated with oxygen, then only mixtures of Feqa0, and F@Og were
produced. This conforms to the findings of MANH and CO-WORKERS 48,49
When the ebove soluticns contained 10% each of KC1 and KI saturated
with hydrogen, the oxide films after three hours at 200°C were alwaysa
couposed of pure Feyal,. The hydrogen undoubtedly cperated to keep the
FeaO0n reduced,

KRUGER et 21,,%% examined orientation relationships between
the oxide on {100} , {110}, fnar} , {210} ana {211} erientations of
single crystals and metal subsirate for specimens exposed in 0.1N HalH
at 23°C. They found that the Fea0, flims formed in the prepassive on
transpassive regions of the polarization curve on these slngle crysials
showed an epitexlal relationship to substrate in all orlentations except
the §110} plane.
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k., Corrosion of Iron and Propertiles of (Oxide Filns
on Iron Iin Alkali Metal Hydroxides of Potassium,
Lithium, Bubidivm and Cesium

In the previous section the corrosion behavior of irom in
godlvm hydroxide soluticons hasz besn considered. How, attention will
be given to the corrosion behavior of iron or zieel in hydroxide solu-
tions of potaszsiwm, ca2lcium, lithium, rybidiom and cesium and atudies
on corrosion producte. Corrosion in potezsium hydroxide solution has
heen studied by LIEPINA et al.,%* in caleium hydroxide by SHALON and
RAPHAEL,”® in lithium hydroxide by KRATZER,™ BLOM et 21.,7 »%2 ARAT
and KAWASHIMA.S® Relative aggresslvaness of thiz metal in alksli metal
hydrexides and corrosicn preoducts in these and mixtures of hydroxides
has besn studied by ASAI and KAWASHIMA,®“°% and KOWAKA et al.%* Note-
worthy fesatures in these studies sre: (i) corroeion retes inerease with
increasing atomic weight of the cstion, (ii) morphology of corresion
products are identical to those obtained in sodium hydroxide, and (iii)
spiral steps were observed on {111 } planes on the outer erystal surface
of the oxide.

LIEFINA ¢t 21.,7% have gtudied the corrosiom producte in 0.1N
potassivm hydroxide and 0.1 potassivm hydroxids plus 1N potassiuwm chle-
ride., Below pH 11, »-FeD{(H) and y=lepidoerocite (modification of
geothite} and shove yH 11 u-Feu{cﬂg (goethite) having orthorhombic
structures have been identified. The trensition between y- and x-FeO(COH)

is accompanied by changes in the sbeorpiive power of the hydroxide aml
& yeversal in the particle charge.

SHALOK and RAPHAELS= studied the behavior of mild steel in
caleiom hydroxide sodutions apd found that the corrosion decreages
gradunlly with increaging @l wptll inbibition starts, .

KRATZER™ has described the potential problem when lithium
hydroxide iz used for confrelling the reactor coolant pH. They predict
the increased damege to corroded stesm penerator tubes resulting from
1ithiwe hydroxide concentration in the defects.

BLOM et al.,% »55 have gtudied the corrosion of mild steel in
in lithiwm hydroxide solutions at 326°C. TFigure 19 shows the corrosion
rate-time curves of mwild steel in & capsule conbeining 28.5% lithium
hydroxide. The corrosion rate decreazed in the carly stages as the pro-
tective filn developed and then rose sharply after paseing a minimum
value and omke agsin passivated after nipe days. The acceleration of
attack was accomparnied by & pertlal destruction of the protective mag=-
netite film and the occcurrence of o nonadherent bhrown powder, Four
different oxide phases are genersted depending on the lithiwm hydroxide
concentration. At concentrations belew 0.5%, only an adherent pro-
tective spinel-structured £iim is generated. At a concentration range
of I=4.5%, sn adherent tight f1iim is Tormed. It consists of a spinel
next io the steel and a low temperature form of LiFe0, over the spinel.
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The spinel structure containg lithiwm and in a solution of 4,54 1ithium
hydroxide, gives the x-ray pattern of lithium saturated spinel LiFes0y.
Above 5%, & corrosion product film of high temperature LiFeO. is lden-
tified. Lithium hydroxide is consumed by the following scheme of
reactions: L

Fe + LiCH + Hg0 = LiFels + 3/2 Hp - (6)
"FegD4 + 3 LiOH = 3 LiFels + Ho0 + 1/2 Hy (7
5 FegQy + 3 LiOH + HzO = 3 LiPegOg + 5/2 Hp B)

ASAT and KAWASHIMAS® reported that the rate of corrosion st
300°C decreases generally with increasing time when the lithium hydroxide
concentration is below O0.TH, When the concentration is greater than 1N,
a ninimm and meximm of corrosion rate appear within 100 howrs after
begiming of the corrosion experiment. When the concentration 1s
greatsr than 0.5H, LiFels and Fe.0,; are formed. The rate of corrosion
follows a parabolic law for less than O.30 lithiwm hydroxide. Their
results are summarized in Flg. 20.

In & comparative study with the hydroxldes of Wa, K, Eb, and
Cs at 300°C and ebove 1N solutions ASAT and KAWASHIMAS! established that
the aggressiveness was in the order: HNa « K < Ep « C&. Increase of
corrosion rete is cbeerved with inereasing atomic weight. Also, the
corrosion rates in dilute sclutions {less than 0.1N) cbeyed the cubic
law ard in sclutions between 0.1H and 1IN, & linear law.

KOWAKA et al,,®** contrary to ASAT and KAWASHIMA®! observed
that WalH solutlions are more aggressive than EOH sclutions.

ASAT'SSO investigations of steel corrosion in vapious alkali
metal hydroxides support the exiztence of muliileyered oxldes st loar
concentrations, Al%alil metals are present in the cuter layer crystals
ag a2 solid solution. The concentration of these alkali metal atoms in
solid solution in the outer layer increases with the increase in the
ionic redius of the alksll metel. The lattice consiant of . the cuter
layer crystals is related directly tc the icnic radiusg of the erlimli
metal as ghown in Fig. #1. The effect is larger with the incresse in
the ionmic radius of the alkell wetals. He also cbserved splral steps
on the 111 plane on the outer surface of the oxide indicating that
these cryesiale grow by the depesition from the solution. The iron
necesesary for the growth wese supplied by the disgolution of the immer
oxide layer. Their fimdings are similar to chservatione of MANN and
CO-WORKERS1%3%2 in modimm hydroxide solutions,

Addition of emall amounts of lithium hydroxide to the sodium

hydroxide molutione {greater than SN) at 300°C, reduced the corrosion .
vates. This effect cbserved by ASAT and KAWASHIMA®? has been attributed
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to the lattice defect reduction in the dense imnner layer caused by the
disgclution of lithimm into the layer forming & =0lid solution. In the
above mixed solution, they cbserved a parabolic lew. Zimilar effects of
lithiom hydroxide on corrosicn in potassium, rubidium and cesium hydrox-
ides were observed by these authors.®® Corrosion rates cbeyed the fol-
lowing laws for the above solutions:

{i) Corrosion rates x % at low concemiretions of ceustic
{ii) Corrosion rates x t2 at high concentrations

where t iz the time. Theee rate laws are similer to those obzeyved by
ASAT and KAWASHIMAS! in the respective molutions of hydroxides.

5. Polarizetion Behavior without Inhibitors

Polarization measuremente have been used on iron hase nlloys
in eaustie solutions to study the cathodic end anodie behavior, In
studiea of cathoediec behavier investigefione have heen carried out o
study (£) the kinetics of reduction of reduneibles such sz Hi0 and O snd
{ii) the diffusivity of hydrogen in wmepbrane electrodes. The anodic
behavior has been studied under three different categories; nanmely,

(i) active irom electrode, (Fe -~ Fett o 2¢ or Fe + TH,0 =~ HFels + JH
+ 2e reactions), {ii) passive state kinetics, and (iii) destruction of
the paggive gtate by aggressive anioms. '

&, Studies in godiym hydroxdide media - The kineties of
water reduction have been studied by AMMAR and AWAD,®S Hurlen,®® and
BAGOTZKAYA,®7 The interesting features in these studies were that pH-
independent cathodic reaction elopes resulted in the pH range 11-14 and
polarization values depended on diffusion veloecity,

The essential reduction reaction involved is

2e + ZFo0 +20H™ + Ha ' (9)

and the thermodymamic deseription of this equilibrium is line (&) in
Figt, 1=3. The rate of this resctiom in the cathodic direction obeys
the general expreszion for activeied kinetics

e zF
-=- -Z (1-a)E
ie=1<c|:%o:|ﬁ e Rp (10)

where i, = cathodic current density, K. = rete constant for cethodic
reaction, .0 = activity of water molecules at the cathode szurface,

AG* = energy of activation for the cethodic resction, R = gas constant,
T = temperature in K, £ = charge on the activated species, F = Faraday,

' 41




¢ = energy transfer coefficient and E = potential agsinst the standard
hydrogen electrode.

As the fortheoming sections will comslder voltage-time behav-
lor, it is worthwhile tc describe briefly the utllity end interpretation
of these furves. The potential-time curves can be either on open-circuit
or by passing currents. Potential transients can provide & direet in-
sight into the mass transfer processes. 4 change in the electrochemical
process cen produce potential arrents., A potential-time curve can be &
useful todl in cathodic region to analyze the reduction of paseive layers,
and hydirogen or metal depositiom if the hydrogan overvolbage ir quite
large vhen campared to metal reduction potential. In the anndic reglon
a8 potentiia] transient can be used to deteet the onset of pamzivity,
formationi of passive layers and oxygen evolution potentiale.

Paking the concrete example of the Pe-H0 system, the potentjial-
TH equilibrium diagram for vhich is given ir Plg. 1, the poszlbie cathodic
reactiond are the réduction of higher oxide (nemely, Fes0s to Fes0,) and
then to metallie iron. At thls stege, if the solution containg Fett or
Fett* iong in the solution, Fe deposition takes place on the surface.
On the other beand, 1f oxygen is present, the reduction of molecular
cxygen will take place &t the interface. In the abzence of Fe or 0z in
the system, the hydrogen reguction will take place. Reverse processes
operste on the anodic brapch in the followlng sequence: ionization of Fe
te Fet+, formation of Fe(OH)** or HFe0z™ ion, and oxidation to Fea0s via
Pegly. U5 and Hy londzation alze wlll teake placeé if these are present
in the adlution phase. All these processes are potential- and pi-
dependent end are dlscussed at relevant stages. A poliential traosient
is supposed to show potentlal arrests in the above.mentioned sequence.
Figure 218 depicts the schematic sequence of potential arvests in the
cathodic end ahodlc regions, respechively.

 AMMAR and AWAD®® have studied the reducticn of water (Hz0 —
O + L B2) in 0.2, 0.5, and 1N sodium hydroxide at 25°C. The cathodic
tafel plots are given in Fig. 22. They found values for 2.3 RT/zF{l-a)
of 120-130 mV per decade which is in accord with z = 1 and @ = 1/2. Fram
this flgire, it cen be noted that the slopes do noh depend significanfly
on TH. RURLEN®® has cbaerved similar pH indepenteni cathodic reaction
slopes, Using membrahe elsctrodea, BAGOTSKAYAST studied the effects of
diffusing hydrogen through & membrane, the -surface of which is exposed
in 5N sodium hydroxide solution, and found that diffusion velocity had
some effect on the polarizetion wvalues,

The asctive iron electrode has been studied by HURLEN®S and

SCHULDINER and SHEFHERD.®2 HURIEW®® has reported the polarization data
for active irmm electrodes in 0.1 to 34 sodlum hydroxide. Figure 23
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shows the anodie tefel Iines for open cell” and eclosed cell® (open and
vlosed cirelss, respectively) ewperiments. Though HURLEN c¢laims differ-
ences between open cell end closed cell data, they are inconslstent at
ths 0.1 and 0.3M concentrations studied. The lines have s slope of
2.303 RT/2F and have & first order with respect to hydrowyl concentre-
tions., These stipulated snodie tafel lines are bhelieved to represent

the hydrogen oxidation &t aetive iron #lectrodes. The anodic hydrogen
Ynes (oxidation of hydrogen to H*) heve a slope of 2.303 RT/3F and

have a second corder with respect Lo MWydroxyl icns. The kinetic equations
representing the ebove dets nust be:

EFe+DI-I'=EFE+++ElH_+LLE

or
oFe + OH™ = Fe(CH)Y + Fe™™ + e (11)

SCHILDINER and SHEFHERLS® have compared the snodic oxide behavior of
iron with platimum in 2N sodium hydroxide solutions at 25°C. Figure 2b,
ghows potenticstatic anodic polarization curves for Fe, Pt and Fe-Pt
couple, This couple was formed by spot welding 1 cm of J-mil

platimm wire to an iron wire of 0.65 em®. The intention of this
technigue was to check the Pt depusition on the working electrode, but
the investigators were unsuccessful in this determingtion. They Tound
that the amall smounts of platlnum on iron strongly retarded the hydro-
gen oxidation.

Fassivetion Einetlcs have been studied by TOUSEEK ,5? HEUSLER
et al.,Tﬂ HANCOCK and MAYNE,” ' HURLEN,®® RONZHIN and mnmsv,” and
FRAWCKE et 21.7? The general polarization behavior hes beep studied
by HUMPHRIES and PARKINS.?® The mest interesting oubtcome in these
studies were:

(1) the potential arrests corregponded to the sequantzal
oxidation of Fe to Fer0p via Fe(OH), and Pes04; and

(ii) the differential capscitance values show that the
capacitance values desrease ss the oxidation proceeds
because of an ineresase in the olmic compoment origi-
nating from the inereased resistance of the oxide.
Begides, the regions of active-pasgsive traomsitlions
could also be identified by follewing changes in capac-
itance with applied potentisl.

¥In open cell experiments, pﬁlarization was carried out in beakers,
where there is a chance for the solution to become gerated.

10 cloged cell experinents, there is no aceess to eir. The solu-
tion could be aerated or deassrated or hydrogen-saturated at will.
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TOUSEK®? determined the relztionship between the open-cireuwit
current density and time for jron electrodes in 1-18N NaOH solutions at
26°C. The relationship between time and current density is hyperboelic,
as given by the expression !

(i-i )7 = K (12}
whare . ‘
i is current density st & given tine, '
v is tlme,
is 1s passivation current,
Al

E is constant.

This is a phenomenclogical relationship end does not provide a direct
insight into the mechanism of oxide growth.

In the pH renge $.3-14%.0 at 50°C, HEUSLER =t al.,”® report a
Flade potential of 615-520 ¥V on hydrogen scale. Flade potentianls are
determined by noting the potential arrest values in the current densltiy-
potentisl curves. Hobe that these arrests correspond o MO - M 4+ e,
This phenowenon is appliceble o oxide-covered metals, Plade potential
relates to the values of potential where the oxide is reduced to metal as
shown in Fig. 21a. This potential mekes the potential of transition bhe-
tween activated and pessive reglions.

HANCOUK and MAYWE,”1 and HURLENP® studied the time-dependent
snedie potential changes of iron end mild steel in sodium hydroxide
golutions (O.1N NalH at 25°C for HANCOCK snd MAYNE?* and 0.3N KalH at
20°C for HURLEN).®® Specimens were eleaned cathodically before passing
the ancdic cwrrents. HANCOCK and MAYNE®! and HURLENS® employed cathodic
current densities of 20 and 100 pifem®, respectively, for cathodic clesning.
In the range 10-80 pA/em® of anodic current densities, potential arrests
independent of applisd cathedie current were reported. These pobentisl
arrests took place at -625 mVy end -LE0 to -U480 mVy. The potential-time
curves of HURIEN are glven in Pig. 256. The observed arrests at -625 ¥y
and -hE0 to -L80 mVy, corresponded to the estimated reversible potentiel
of Fe{OH)o/Fe(OH), and FeO/Fep0- eouples, respectively. Hence, HURLEN®®
correlates these arrests to the formetion of Fe{0E)> or Fe{OH)a at lower
Dotentials and Fe_ 05 at nobler potentials. This assumption lacks sup-
port by surface examination, which is rather wvital.

RONZHIN and GOLUBEV'Z used the rotating iron electrode at
3000 rpm in O,1H and 1N sodiwm hydroxide solutioms at 25°C to follow
the changes in galvanostatic potentisl-time curves in the anodlic region.
The potential-time curves showed two inflexions: (i) frem =785 to

~700 mVy and (i1) from -550 to -560 oVy in IN scdiwn hydroxide.
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Comparison of these values with those cbserved by HARCOCK and
MAYNE' ! and HURLEN® who used stationary iron electrodes, shows that
the potentials of inflectlion were shifted to negetive values, Such
results are not mressonsble 4n view of the differences in the experimentis.

FRANCKE et al,”® have measured phase boundary impendance of
iron electrodes in 0.1N sodium hydroxide (in hydrogen atmosphere},
Figure 26 shows the capacitance against applied potential curves in the
anodic region (0=-2000 mV against SHE) at frequencies 5, 20, amd 105 He.
In these curves a 1imiting value for capacitance can be observed which
is due to adsorbed axygen. The total capacitance Cp can be glven by the
following equation:

CP=CD+CE+%2'C3; En ) (13]

I"Ju-

where Cp iz double layer capacitence, 02 iz adscrptional capseiiance,

oy 1s the concentration in molefem®, D is diffusion coefficient (cm?fﬁea],
F is faraday, R is gas constant, T is temperature in K and w is fre-
auency in He, In Eq. {13) the third term constitutes the chmic ccmpo=-
nent 1/Ry, which is given by the follwwing equation,

B [a {14)
r 2F%e, xfznfw

all the terms having the same significance. Figuare 27 shows the plok
of the olmlec component against potential at different frequencies. Frem
these results they chbserve an ohmic component caused by the resistance

of the oxide film and they find ¢lear changes in Shese ccmpunents on
golng frem active to passive state.

HUMFPHRIES and PARKINS>® have studied the effects of sodium
hydroxide concentration on the potentiostatic polarization behavior.
The potentiostatic polarizafion curves of ircn electrode in holling 5,
10, 20, 35, 50, and 75% sodium hydroxide solutions are given in Fig. 28.
They find that at & concentration of 75%, the potentlal limits of the
sctive region extended from -840 m¥y and -360 mv On the other hand,
at 5% sodium bydroxide the range nf active dizso utian iz reduced to
-780 to -660 mV¥y. These changes in the magnitude of the currents flow-
ing within the active dissolution range and the range of potentials
limiting the active range, reflect the influence of cuncentratlcm of'
saﬁium.hwdroxlde upon cracking propensity.

b, Additions of aggressive anlons - Destruction of pasaivity
by &ggresslve anions 1n sodium hydrcxide has been studled by PURINS and
LIEPIHﬁ, * POPOVA and KAB&HGV S RAJAGOPALAN et al., ® and ROZENTSVELG
et a1.”" The observations by these anthors are: (1) passlvity is de-
graded by chloride, suphate or radicactive sulphur (33%) by competitive
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adsorption; (ii) a chloride-to-hydroxide ratio of 1 is necessary to
activate {degrade passivity)} a passive iron electrode urder the condi-
tions studied and (iii) at rown temperature and in 0,1N sodium hydroxide

solution, even & sulphate-to-hydroxide ratic of 20 did not degrade
passivity.

FURINS and LIEFINA® * have studied the activetion by chloride
iong. POPOVA and KABAROV' ° have investigated the effects of activation
of iron by chloride and sgulphate in a detailed way. They obtained
galvanostatic ancdic polarization curves at 90°C by either adding
chloride to hydroxide or hydroxide to chloride, keeping concentration
of one of these ions in solutions constant. Similar experiments were
performed with sulphate. In 5=10K sodium hydroxlide, at sufficiently
high current densities, ag 0.05Afom™, iron electrodes yassivated, oxygen
began to evolve, and iron dissolved forming ferrocate ions (Fe03™) regard-
less of chioride or sulphate wans present or absent. In dilute solutions
of sodium hydroxide, chloride did not affect the procees of golution of

iron. The activating effect of chloride hecame noticesbls at & chloride-
to-hydroxide ratio of 1. A similar degree of activetion by sulphete
aecurred at a much lower concentration of hydroxide. The high rate of
golution of iron at 90°C was aseribed to more uniform corrosion than at
room tewperature. Rapid corrosion in the presence of chleride cceurred
in concentrations less than 0.5N sodium hydroxide. RAJAGOPALAN et al.”®
reported the results of potentiodymamic data, presumebly at rocm tempera-
ture, in 0.1 and 0.01N sodium hydroxide sgluticns with chloride and
sulphate added individually. They found & similar critical ratic of
unity of chloride to hydroxide for activation to take place. Sulphate
ions did not ceuse aoy change in the vassiveiion behevior of iron in
0.1N sodium hydroxide up to the highest ratico studied {swlvhate-to-
hydroxide ratio of 20).

ROZENTSVEIG et al.”’ investigated the effect of sulphur {as
sodium sulphide) on anodic behavior of iron electrode in SN sodimm
hydrodide solutions at room temperature. The adsorption of sulphur on
prior cathodically reduced {at 0.75 mA/cm®) end sncdically polarized
{(at 0.3 mA/cm®) iron electrodes was studied in SH sodium hydroxide
between 10”5 and 9 x 107°F with respect to 5%27. Cathodieslly reduced

and anodically oxldized specimens were exposed to rediocactive sulplmr
solutions for one hour, and then radicactivity was measured. Their
results are given in Table IV. Bssed on their measurements, they reached
the followlng conclusions: (i) adscrption of sulphur a3 sulphids on irom
leads to a sherp incresse in its rate of anodic dissolution in alkeli;
(i1) saturation of the iron surface contimues for & long time, but even
the small amount of adsorbed sulphur instently st the start of the
process leads Lo a mearked acceleration of the anodic dissolution of
iron; and {ili} radiocactive tracer study shows thet a reduced surface

of an iron electrode adsorbs more sulplur and heolds it more strongly
than ancdicelly oxidized dron.
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Table IV - Effect of Sulphur Content in the Solution on the
Ammunt of Adsorption (after ROZENTSVEIG et al.)’?

Mean Actlvity Bulphur Adsorhed
SE*, R Count ﬂ:lillf‘{:;|]1E of g-atom of Efmg of
' Apparent Surface Apparent Surface
107S 222 2.5 x 1071
107 1485 18 x 10-1@
107° 10600 13 x 107°

9 x 1073 . 55600 T x 1078

$2 means radiocactive sulphide anion.

c. $Studies in potessium hydroxide - Cathodic pelarization
has beén investigated by TSYGANOY and EUYANOVA,’ © BATRAKOV et al.,”®
TURAPCV and MURTAZAEV,S®® SCHWARTZ and SIMOK,2! AFANAS'EV et al.92,8%
and SCHWAEE.®* : : .

TSYGANOV and BUYANOVAT S gtudied cathodic proceszses by apply-
ing negative currents in the range of 107 to 1 Afem® and monitoring
the potentlal for Armeo iron in SH KOH et 30°C. For cach epplied cur-
rent density they measured potentials for pericds of three minutes.
Potential changes of up to 0.5 V were chserved indicating considersble
variation in the state of the aurface over relatively short times,

BATRAKOV et al.”® measured polarization at low temperatures
in the range =20 to +20°C in SN potassivm hydroxide. Figure 29 gives
the cathodic polerigation curves at 20, 10, 0, -10 and--20°C.

Tt can be seen that with an ineresze in the tempersture the ecathedie
potentials shift towards noble valuez; thercby lowering the Ho-reduction
kipetics. They calculated the emergy of activation from Arrhenius
equation and the values were between 7,1 and 9.1 kesl/mole, TURARGV
and MURTAZAEVEC have investigated the cathodic polsrization behavior of
metal-ceramic ircn electrodes in 7, 10, 12.65 and 17.2N potassium
hydroxide at 75 & C.1°C. Theoretlieally, the hydrogen reduction kinetics
should decrease {i.e., potemtial shift to noble values) with inereazing
alkali concentration. In the cathodic current density range of 20 to
300 ma/ém® they cbserved irregular changes in the cathode potentials
with ihcreasing concentration or potasaium hydroxide. " TURAPOV and
MURTAZAEVEC attempted to aceount for the irregular changes in potentials
on the basis of reduction of water asctivity as hydroxide concentration
is increased and thereby lowering the hydrogen evolutioen kinetics, az
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given in Eq. (10}, Their rsasoning is correct onily ma far ng progres-
give detirease in hydrogen reduction Kinetics is observed with inerease
in KOH concentretion.

SCHWARTZ and SIMONS®' atudied the behavier of carboryl and
ingot iron in UN potassiuvm hydroxide at 90°C, They determined the
galvanostatic cathodic polarization ecurves. They concluded that the
hydrogen iiberation reaction followed the Volmer-Hevrovsky mechahizm,
the partial reactions of which are hindered vericusly, depending upon
the state of the electrodes. These reactlons are given below:

Hal + e+Hog + O~  {Volmer reaction) {15)
Hog + HoQ + e +Hz + O~ (Hevrovsky reaction) {16}

 AFANAS'EY et al.®2,8% investipated the effects of hydrogen
peroxide (2-5N) on cathodic reduction of molecular oxygen (% 0z + Hz0:
+ Se-~ CH™ + HOZ} in 0,18 potassium hydroxide solutions. At low con-
centrations of hydrogen peroxide, the spurface is insufficiently exidized
and behaves as an inert electrode. At too high concentration, the oxide
on the electrode is dizintegrated by vizorcusly generated bubbles of -
oxyzen and the slectrode becomes sctive. '

SCHWABE, 3¢ uging ecirculating electrolyte, determined the
effects of adding 10™* to 2.5N potessgium ehloride to 1072 to 2N potas-
givm hydroxide at 25°C. The minimum potassium chloride concentration
with activating effeet for i = 1 mA/em® 2g funetion of the potassium
hydroxide concentration is given in Table V. At 3 to 4N potessium
hydroxide, iron was not activated even in saturated solutiong of potas-
gium chloride, 'The duration for which passivity can be sustained was
determined ag a function of the velocity of the flow of electrolyte past
the electrode &nd potassium chloride concentration. When the peotaszium
chloride ¢oncentration is smeller than potassium hydroxide coneentration
and the flow velocity is sufficiently high, the electrode can be kept
passive for & fairly long time (t_ — o ); when the flow is stopped, immed-
iate activation takss place. At high potazsivm chloride concentrations,
howaver, %, is decreased by the flow of the slectrolyte. In the firet few
seconds of passivation, they chserve the following relatlon:

t

Ep =Ep - (t-t5)% - Ks (x7)

where E, is the changing potential with time t, E, is the passivation

potential, tp, ig the passivation time, and K5 is constant. Purbher,

they found tﬁat Kz incresges approximately in proportion to ¢ [fe H";
' g™ 0
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Table V - Minimum KCl Concentration with Activating Effect

for i= 1 mA/em® on Iron as & Punction of KOH
Concentration st 25°C {after SCHWAEE)?®

KOH (m/1) 107° 107% 0,05 0,10 ©0.15 0.2 0,5 1 2

KC1 (m/l) 107% 10™° 107F 0.03 0.07 0.1 0.33 0.75 2.5

. Baged on these observationa, they proposed that asnodie digsolution wiil
not take place until the h&iugen jons have dlsplaced chemisorbed coysen

or sdsorbed OH-. This process might occcur in accordance with Frumkin's
mechani sm:

(MeCH},q + X »Me(WH,X ), + nHa0 (18}

Me(OH,X7) 4 + mHa0 »MeTH + X~ + § {19}

In this case Me = K, X™ = C17, and 9 ia the coverage.

6. Polarization with Trhibitors

Effecte of additives to alkaline soluilions on the elecirocheml-
cal behsvior of the iron electrode have been studied by AMMAR and AWAD,®S
and, HUMFHRIES and PARKINS.®® Effects of added substances to potassium
hydroxide solutions have been studied by LEVINA,SS5 SCHWARTZ and SIMON,®!
and TURAPOV and MURTAZAEY, 25

The kind of inhibitors studied can apt to reduce the activated
reduction ox oxidation kinetics, can accelerate the amount of film forma-
tion, or can stabilize the passive T'ilms by reducing the defect moblility.
Eesential patterns exhibited by the shove studies are given below,

1. Changes of potential with time iwdicate that same
amines function by reduweing the svailable ares for
hydrogen digcharge. The relative effectiveness is
explained on the basis of adsorption. '

2, Transient kineticz sahibited by some of these amines
iz explained on the basis of attraciive and repulszive
interactione betwsen adsorbed atomic hydrogen and
organic molecules, .

3, Baome of the inhibitors like tamin, silice, and

phosphates, function by raising the overvoltage for
the hydrogen evelution reactieon,
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4. Addition of potdssium cyanide apparently cause
the ultimate formation of protective magnetite layer
via a hexacyano camplex,

AMMAR and AWAD®Z measured cathodic potentials in O.2N sodium
hydroxide with the following subztances added: ethylamine, n-butylsmine,
, dimethylamine, tri-n-propylamine, benzylamine, pyridine, quinoline,
pierie scid, p-benzogquinons snd m-dinitrobenzens. They measured the
changes in potential with time, with and without the above Irhibitors,
in 0.2N sodimm hydroxide at & current density of 2.5 mA/em®. Table VI
shows that benzylsmine, pyridine, ethylamine, n-butylamine and saturated
quineline shifted the potentials toward active direetion, while dimethy-
lamine, tri-n-propylamine, p-benzoquinone, m-dinitrobenzene and picrie
acld shifted toward pobler values. The effects of increasing the con-
caentration of ethylamine, dimethyleamine and n-butylamine and pierie acid
on cathode potential is given in Teble ¥II. For amines, the potentials
shift toward active valwes with increasing conceniration; vhereas for
pieric acid, which ie an activator, this value decresses. The mmerical
inereagse of potential upon adding butylamine, ethylamine, benzylamine,
pyridine and saturated quinoline could be explained on the hagis of
decrease in the available surface area for hydrogen discharge, thus
increasing the current depnsity. Butylanine heving more negative poten-
tial than ethylamine is ascribed due to the sironger edsorpblon in the
ecase of butylamine, On the cther hend, nobler shifts by picric acld, p-
benzoquinone, end m-dinitrobenzene are attributed to the depalarization
‘of the hydrogen evolution reaction, They account for the changes of
potertial on the additiom of these suvbetances on the bisis of attractive
or repalsive interactions between the adsorbed atomic hydrogen and
organic molecules. '

HUMPHRTES and PARKINS®® studied the potemtiostatic polariza-
tion behavior of mild steel in boiling 359 sodivm hydroxide scolutions
containing saturated zodium sulphate, 5% sodium silicate, 16% quebracho,
1 sodium nitrate, 0.24 potassiu permanganate, and 0.2¢ red lead added
individually. wWhile these substences produced no inhibitive effect on
the corrogion rate they caused a substantial reduction In the anodic .
peak, On the other hand, quebracho, silicate and sulphate, which have
irhibitive effects, did nét supprese the active pesk, IEVINA'e5°
potential-time curves in SN KOH also support the inhibitive effects of
quebracho and gilicate, Fipguie 30 shows schematic cathodie and anodic
pelarization curves explaining the accelerating effects of nitrete,
gulfate, and lead oxide, '

The suppresaion of the ac¢tive peak by these sdditions result
from an increase in the cathodic polarization current corresponding to
depclarization of the cathodic resction, and the consequent intersection
of the anodic polarizaticn curve by the cathedic curve 2t 2 more noble
potential, The additions that Ied to this effect sre all compounds
“that might be expected to behave as oxidizing agents in glkeline solu-
ticn, thereby depolarizing the cathodic reaction and cauaing the messured
rolarization curve 4o be intersected hefore the active anodie peak.

3
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Table VI - Effect of Imhibitors on Cathode Potentizls
{after AMMAR and AWAD)®®

1 " Campound Concentration (M) Potential {mV) -ve
o| PBenzylamine 0.1 i8
d| Pyridine 0.1 30
i Ethylamine 0.1 Lo
A n-butylamine 0.1 120
Satd, Quinoline T
o| Dimethylemine 0.1 7
w| Tri-n-propylamine 0.01 Lo
g p-renzogquinone 0.01 2
2| m-dinitrobenzene Q.01 100
Al Floric ecid 0.01 200

Takle VII - Effect of Inhibitor Concentration on Cathode
Potentials (after AMMAR and AWAD)SS

Concentration Change in 7,

Compound mole/1 {mV), -va
Ethylamine 171 U i
10"2 382
1075 350
Dimethylamine o= 375
2 x 107% 355
10™% 313
n-Butylamine 1072 500
107% 398
1075 293
Picrie Aeid 172 180
1072 325
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Fig. 30 = Schematic ancdic &rpd
cathodic polarization
curves for mild steel
in 35% WaOH contain-
ing various sddltionsl
substances. %2

SCHWARTZ AND SIMON®! studled the effects of adding potassium
cysnide to 4 potessium hydroxide on the potentiostatic polsrieation
behavior of carbomyl and ingot irom. They suggest the anodic formation
of Fe{CH:)*™ by the following reaction. This hexacyano complex dise
sociates into Pet™ and (CN}™ and Fe'* gets further axidized to Fag0.

Fela + 60N + ZHo0 +[Fe(cm]‘;'] + kom” (20)

Uzing a esintered iron electrode, TURAFCY snd MIRTAZAEV™® found
that nentral molecules like ures and thicures are without effect. Also,
pyridine and tetrabutylamine produced no improvement. Only ansbasine
minimized the golution rate of iron and thisz substance consequently is
uzed az an inhibitor for ancdic dissnlution of iron in caustic zolu-
tions. The addition of potaseium lodide displaced the potential tovmxd
more positive values, forming a surface compound with iron. Sodium
splfide also produced an inhibitive effect through the formation of
protective gurface films.
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IV, CORROSICN OF NICKEL

&, CORRCSION UNDER STRESS

Hickel iz reported to be a generelly astizfectory material for hen-
dling hot concentrated catstic soluticn. The problem of nickel corrosion
becomes severs when the environment is anbydrous fused ceustic &t very Ldgh
temperatures. Anodic corrozion of nlckel in chloride media are limit-
ing cases where nickel corrosion is observed. In 1SUb FRASER®® listed
six case histories where cold drawnm nickel tubes falled when exposed to
caustic sode solutions of high concentrations above ambient temperatures.
Aguecus caustic sclutions of various concentrations were generally
reportet to produce transcrystalline cracking., He further carried out
tests in which nickel specimens were exposed to molten sodium hydroxide
at concentrations of 80% NaCH to arhydrous and showed that specimens
falled in a Infercrystalline manner. He alzo reported that internally
stresged nickel is susceptible %o cracking in fused potassium hydroxide.

McHENEY and FROBSTS® have studied the stress-rupture lives of nickel
igbes at §15°C in air and argon with and without hydroxide. Sodium
hydroxide hes no effect on the strength of mickel in argon., Severe
Intergrammler and swrface oxidation of nickel tubes tested in air
increaged thelr rupture strength over those tested in argon. This
gtrengthening was partizlly lost when fthey contained sodiwm hydroxide.

B, GERERAL CORROSION

The general corrosion of nickel has been wore extensively studied
than gtresz corrosion. The present section will deal with studies on
corrogion rates in fused sodium hydroxides, electrochemistry of active
and paggive nickel, breskdown of pasgivity when aggressive anjons are
added to hydroxides and a few comments on corrosion products,

1. Corrosion in Sodium Hydrowide

General corrosion in the fused sodium hydroxide medium has
been atudied by SIMONS et al.,™ PEOFLES et al.,®® CRAIGHEAD et al,,®?’
and GREGORY et al. 92 They investigated in the temperature range of
320-815°C, Some of their important cbgervations were: (1) severe plug-
ging of ecld zones by nickel deposition in matural and forced convec-
tion loops: (ii) rate of attack increased with incressing temperature
end ig leps gevere in reducing atmosphere; and (iii) with rotating
gpecimens the rate of attack i= ten times greater than under statis
econditions.

SIMONS et al.® have studied the corrosion of wickel in fuged

sodimn hydroxide in the temperature range 480-815°C. They used natural
and forged comrection loope constructed of pure nickel in which hydrogen
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was bubbled through soditm igyrdroxide: the peal temperatures ware 650-
815°C, and temperature was cycled fram 55 to 110°C. The cold zones were
severely plugged by nickel depositisn in times ranging from lass than
10 to 200 hows, At peak temperatures of UB0 and S565°C there wae
limited nickel transfer, For instance, at UB0°C peak and LO® cycle
only 0,012 cm of nickel was depoaited in the cold zone after 2000 hours.

CRAIGHEAD'S®Y investigations at 536, 675, and 815°C support
the cbservations made by SDRMONZ et al.® After the corrosion experi-
menta, the solutions were analyzed £dr nickel. Tts concentration waas
pot affected by forming atmosphere (mixture of steam and C0).

_ TROPLE2 et &1.%0 have studied the reactions of 20 g of dehy-
drated sodiwm hydroxide at 950°C in nickel crucibles fox periods ranging
from 1 to 165 hours. They proposed possible reaction mechanisms Ty
enalyzing the effluents for hydrogen, nickel, water, sodium carbonafe
and sodium oxide,

With rotating specimens in molften sodium hydroxide bebween
320-580°C the corrosion under dynamic conditions is ten times greater
than under static conditions.®2 Ip these studies GREGORY et al.®? also
chazerved plugging of nickel tubes by mass transfer uwnder a thermal
gradient, These results are in accord with those of SIMONS et al,%®
and CRAIGHEAD et al.?l In the temperature range of 320-580°C lithium
hydroxide suppressed the corrosion rates.”

2, Polarization Behavior
o
. The polarization meapursmentz on nickel electrode have been
performed in zodiwm and potassium hydroxides to study (i} the Kipetics
of rediection of reducible specles such as Ho0 snd 0., (3i) passivetion
phenmmenz, and {iil) breakdown of passivity when aggressive anions are
added-td these polutions.

.. a. Cathodie behavior -~ Cethodic polarization and hydrogen
reduction kinstics in sodium and potassium hydroxide sclutions have
been stidied by WELNINGER and BREITER,”® DELTMARSKII et al,, @ and
KITA and NOMURA.®® The essential findipgs in their investigations are:
(L) studies with varicus planes of zingle crystals did not show signi-
Fieant' differences in polarizstion behavior; (ii) halidss reduced the
hydrogen overvoltage: and (1ii) heats of sctivation calculsted from
experimental tafel paramsters showed sgreements with the theoretieal
valuss based on the catalytic hydrogen ion discharge mechanigm,

. . The gtudies of hydrogen evolution reaction®® with polyerystal-
line and eingle crystal nickel show that different crystedlographice orien-
tation heve no significant effect on the cathedic tafel slopes. Typical
tafel curves which represent the shape of eurves upder various conditions
is given in Fig, 31. The observed differences in tafel slopes on the
first polarization sweep and other sweaps can be attributed to the

[EhY
+
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presence of cxide films derived during the chemical polishing, and dif- J
feyent mechaniam existing during the first sweep. Tafel slopes of

152 mV/decade on the first sweep and 89 to 93 mV/decade on subsequent

sweeps are chserved for {100], (110} apd [111] planas as wsll as polyerystal-

line nickel. From these tafel slopes, an exchange current density of

10 pAfem® iz obtained. To provide extrs evidence, WEININGER and

BREITER,®® measured the electrode capacitance with voltage by super-

imposing & smell {3 oV peak to peek) e.e. signel on & d.c. voltage.

Figure 32 showe the chahges in a.c. capselitance with electrode
potential at 100 Hz on first, second and third sweeps, In vontragt to
the d.c¢. polarizetion measurements, there iz net much difference in
- thege cuzves on firat, seccod and third sweeps iodlcating theb the nature
of the electrede purface is not significantly altered. Figurs 33 is the
plot of parallel conductence agsinst potential {olmie eomponent)} caleu-
leted from the capacitance messurementz. Theze two figures are sszenti-
Blly the seme, but for the additional peak in the l,!'Rp ve. pobential
curve vhich can be attributed to the conbribution of an impedance term
ceused by slow elesctrochemical formation and remcval of adsorbed layers
of hydrogen atoms and Idroxyl redicals.

Figure 34 shows the schematie potential-capzeitance surve in
the potential range =300 to +300 mV. The, cbserved tafel slopes, and
the relatively smal] value of capaelty in the cathodic reglion suggest
that the hydrozen discharge involves the weakly bonded hydrogen atoms
and the rate determining step is glven by Eq. {21).

Fi + Ho0 + & = Hi=H + G (21)

The heats of activation AHT and pre-exponentis) factor log
have been caleulated on the basis of catalytic mechanism of hydrogen
digcharge (H* + ¢ +~H{a) and 2H{a)} - H,) taking into consideration the
repulsive interactions between hydrogen sdatoms and the critical complex
by the proportionsl approximstion.®5 The plot between theorstieally
calevnlated AHY and v, iz given in Fig. 35. ANF is almost constant and
has the value of 18.5 keal/mole in the range of overveoltage from 120 to
€00 wiv in the region where the tafel law applies. Figure 36 gives
. the cathodic tafel llnes for spherical nickel electrodez peolarized
galvencstatically in 5N sodiwm hydroxide between Lb=U5°C. Fram the tafel
slopes, they caleuwlsted the heats of aetivstion and pre-exponential
term B, The experimentsl valuss of AH¥ = 15.7 + 2.9 I:r:&lfmole and
B = 6.7 2,2 are in good agreement with the theoretical values.

While WEININGER and EREITER®? prefer Volmer-Hevrovsky's
mechanism imvolving weak hydrogen-metallic bond, KITA -and NOMURA®S® sup-
port the HORIVII's catalytic mechanism invelving the sctivated com-
plexes, and their distributions and interactions with hydrogen adatoms.

b. Anodic passivwtion - Anodic passivation phenomepa for
nickel in caunstle enviromments have been imrestlgsted by DEZIDER'EVA
and FATZULLIN,®® DAVIES and BARKER,%’ and STERW and CARLTON.%® The
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primary approach used by these investigators 1s the method of potential
transiente with constant anodic or cathodic applied currentsz. These
imvestigatore siudied effects of temperature, concentration of solution,
and magnitude of applied currents, They agree on finding the existence
of an Ni(tH), and a His0, or Wi Os in temperatures near room tempera-
ture. They also find that trzces of oxygen promote rapid passivation
in the temperature range of 500°C in fused HaCH.

DEZIDER'EVA and FATZULLIN® studied the effects of sodium
hydroxide concenmtration (0.01, 0.}, and 1N}, temperature (25, 50, and
100°C) and current densities {15, 45, 100 and 200 uAfcn®) on the anodic
oxidation of nickel. An incresse of current density (15-200 uAfsq cn®)
and decrease of conecemtration (0.01-1K) accelerated the pagsivation of
nickel. The speed of passivation wee found to be independent of temper-
ature. This temperature independence suggests that the oxide layer is
Pormed by oxidation of the surface by reprecipitation of the oxides on
the surface.® Similar effects of temperature are observed at high
temperatures (U20-500°C) also by STEFKF and CARLTOR.®% 1In sdditiom, it
ig fourd that in the presence of amall amounts of cuygen, oxide forma-
tion takes place. The effects of oxygen and tempersture are summerized
in Fig. 37.

DAVIES a2nd BARKFR®? have studied the changes of potential with
time by galvanostatically polarizing the nickel elestrode in 0.10 sodium
hydroxide at 25°C. Anodic current densities of 2.5, 6.0 and 7.5 pifen®
were employed. Figure 38 showe the potentinl-time curves under the
above conditions. Two potential srrests are cbserved. The first arrest
taltes place between -0.61 V and -0,.52 ¥. These values correspond to
thosa cbzerved in the casze of the iron electrode and supports the theory
that oxidation of iron and nicke) electrodez is generelly similar.

The oxidation of nickel proceeds acoording to the following resction in
the POJRBAIN'S ddagram for nickel (Fig. 2):

Wi + ZH. O+ Wi(OH), + 2H' + 2e (22)

for whick the equilibriom potential iz given by the following equation:
E = 0.11 - 0.059]1 pH {23)

The redox potentials are coincident with the cbserved wvalues. By mea-
suring the gquantity of electriclity the amouwnt of oxygen evolved can he
caleulatead from which it can be seen that during the first arrest, a
monamclecular layer of Ni0 or Mi{OH), is formed, The =zecopnd potenmtial
arregt ocourred at 40,125 and +0.175 niVy corresponding to the oxldation
of Ni{(H)z to Hia0; accexding to the equation,

NL(OH)z = NigO, + SH0 + 2HY + Ze (24}

for which the equilibrium potential is given by
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E = 0.90 - 0,0591 (29)

Caleulated valnep agree with the above experimentaliy observed valuses,
The follewing reaction alse is themmodynemicalily posaible:

BNi{(H)z » NigOs + Ha0 + 2HY + Ze {26)

The redox potenmtials, +0.26 to +0,34 V calculated fram the equilibrium
equation for this reacticn colnclde with the higher limits of the ohserved
second potential arreate, By calculating the amount of cxygen evolved
during this arrest, they predict the fipal formation of nonatoichiometric
oxide corresponding to WiGy g. Similar cxides formed on the iron elec-
trode. '

¢, Activated xinetics for oxygen evolutlon - Anodlc polarize-
tion behavior has been studied by ELINA,®® VOICHROVA and KRASILSH'CHIKOV,100
TS TRMAN, 10% PIONTELLT, %% apd WEININGER and BREITER.ZS? '

The interesting features in these investigations are; (i) -
oxygen evolubion proceeds through the decomposition of oxides in sodium
and potessiuwm hydroxide solutions amd, (3i)} studies on single crystals
failed ta revesl significant changes in polarization behevior with dif-
ferent orientations.

The anodic polarization curves in 0.01-5N sodium hydroxide
solutions at 25°C shows two tafel slopes, 35 mV/decade below 2 mAfem®
and 100 mv/decade above this current density.®® Similar cbservations
have been made in potassium hydroxide solutions (0.01-50 FOH and 25,
80 and 35T 1Y fThe curve, was camprlsed of two branchee, the first
being due to odde formation and the second due to Oy evolution.

The position along the 0, evolution line ecould be fitted sccording to
the eguation:

where A 1s the constant; C is the hydroxyl concentration; 1 is the poten-
tial; R ia the gas constant; and F, Farsday, T, tempersture in K, and i
are the current densities.

The oxygen cvervoltage on nickel electrodes having different
gurface conditions (oxidized, uncxidized) fs independent of alkeli
activity at low current densities.l®l Table VIII gives the effects of
(H concentration of dn/d/log and potentisl at i = 107* Afem® under
various surface conditions. A1l the electrodes showed concentration-
independent toafel szlepes. The potentiales defermined by the
ditution method (by measuring the steady state potential changes at a
given currept on diluting the solution fram SW to 0.0LN) at various.
concentrations ore given in Table DI, These wluee confim the concen-
trationa independent behavior under various surface conditions.
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Table VIIT - Slopes of Polarization Curves for a Nickel Anode
in Sodium and Potaszium Hydroxide Solutions {after
TSINMAR) 1oL

{(Eleatro tited Wickel; Preliminary Polarization at
i=-1 Afem®, 24 hr)

Nalh
Concentration, M 9.5 T.5 5 2.5 1 o0k
dn/4 log i, mV 3 3 31 31 31 33
4 at i = 107*Afem®, mv 238 244 238 226 238 2k
KCH
Concentration, M 7.4 5 3.7 2.2 1.3 0.6
dn/d log i, mv 35 2 33 32 L] Us

1 at i = 107*A/cm®, mv 232 233 232 2k 250 272

Massive Nickel - NaOH (prepolarized, -0.64/em=, 20 hr)
Unoxidized electrodes

{oncentration, M 9.5 L} 9.5 l 0.1
dn/da log i, mv 32 a3 B L 43
q at 1 = 107*%/en®, m¥ 232 239 265 281 3y
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Table TX - Variaticn of Poientizal with NalH Concentration at
i = 107%a/cm®  (dilution method) (after TSINMAN)*O*

o M Fotential n (mV) at Time (min)}*
* after Concentraticn Chenge

Unoxidized electirode

steady value 275 ¥

1S5t-277 oV

2 2'=277; 84277 mV X
o4 Lroz28); 15°-282; 301-283; 50'-2B1; T01-285 wv
2 2'-278: B1-278; 30'-278 mv

1*-280; 301-280 mv

= OO O

Unexidized electrode

steady value 319 m¥
3t=31T; 9'-315 mV
3T-311; 5023115 357-300; 1501-300 oV

roo
g

Oxidized electrode (0.6 Afem®, 20 hr)

stesdy velue 241 mV
31-239; 20'-241 oV
3t-2b1; 15°'-24L oy
S5+-250: 10'-250; 2h'-248; 33'-2405 wy
hroghs. 10v-2L4 16'-2hh 281.245 o¥
§1-2L0; &0'-2L0 "mv

#Hote: 1In the teble time 15 denoted by primes

= OO D
L]
mgm

The ancdic and cathedic pnl&n:ation maurﬁnents in the work
of HEHI]]IC:EE and EREITER®2 was discussed earlier. They showed that
crystallographic orientation does not have any =ffect on the anodic
kinetics in Hy-satursted ©,1N sodium hydroxide soluticn at 25°C. This
idea has been established quite earlier by PIONTELLI et al.,2®% but theae
auvthors did not carry cut detalled investigations.

The lack of dependence of 0. overvoltage on alkali concentra-
tion surface state and crystal orientation, suggests that O,-evolubion
mechanism on oxldized and bare surfaces procesd by the same mechanism,'©!

Two mecheni=ns based on slow decomposition of WinDy armd NiGs
are suggested:19!




1, By formation and decomposition of RiZ O :

oH - (H + e {28)
OH + O™ =+ 00 Hy0 (29)
0" + Win0s» Wi 0, + & (10}
Wi 0, + 0 4 Wiz0, {21}
20 + 0 (32)
2. By formation and decomposition of Ni0s:
& A (33)
OH + NiO0GH - NiQ, + H-0 (34
2Nils + HoO > 2Hi0H + 0 {35)
20 > 02 (36)

d. Structurs of passive Tilms on nickel electrodes - By
measuring the clesckrode capscitance the anodic phencmens cccurring on
nickel electrode in hydroxlde media have been further studied by ELINA
et al.,”® WEIWNINGFR and BRETTER®® and DELIMARSKII.®* The significent
features fram their work sre {1} capacitance-potential curves show
slgnificant pesks corresponding Lo the changes in type of electrocheni-
ral reactlon: and {ii) capaclitance measurements suggest thai the oxide
in melts beheve a5 semiconductors.

The capacitence.potentisal curves®’ measured in argen saturated
N potassium hydroxide solution at 25°C is given in Fig. 33. A 4dif-
ferential capacitance of 22 pF/em® is cbserved in the +600 - +800 mVy
range which is double-layer cspacitance, As thiz value did not increasze
on successive sweeps, it can be inferred that surface ares haz not
changed. The higher values =t higher anodic potentialz zre Paradie
pseudo eapacitances due to electrode reactions. At anodic potentials
of 1450 mVy, capacitance rises to S00 to 550 pF/en®. Thiz value cor-
responds to the formeticn of higher oxide HiO-OH, Heawrever, the lower
portion is of importance as different adsorption and Wi{OH), precipita-
tion reactions teke place. This region between -30¢ to +300 mvy is
drewn schematlcally in Fig. 34 showing three Inmps which sre
characterized by the following ascheme of reactions:

(i) -100 mvy and above: Electrochemical adsorption
of hydroxide -= WL + O = Wi-(H + & (37)

{il) The above rsaction is accompanied or even may
ke veplaced by oxldation of strongly adsorbed
hydrogen atomsg —- Ni-H + OH = Ni + H,0 + & {38)

(iii) +100 nVH and above: formation of
Bi{CH}y —- Hi + 20H - Ni{OH)p + Ze (29)



The passivation of nickel in fused sodium hydroxide
in the tempersture renge of 340 - LBO°C has been studied by DELIMARSKII
et 21.°* They found that the passivation of nickel is azsociated with
an increase in the differentiz] capacitance., The ineresse of capaci-
tance with oxide formefion ie rather vmpsuwal. It iz prebable that the
cxide bshaves as a semi-conductor in the alkaline melt, Figure 39
shows the plot of dispersion eapacitance snd chmic resistance az & func-
tion of alterneting frequency. The ohmic component falls with time and
becomes constant when the electrode is completely paasive. Since cer-
tain elecirametaliurgical processes in alkalis involve intermetallics
they were interested in atudying the effects of sdding 1 and 2 moles of
NgsBi to the hydroxide melt. Their results are given in Fig. 4J. The
capacitance is reduced and the rezlstance iz incresszed due to the reduc-
tion of cxide film by this intermetellic compound. .

The x-ray structure analyses of ancdically grovm films in
& x 107°Y %o 3¥ potassium hydroxide sélutions in the temperature range
of 5-00°C at several hours to ten days showed the existence of
Kiz0p (OH},, WHi{0H)p and & or p-NiO-OH,10®

In the low concentration alkali solution at higher temperaw
tures, the nickel oxylhydroxides produced were of lower valency of
nickel and vice verse. The formation of another nickel oxyhrdroxids
{of unlxxsm structure) alsoc is observed, '

e. Breakdown of passivity - As in the case of iron elecirode
hers alac breakdown of passivity cccurs by agressive anions like chlo=-
ride. The course of passivity breakdown can be studied either by gal-
vanostatic or potenticstatic polarization measurements or by studying
the changes in potential with time, Such effects by chlorides were
investigated by LUKGVTSEV apd LEVIHA,YC* POSTLETHWAITE,C® SCHWABE and
RADEGLIAC® and effects of other halide anions by TSYGANCV and
ZAKRZHEVTSKAYA. 197 The ezsential points in their studies are (i) a
chloride-to-hydroxide ratlo of greater than 1 is essential to activate
a passive nickel electrode; (ii) this ratio becames even larger when
concentrated sclutions of hydroxides are used and in this case even
gaturated chioride solutions did nobt have any efifect; (iii) temperature
changez produnced erratic effects and, {1v) activation proceeds through
sdsorption of halides over the metal surface and equilibrium interchange
of the oxide ions of the lattice. ' -

At constent cwrrent of 107° Afer® the following changes in
potential n were produced with the sddition of varying amounts of sodium
hydroxide to 0.2N potassivm chloride solutions:

Changs in Potential,

x,N of HaOH Ay (mV, +) '
1.0-0.01 . 8892
0,.01=0,001 22

ﬂ -ml—ﬂ -QQG'J. 6-5
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Polarization measurements with these mixtures suggest that {dn/di) o (1/x}
at low concentrations of hydroxide apd (d;/di) o {1/x®} at higher con-
centrations (between x, the concentration of NalH, equals 0.1k and 0.1N}.19¢
They triezd fo account for these observations by processes of desorption.

The effects of chlaride additions to sodivm hydroxide (10°2 to 5N
in the tempersture range 25-275°C on the breskdowh of passivity of nlekel
was studied by POSTIETHWAITE. 1°5 Figure 41 shows the effect of chleride
addition on potentiostatic polarizetion behsvior gt (2} low chloride
concentrations and (b) concentrastions sbove critical values. At low
concentrations: mydrogen evolution takes plece below ED{H,."'H"} and Og
sbove E,(Hz0/0z). Betwsen these potentials, sn anodic current of 0.1
ph/em®, “corresponding to the passive dissolution, wes observed. Above
eritical chloride concentration, nickel diszolved and part of 1t preci-
pitated e Ni{CH)z. Figure U2 shows the plot relating breakdown and
repasgivation potentiel against pH 8t 25° and 0,01, 0.1 and 1N and satur-
ated zodium chloride added. Thase potentials ware determined by the
potentiokinstic method, Highar line:s represent the breakdown potential,
wille lower lines represent the repassivabion potential. The values of
breakdown potentials were in the range 0-1000 mVy, depending on the con-
ecantration. PBreakdown of passivation of gither grade nickel 414 not
oecur in 5N sodium hydrexide with saturated sodium chloride.

. The criticsl chloride-to-hydroxide ratio required for break-
downl 1ncreases with hydrosxyl concentrztiom, The industion time for
breskdown iz dependent on the poterrtial, the chloride«to=hydroxyl-
ratio, and hydroxyl conceniration., PBreakdocwm times in the range 0.1
to 2000 minutes were cbbaimed. As in the case of iron electrode, 2
eritical ratiio of I was reguired in 0.01, 0.1 and IH sodimm hydroxide,
Figure L3 shows effect of temperature on breakdown and repassivation
potentials of pure nickel in various a2lkaline chloride solutions. The
trends shown in the figure are confusing. The effect of tempera.
ture is to etimulate the attack up to 175°C, but above thiz the tremd
iz reversed; the eritical potentials move %o the higher velues, and
both the induction time snd eritical chloride concentrstion were raised.
Pagsivation breskdown is sceompanied by the precipitation of nickelous
hydroxide over the whole temperature range, but the wmode of attack
changes from characteristie pitiing at 25°C to more general attack at
elevated temperatures where metal iz removed over an sxpanding area,
The galvanostatic experiments at different temperatures gave similar
results to thoze cbzerved by potenticetatic methoda.

The voltage-time behavior of nickel at 1 mi/em® after adding
0.05-0.6N potassium chlordde to the mixture of 0,07N potassium hydroxide
end 1.3N sumonia has been investigeted by SCHWARE and RADRGLIA. 1O
Figure bt shows the potential-time curves under the above conditions.
The changes of potentlal with time could be fitted into the following

aquation:
= - E}-J’—HI'.. -E"kt
By = Bp A[GEH ] [l ; ] (LO)
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where By iz potential time at &, iz passivation potential at t = G,
Car, 18 halide concentratlon and Cgy is hydroxyl concentration; k and
A are constants.

Similar activating effects on passivity of nickel were c:haerve:’l
by the additions of other halides; mamely, bromide, fluoride, snd iodide,

The above fimndings suggest that the breakdown of passivity i=s
due to equilibrivm exchange between halide and chemisorbed oxygen over
Iti{:kel-

¥. CORROSTON OF CHROMIIM

Neither gtress corrosion nor general corrasion experiences of pure
chromium are reported in alkaline media. The existing informstion con-
cerns only electrochemical studles.

A, ELECTROCHEMISTRY OF CHRCMIUM ELECTRODE
IN BYDROXTDE SOLUTIONS

The electrachemistry of the chromium electrode in alkaline medis
hig been studied with respact to cathodic and anodie behavior and the
properties of the axides.

The cathodic behavior hes been studied by AMMAR et 23,109 and
FAIZULLIF and LEVINA.'®

In the pH range 2.02-11.8 between cuxrent demsitles 7.5 x 107° to
7.5 x 10™% Afen?® cathodic tafel slopes of 0.15-0.17 V/decade were
cbserved,'®® While studying the snodic behavior, overall polarization
curves for chromivm in 1N and 10W potassium hydroxide are reported by
FAIZULLIN apnd LEVINA,'®® Only the cathodic branch has been identified
in thess curves, besides which there iz no indication of the values
corresponding to this branch, nor the analy‘sis of obtained cathodic
portion of these curves.

The anodic behavior has been reported by AMMAR et al.,20® KIss,t9
AGLADZE and TOMATAMISTIVILI'! and FAIZULLIN and LEVINA.1®® The essen-
tial features in these chEervations are:

{i) Chromium in sodium hydroxide sclution goes into solue
tion as hexavalent chromium;

(i1} The rates of anodic process by the stationary and non-
etationary method was proportional to a first amd zeccond
order, respectively, with raspect to (OH)™;

1oy
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{11i) Folarization curves sxhibit three distinet regions
corresponding to ancdic oxidation and cathodic reduc-
tlon processes; and

{iv) Thermo=emf exeminztion of semi-conduction propertics
af nickel corresponds o p-type of oxide,

The anodic polarization of chromiun electrodes in 10-70% sodium
hydroecide solution at 35°C and different current densgitles up %o 30 ﬁf

- dm? caused chromium to digsolve rapldly as Cr®t.2'l The ancdic tafel

glopet in the H range of 2,02=-11,8 and current densities from 7.5 X
1075 to0 1.5 x 1072 A/ecn® hed a value of 130-170 mV/decade. 198

By the stationsry snd nonstationsry methods, in the pH range of
-0.4 to 14, the rates of anodic process is proportional to the first

and second power of (CH)™, respectively. The sbove work, done by KISS,11°
iz in an chzcure reference. DIy the nonatstionary method it iz meant to
change the concentration of hydroxide at a constant potantisl snd measure
the_steady state current densities. The slope of log [cuncentratian of
OH" ] wvs. log [steady state current density] determines the reaction
order. On the cother hand, in the stationary method the steady ztate
currents can be messured in different solutions at constant potentisls,
The megssurement of reaction orders provide & direct insight into the
transport processes of species which 15 the key factor in determining
thae slectrochemicsl corrosion processes. This mey be the method adopted
by ¥Igg.310

The anodic pelarization behavior of chromium electrode 1n potassiwn
Yrdroxide sclution has been studied in greater detell by FAIZULLIN and
LEVINA,'™ Cathodically achtivated, electrolytically pure chramium was
anodicelly polerized. The structure of the passive £ilm and the amount
of chromiunm in solution were analyzed. They observed that the zelf=
paazivation and the open-cirenit potentials in deaerated and oxygenated
systemy were quite different from that of Cr/Cr(0H), and Cr/Cr:0s
systems. They assume the formetion of nonstoichiometric oxides of
adsorption type on the electrode gurface. An exsminstion of the semi-
conducting propertlies of the oxide filme by the thermal=emf method
ghows thet oxides Tormed in KOH solutions have p-type of conduetivity.

The polarizetion curves in 1N and 10W KOH were camposed of three
regiong. From =1.05 fto the corroaion potential, the reducticon processes
dominate and currents are negative, From the corrosion potential to
+0.1 v (1IN K@) or 0,06 ¥ (10H KOH) there iz & region of anodic passiva-
tion. Above this region the current dengity increases owing to the
formation of higher soluble oxides. The K.Cr0,~ concentration in solu-
tion 20 minutes below 1 volt is lass than 0.38 g/fl.

-

The compositiom of the passive film correaponds to Cro0,. The
Primary anodic process is controlled by the reszetions OH” = OH + e and.
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HaQ = OH + H & e. The OH reacts with the chramivm metal to Form ad-
sorbed oxides of the Cr{0H} or CrOCH types. The adsorption of OH
radicals favors the formetion of nonstoichiometriec oxider with cationie
vacancies, thus produclng p-type conductivity of the oxide films. 4t
potentials above 0.2 ¥, the passivation film i35 stil)l preserved, which
wlight be & result of a continuous Tormation of so0luble cxides by the
gnodie oxidation of the oxide layer. The oxide stoichiometries are
comparable to the oxides of iron and niekel. . -

VI. CORROSION OF BINARY ALIOYS OF IROM, NICKEL,
AND CHROMIUM IN CAUSTIC ENVIRONMENTS

A. TROW-HICKEL d

General carrosion behavior has been studied by SHARMIN et al. 112
and the snodic polarizetion behavior by DEZIDER'EVA and SAGEEVA, 112

The corrcsion rates of rotabing disk steel specimers conkairning
2-% nickel in 3% sodivm hydroxide solutions at 140°C are found to be
considerably less {by & factor of 2-3) than ordinary steels. This
behavior iz accounted for by surface enriclment of nickel when the iron
dissolves away, 1'%

The effects of mickel in nickel-iron alloys on the anodic polari-
zation behavior in 1N HatH solution at 25°C has been investlegebted by
SAGEEVA, 11 As the nickel content in the &lloy is reduced from T75% to
324 they find the passivity is reduced. The passive film on the 75%
nickel alloy is & solid solution of iron oxides in nickel hydroxide
(Fi(0H}>). The rings on the electron diffraction patterns of alloys
containing 49 and 32% nickel are probably due to the superposition of
verlouz phasges.

B, IFON-CHEMIUM

The corrosion behavior has been studied by SAKIYAMA and FUJTMOTQ, 114
Anodic pelarization behavior of this' system has been studied by AGLADZE
and TONATAMISTIVILI''! and DENHOIM,!!® They found that, (i} higher

hrgm:l.mn alloys are more resistant to corrosion than lower ones; and
ii) paasivity in these alloys arises cut of the formation of (FaClr)a0,.

SAKTYAMA and FUTIMOTOM1? reported that the chromium-iron allcys in
474 sodium hydroxide solutions contalning 0-5% NaClda at 90°C ére not
corrodible, They also found that the higher chromium compositions were
more resistant than the lower ones.




During the ancdic polarization wmessurements on ferrochromes in
10=F0 gfl sodium hydroxide at 35°C it iz reported thet the film forma-
tion and mature of the passive film was dependent on the concentration
of sodivm hydroxide solution == & britiie film being observed at low
concentrations, The behavior of alloys containing 4, 8, 12, 16 and 20%
chromivm in pH 8 buffers compriged of various anions like nitrates,
siwiphates, chlorides at 30°C has been studied in detail. The complete
active-passive range was covered and differential capacities measured;
charging curves basged on coulomb consumption were also plotied. Fas-
sivity in these alloys arises frowm the formation of {FeCr),0,., The
exact chromium content at the paseive limit varies with the anion in
the solution, but it is between 12-16% chromium. In alloys containing
chromivm shove the mentioned limit, the dissolntion from the alloy sur-
face provides trivalent cations to stebilize the surface film in vhich
Fes0, filmes iz unstable with respect to Fett, The passivity ocours
when 29% of the trivalent states are occupied by Cr*™F,

VIT. CORROQSION OF IRCN-NICKEL-CHROMIIM ALLOYS

This alioy system includes the stainless steels, Incoloys and
Inconels. The compogitions, corresponding to the various specifica-
tiong, are given in Table X. The phase limits of these z2lloys ere
ghovm by the phase diagrem in Fig. U5. The special eategory of the
stainlesz steels is an austenitic type in which the alloys conbain
6-22¢ nickel and 16-26% chromium. The austenitic stainless steels
are hardened by cold-working and are usually face-centered-cubic,
Incoloys contain 30-50% nickel and Inconels contains more than 504
niclkel.

A. BSTRESS CORROSION CRACKING

When compared to chloride envircrments, caustic enviromments have
been loss studied. WILLIAMS,11% as early as 1%, reported the failure
of same austenitic steel turbine blades when exposed to csustic environ-
menta. Also, HOAR and HINES'Y? cited 2 case of crecking in 504 sodiwm
kydroxide at 390°C, Williams''® has reviewed the ceustic cracking situs-
tion, including bhis preliminary reswlts, in 1957. This review is followed
by two brief comunicetions by SNOWDEN, 112 and WANKIYW and JONES,12C 1In
a recent review LATANISION and STAEHLE® brought out significant features
gbout 3CC of iron-nlickel-chromivm alloys in caastic solutbions.

In the prezent sectlon, the skress corrosion cracking will be con-
gldered with reapect to the effect of variables like sodium hydroxide
concentration, temperature, superhest and dew-point, stress level, alloy-
ing elements and hest treatments on on the feilure behavior.
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Tehle X - Chemical Compogition Limite end Ranges for Stainlsss Stesls (after LATANISION and STARMLE)®

Dasignation .
or C Mo, 81 P 3 Cr Ni Other Flements
Type Macx Max Max Max
Rumbey
I. Martensitic Chromium Steels .

L3 0.15 Max 1.00 0,50 0,040 0,096 11,50-13.00
Lio 0.15 Max 1.00 1,00 0,040 0.030 11,50-13.50 .
b1k 0,15 Max 1.00 1.00 0,040 0,030 11.90-13.50 1.25.2.%0
Lis .15 Max 1.25 1.00 0,06 .15 Min  12.00-14.00 Mo G600 Max
L1é Be 0,15 Max 1,25 1,00 0,06 0,060 12,00-1k,00 fe:0,15 Min
L2g over 0,15 1,00 1,00 o, 040 0.030  12,00-14,00

C h31 0.20 Max 1.00 1.00 0. 0h0 0,030  15.00-17.00 1.25-2.50
bi0a 0,60-0.75 1,00° 1.00r 0,04 0,030 1A.00-18.00 Mo 0. 75 Max
Lion 0,750,559 1.00 1.00 0., Gl 0,030  16,00-18,00 Mo 0,75 Max
Lhoo 0.95-1.20 1.00 1.00 0.040 0,030 I&.00=18.00 Ho:0.75 Max
501 ver .10 1.00 1,00 O.Ch0 0,030 by .00-5.00 Mo :0.40=0.65
502 0.10 Max 1.00 1,00 o, 0,030 b, D0-5,00 Mo :0.40-0,65

- IT., Ferritic Chromium Steeld
Los 0,08 Max 1,00 1.00 O.040 0.030  11.50-14,50 AL:0.10-0.30
430 0.12 Max 1.00 1.00 o000 0.030  14,00.18.00
Lsor $2,12 Max 1,825 1.00 0.06  0.15 Min  1L.00-385.00 Mo 0. 60 Max
L30T Se 0,12 Hax 1,25 1,00 0,06 0.06 1 00-15.00 S5e:0.15 Min
L5 0,20 Max 1.50 1.00 0.0U0 Q030 23.00-27,00 ¥:0.25 Max
I1T, Austsnitlie Chromium-Nickel Stecls

201 .15 Max  5.50-7.50 1.00 0,080 0,030 16.00-18,00 3.50-5,50  N:0.25 Max.
202 0.15 Max  7.50-10,00 1.00 0,060 0,030 17,00-19,00 1k,00-6,00  W:0.25 Max
301 0,15 Max 2.00 1.00 0,0U5 0.030  15,00-18.00 &,00-8.00
302° (15 "Max 2.00 1.00 0,05 0,030 17.00-18.00 8,00-10.00 -
3028 ¢,15 Max 2,00 2.00-3.00 0,045 G.030 17.00-12.00 8.00-10.00
303 (.15 Max 2.00 1.00 0.20 0.15 Min 17.00<19.00 8.00=10.00 Mo:{1.60 Max
303 Se 0.15 Max 2,00 1.00 0,20 0.06 17.00-19,00 B.00-10.00 8¢:0.15 Min
30k G.08 Mex 2.00 1.00 0.04%  0.0%0 18,00-20.00 8.00-12.00
34T 0.03 Max 2.00 1.00 0.045  0.090 18,00=20.00 .6.00-12.00
3':'5 G‘rle H:ﬂx E.C'D l.Dﬂ' ulﬂkE ﬂ;ﬂ}o lT-W—lE-m m.m-l&;m
308 G080 Max 2.00 1.00 0.0h5 19,00-21.00 10,00-12.00

0.030
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Table X {contlmed)

Designatian
or C M ai F 8 Cr Wi Other Elemente
Type Max Max Max © Max
Yumber
Augtenitie Chromium-Nickel Stesls [sonttd) _
300 0.20 Max 2.00 1.00 DLOhs 0,030 22.00-24.00 12.00-15.00
3008 0.08 Max 2.00 1.00  4.085 0,030 22,002,000 12.00-15.00
310 0.25 Max 2.00 1.50 0.045 0.030 2h.00-20.00 19.00-22 .00
305 0.08 ¥ax 2.0 1.50 0.0h5 .03 24.00=26.00 19.00-22.00
31h 0.25 Max 2.00 1.50-3.00 G.0h5 0,030 23,00-26.00 19.00-22,00
L6 0.08 Max 2.00 1.00  0.045 0,030 14,00-18,00 10.00-14,00 MHo:2.00-3.00
316L 0.03 Max 2.00 1.00 0.o45 ¢.030 16,00-18.00 10.00-14,00 Mo:2.00-3.00
117 .08 Max 2.00 1,00 0.045 0.030 18.00-20.00 11.00-15.00 Mo:3,00-4,00
321 0,05 Max 2.00 LG 0045 0,030 17.00-1%5.00  9.00-12.00 T1:5 x £, Min
4T 0.08 Max 2.00 1.00 0.049 0.030  17.00-12.00 9.00-13,00 Cb-Ta:ld x C, Min
i $.08 Max 2.00 100 0,0h5 0.0%30 L7.00-1%.00 9.00-13.00 Cb-Ta:l0 x ¢, Min
) Ta:O 10 Max, Co:l. 20 Max
IV. Precipitation Hardening Stainless Steels ’
@ Bl 15-7 Ho O.0F Max Q.70 ' .40 15.00 T.00 1.15A1, 2,25M
FH 17-4 0.0h Max o.ho 0.50 164,50 y.25 0.25Ch, 3.6Cu
FH 17-7F 0.07 Max Q.TFO .0.14-0 L7.00 T.00 1.1541
AM=350 Q.10 Max 0.75 0,35 14,50 L.25 2.7Mo, 0,108
BM- 355 0.13 Max 0.85 0,35 15.50 L.25 2.75ho, 0.12NH
Y. Others
Tneonel &00 0,04 Max 0.20 0. 20 0.007 15.8 T6.0 T.20Fe
Inconel 625  0.05 Max 0.15 0.30 0.007 22.0 £1.0 IF=, UCb, Mo
Incenel 718 0,04 Max Q.20 0. 20 G.00F  19.0 5E.5 18.0Fe, 0,608,
0.80Ti, 5.2Ch, 3o
Inconel X750 0.04% Max Q.70 0,30 Q00T 15.0 73.0 G6.75F=, O, 8081,
) 2.50T4, 0.85Ch
Incoloy 800 0.0k Max L DL 0,35 007 20,5 L. 32,0 b&.0Pe, 0. 300
Incaloy S0 0.06 Max 0,90 : 29.0 a7 2h.50Fe, 0.U0Cu
Incoloy 825 .03 Max D.6% 0.35 0.007 2L.5 L1.8 I0Fe,1.800u, 0.1541,
0.907Ti, 3.CHMo
Nimonic 75 0.10 Max O.45 Q.45 0.007  20.5 T7.0 0.50Fe, 0.20a1,

0.35T4
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Table ¥ {contipued)

- R ————

-

Designation
Tm' , ¢ Mn 84 P 8 Cr Hi Other Elements
ype : Max Max Max Max oo
Humber
Others (conttd)
Tenelon 0.08 Max 14.70 Q.52 0.085 0.006 16.0 0.134o, 0.11Cu,
' 0, 4aN
Incoloy l6=1  0.03 Max 14.75 1.09 1.5iMo, ©.90Cu
Carpenter 20  0.07 Max Q.7 20.0 29.0 2.00M0, 3.0000
*Carpenter 7 Mo 0.20 Max 1.0 23=-28 2.5=5 1=2Mo
CDEMCu 0.0k 1.0 P5m2T 4.7-6.0 1.75=2.25 Mo,
2.75=3.25Cu




Chromium
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Fig. L5 - Isotherm of Fe-Ni-Cr alloy system at LOOC.
[Pugh and Nisbet, Trans. ATME, 188, 268 {1950)]
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1. Effeect of Hydroxide Concentration

The effect of hydroxide concentration has been studied by the
following authors with respeet to specifiec enviromments: =odium hydrox-
ide -- SWANDEY,'=! SE(WDEN,122 CORI(U and GRALL,*®® SIDGROV and
RYABCHENKOV ,12% PICKETT et 21.,12% and HOWELLS;'®® potassium hydroxide -~
SHOWDEN, 122 andg CORIOU et al.,?27,228 14thiwm hydroxide -- BORMANN and
CALONIAN™Z? and PEMENT.?? The essential conclusions of these investi~
gations sre: (i} rate of cracking decreases with decreasing aodium
hydroxide; {ii) concentration below which cracking would not oecur is
dependent on stress, temperature and heat treatment; and (iii) sodium
hydrcxide is more aggressive than potzasiuva hydroxide and lithivwm
hydroxide.

Figure 46 summarizes the data on resistance of 304 and 316
steinless steels %o various comcentrations of sodium hydroxide and
bolling point curve as & function of sodium hydroxide ecncentration.
It cen be geen from this figure that at low concentrations, the tem-
peratures have to be reiged above boiling point for cracking to take
place, at medium concentrations it will oceur even below boiling point,
and at high concentrations wp to B0%, cracking tekes place at boiling
point.

The general trenmd with hydroxide concentration is that the
resistance of the zpecimen %o cracking increases with decreasing hydrox-
ide concentration {Type 34T = Table XTI, Type 321 - Pig. 47).122,124
The comcentration below which cracking would not ocewr is supposed to
be ¢.1% for both potassium and Lithium hydroxides with the 37-type
gtainless steels.'®2:129,130 fhe fact that this value is dependent on
gtress level and temperature iz clearly demonstrated in SIDOROV and
RYABCHEWKOV,12* and PICKET et al.'®® work, where it can be seen that
at a stress level of 42, 660 psl the critical concentration below which
cracking would not occur is less than 3% at 200 and less than 1% at 300°C,
respectively (Fig. UT).

The influence of sodium hydroxide concentration on 8CC of Type
347 stainless steel has been investigated in liquid scdium as well as
aqueous enviromments by HWELLS,'Z* in the temperature range 362-USh*C.
The sclution was freed of oxygen contamipation., HOMELLS' results ars
pregented in Table XII. At 454°C eracking opcurred at all concentra-
tlons when sodium hydroxide wasa in molten soditm. All eracking in this
atudy was transgranuiar.

The relative aggressivensss of hydroxides can be arranged in
the following order: HNa » K > Li, (Tables XIIT and XTV). 83,127,126
Sodium hydroxide appesars to be twlee as aggressive as pobassium hydroxide.

In the case of lithium hydroxide solutions, PRMERTY®C has
egtablizhed a ussful paramester; namely. the crecking index., It is given
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TEMPERATURE {°F}
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600 =
- 300
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Fig. 46 - Tempersture snd concentration of sodium hydroxide necessary
to produce stress corrosien eracking in types 304 apnd 316
steinless steels,l®!
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Teble XI - Effects of Concentration, Streaz, snd T

in KOH and NaOH Sclutione (after SNOWDEN }122

erature on Specilmen Lives

Effect of Concentration at 300°C Effect of Stress at 300°C Effect of Temp. with 22 hO0 pel Stress
and 22,400 psi Applied | Life with| Life with| Temp., | Life with 20% |[Lire with 204
W% Life with Life with| Stress, | 20% KOH,| 20% FaOH,| °C KOH, hr . KOH, hr
KOH, hr NaOH, hr psi hr hr
50 | 7.8 2.1 by, B00 | 2.0 300 3.8, 19.8 1.1, 1.8
20 3.8, 19.8 1.1, 1.8 | 22,400 |3.8, 13, 1.1, 1.8 250 12.2, 55.7 3.6, 1.6
5 51.2, 17.0 0.k, 15,1 16,800 P I 200 Lo.8, 82.6 177.8
1 17.9, 150 UB* 11,200 |3146.9, 30.3| 112, 118 17 L3.7, 195.8
0.1} 551 UB* L, 480 |28.5, 88.5| 400 UR 150 500 UB*
*Unbroken T
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Fig. 47 - Dependence of time-to-failure of essentially type 321
stainleszs steel on concentration of NaOH solution
(tests abt 42,000 psi, 330°C).1
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Table XII - Incidence of Cracking in Type 347 Stainless .
S3teel U-Benvis Exposed to Sodivm H;r,rgiroxide
Solutione {after HOWELLS)1#®

Temp. °C Mixture Days {racking
Lel 1% NaOH in Ha 30 yes
sh 30% WaOH in Na 20 yes
hgh &0% NalH in Fa 30 yes
Lok 100% NalH 1h yes
ksl 00 NadH in HzO a0 no
399 1004, NadH 30 no
399 g5% NeDH in Hp0 30 no
362 100% NalH 30 no
362 B0% WalH in HzO 1 yes

Table XIIT - Chemicel Compomitions of Various Stalnlezes
Steels Studied (after CORIOU)=S

Designation ¢ Cr WL Mo 8i o ooher
ements

17/13 Mo Cu 0,018 17.6 13.0 2.5 0.4 0.8 cu l.66

17/13 Mo, . 0.02%  17.6 13.% 2.8 0,6 1.6

18/14 51, . L2027 17,7 WL 0.7 3.9 Q.7

17/10 . L. 0,017  17.5 10.5 0.3 1.0

17/15 . . . 0,025 17.2 14.% 0.5 1.0

17/e5 . . . 0.016 17.1 245 0.3 1.0

17/35 . . . 0.025 17.3  34.7 0.5 1.1

1T/45 .. . 0014 17.3 b4b.3 0.5 L.l

17/65 . . . 0.008 17. 64.5 0.5 L.l

17/7T . . s 0.026 17.8 77.5 0.5 1.l

15/78 . 0.040 b0 784 0.2 0.1 TioO.2

{Tnconel 400}




Table X1V - Comparative Behsvior of 0.06C, 17.hCr, 12,0Mi, 2.2Mp
0.47i, 1.0Mn and 0.481 Percent Stainless Steel in
Hydroxides of K, Wa end Li (after CORICH] }1=8

Oz = 2.1 tﬁgfl

Time to Feilwe

Concentration

Potassium . Sodiuvn Lithivan
Hydroxide Eydroxide Hydroxide
0.25N B-10 hr b-5 nr Not ked -
5. 25 8.10 hr ) o eras ed" & months
0.0250 3-4 monbhs HNot cracked-U months "
@. Q025N 3-4 months Hot cracked-b months i
n
by the formula 100/n D ti where n is the mmber of samples tested and
j=1 %i

t is the failure time of ith semple, Cracking index iz the indication
of probability of feilure. The cracking index inereases with inereasing
concentration, FEMENT reports eracking index values of 0.070 to

0.728, 0.13 to 0.556 and 0.1 to 9.7 in the temperature and concentration
renges of 260°¢, 1.00-L.BéM: 287.5, 1.00-4.95; and 315.5°C, b x 1077 %o
L ., respectively.

2. Effect of Stress

The effect of stress has Deen studisd by SHWDEN,122 PICKETT
et al,,l®® HOWELLS'®® and AZHOGIN, ST '

The effect of stress on failure times of 4T nioblum stabilized
steels in 20% sodium and potassiwm hydroxides at 300°C was studied.
With increase from YuBO to 44,800 psi, failure times decrease from 88.5 to
2,0 hours, A gimilar trend is reported by PICKETT et al.,lZ% with 304
austenitic stainless steel in 1% sodiwm and potassium hydroxide st 343°C.
It is rfggrteﬂ. that depth of cracks was roughly proportional to applied
gliress. )

The data on the effcet of tensile stress on failure time could
be fitted into the equation {g-g,.) 7 = k, where 5 is the tensile stress,
Tepy 15 critical stress, ¢ is time for cracking, and k is & constant , 132
With potessivm hydroxide solution containing sodium nitrite, this squa-
tion becomes {g=-72.6) 1 = 158.4,
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3. Effect of Temperature

The temperature determines the region of caustic concentra-
tions in which cracking would ocour and the rate of crack propagation,
In accordance with the expectations, SNOWDEN'®? found that an increase
in the temperature between 150-300°C decreascs the specimen life from
500 hours [unbroken) to 1.1 hours in 20% potassimm and sodivm hydroxide
solutions [Table XI),

4, Effect of Steam and Superheat

SHOMDEN'“2 investigated the effoet of dew point apd superheat
envircrments on the cracking of contamimated specimens in the temperz-
ture range of 279-350"C, The contamination was achieved by immersion
in 30% solution and exposing to steam. There was a shift in the mode
of cracking, amd it was predaminantly transgramilar as shown in Fig. 45.
Potassive hydroxide coptaminefed specimens cracked intergrenulerly
below the melting point of potassium hydroxide (380°C) and transgrammue
larly above this temperature,

5. Effect of Alloying Elements

The effect of alloying elements has been studied by SNOWDEN,122
KAGAN and MIKBATLOVA,'®® TRIMAK and PERRY,'®% AKQLZIN et al.,23S COPSON
and ECONCMY,®® and CORTOU et a1,2<7,122 Tne hignlights of their lnves=
tigations are: (1) increased nickel offers greater S5CC resistance to
the alloy; (ii) the beneficlal effect of nickel ie quite ndent upon
chromium level in the alloy as shown by TRIMAN and PERRY,24 and (iii)
the addition of molybdemm reduced the resistance to ecracking,

Resgultz of testeg with a mmber of aungtenitic, ferritic and
martensitic steels in 20 and 5% sodium and potaseium hydroxide sclutions
are gummarized in Table XV which gives failure times with 20% sodium
hyaroxide at 300°C. The results of austenitic steimdess steels with
204, sodium hydroxide were quite erratic, Increased nickel content
giving 2 more ztable ausztenite confers greater resisfance to SCC, The
1L2Cr-12Hi and 25Cr-20Wi have very good rezistance under all the teat
conditions. The beneficial effeect of nickel iz hampered when the
chromium level is as high as 20 or 29%. A% 10 and 1% chromium, increag-
ing niskel did lead to some delay in failure. Very high nickel alloys
are bensficial. Inconel iz resistant to cracking {Table XVI and
Pig. 49).13¢ Uging 15 and 304 deformed specimens at 380 and 550°C in
1% NaOH, similar beneficial effects of nickel have been established.

Tt wes found that inm all eases, execept 17-200r and 8-1iNi, inter- or
tranggranular cracking Was observed in 2000 hours (Tables XVII and
XVIII}. '3 In apother investigation by CORIOU et al.,1@% it iz shown
that up to 15% nickel the alloys cracked readily. For nickel contents
above 25%, stress appeared to csuse infergramular corrosion, From their
investigationa, they sugeested that alloys with 17% chromium and 30 to
45% nickel withstood correvsion even at 600°C.
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{a} (b}

2 e g"_:;p_i.t.'r_r -.‘%
i 1.:'; R
Ry o '11‘1 g

LTI

(e} (d}

Fig. 48 - Typical stress corrosion cracks in 18-9Wb steinless steel exposed
to hydroxide solubtions under various conditions: (a) Intergrarmler
eracking with 50% NaOH at 300°C (300x); (b) transgramulsr eracking
with sodium hydroxide in steam (100x): (c) intergranulsr cracking
with KCH below its melting point in steam (200x): (d) trensgrami-
'Tf:.ar ':J;.l:lcllfing with KOH heated sbowve 1ts melting point 4in steam

500 ), 122

99

P AP R W o Wi SR ST D T e e e




0ot

Table XV - Behavior of Various Fe-Cr-Ni Alloys in Caustic

Alkali Environments (after SNOWDEN)*22

Life Obtained on
Specimens at 22,400
psi and 300°C in

Life Obtained on
NalH Contaminated
Specimens Tested
at 29,620 psi
steam at:

330°C and 1,500

Solutio '
Cr Ni Other Additions 209, HaD’EE P 1b/in® (superheated)
18.2L 10.78 3-7Th 117 h (Na-8i0s added)
42 h to NaOH

17.80 8.70 8:1h 632 h
18.56 59,00 0.61T1 17-8,284-7, 302 h,

515 h NF
18.48 9.20  0.52Ti L.05 h 341 h NF
17.72 9.55 0.3%Mo, 0.7871, 0.22k4s 42.7 h
17.76 8.34 2.83N0 8.9h 189 h ¥F, 307 h
17.84 9.50 1.221b 18 h, SO NF, 1101
7.2 8.75 0. 80N 1+, 1+8, 153 h 15 h, 276 h NF
17.16 8..0 0.66ND 3.7, 27T h
15.90 11.8  1.23Mo, 1.l0Nb 15 h
12.32 12.60 0.2%o, 0.18Cu 1.2,20.2 h 343 h
23.93 21.70 14,6, 150.8 h 679 h NF
20.76 6.15 2.5, 6,5 h
20.50 0.16 2,0840, 1.17Nb 1.0, 5B.6h L85 n NF, 1012 h WF
21.64 0.15 2.05Mo, 1.19b 55.0 h
13.88 5.51 1.75Mo, ©.38Nb, 1.63Cu 6.2, 10.7, 37.9 h** 009 h NF+

¥¥fged 2 h 560°C
+Aged 1 h 550°C




Table XVI . Comporitions of Materialg Tested {(wt %)

{after TRUMAN and FERRY)L34

c 11 Mn Cr Fi Mo Lu

C3e03 0-33 0-49 1004 15.10

G.03 0.37 0. 50 15.16 15.05

0«05 046 Oab7 15.48 14.90 2.50

0.05 o041 Q.51 15.52 14.95  hL.oh

0= 05 047 0.b6 15.36 14,90 5.12 2.05

005 0+5% Q-49 1528 15=h0 5-00 4-10

002 0-10 O+51 2024 1heo0

0:03 041 0«50  2hesh 15:05

Q.02 0+32 Qrliy 10400 2560

a-02 0= 33 G-h9 15-24 2540

005 040 g-51 15.52 .45 2.50

005 0+5L1 0-U6 15-04 25-00 L.88

0-05 0+ 55 C-49 15-28 2560 L.gh 2400

0+0h 0«57 o-u48 15-4D 2L 80 £-00 400

Q-02 O-43 {-40 20-40 0530

0.02 0.5 0-48 25-36 25-60

003 059 0-43 1026 W75

0-00 O b2 0-52 15-04 3520

0.0l 050 0-47 15-08 35.80 2.50

0. Ol 55 Q.44 15-60 33.80 L.88

0-05 063  0-47 1516 3470 L-9h 2.00

00l o= Ll O-47 15-06 36415 5-00 4-00

002 G+ 33 ¢-52 1956 3550

Q-2 046  0-49  24-96 35-15

0-02 0- 3G O-47 10-28 45-20

.02 028 0-49 15-08 L5. 70

0-0h 0-56 0-47 15-44 45.20 2.40

0-03% O-hé& o-47 15-08 4550 L-88

0.-05 Q.66 0-4B 15-28 L& T0 L.o5 205

0+05 O 60 0-4b 15-16 4540 506 400

002 o4z G-l 20-16 L5-90

0-02 O3 0-45 25-16 4540

10



70% Cr

ANF ANF A219 A\9I
ANF AI60A220A67.
A Ao Ae6 A228
FAYIRRVANIRVAY- BRAR 1

I00% Fe =~ - o 70% Ni

Fig. 49 - Time-to-failure in hours for alloys as shown above in S0% NeDH
at300°¢/2000 psi Oz and 20,000 pai: F-failed, perforeted by
eracking; C-cracked but not perforated; U-not cracked; U(P)-
not cracked but some elongated pitg.13*
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Table XVII - Chemical Composition of the Steels Inveetigated by KACAN and MIKIATIOVA'33

Concentration of Blements, %

Type of Steel -

¢ 8 Man S 2 “er i W Mo Mb i o
EYalT 0.12 0.8 2.0 ©.030 0.035 17.0-20.0 8.0-11.0 (6-0.3)5 %o
L4l 2.6 0.55 0.7 0,020 0.025°  1k-16 1416 0.8-1.2 1.8-2.2 0.15-0,35 2.8-3.2
ET405 0.12 0.80 1.0 0,025 0.03¢ 16.0-17.0 12.5-1%.5 2,0-2,5 0.95-1.25
E1257 0.10 0.40 0.32 ‘ 14,60 .02 227 0.45
E1257 0,10 0,50 0.38 0.010 0.021  15.48 15.25 2.32 0.5
F1257T 0.10 0.4& 045 0,016 0.020 13,19 13.8 2.15 0,52 0.45
E16G4 0.1¢ 0.21 1.3% 0.080 0.012  15.0 15.0 0.50 ‘
experinental
ET604 0.09 0,52 l.bo 0,021 0.017 13.9 17.0 1.05
industrial
E1695 0,10 0,14 141 0,026 0,020 14,61 18,46 27 0.75

experimental
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Table XVIII - Time Preceding Appearance of orreslon Cracks on Samples 1n Sodiwn Hydroxide
(after KAGAN and MIKHATLOVA)L®®

Type of Bteecl

é -J‘ 7 EIEQ‘[‘- ’ ¥ -~ ¥
3 - EIZ257 EI257Ti - Experi- Indus- EIGYS L[AL . BIMOS EYelTi EIZST
Medium £ mental  trial :
L'F]
E'E Deformation, %
15 30 15 30 1% 15 15 ) 15 30 30
B0 None Hone - - Hona - Heone Rone Noue None -
576 am - - - - None - - - - -
8‘75 - - - - - HCI]]_E - - - - -
HalH 1500 Fone ~=  Cracks == - e - e - - Cracks
2000 {recks == e - Cracks e - Cracks - - e
3350 == - - - - - —— - - Kone -
380°¢ LoD == -—  a- - - - - -- = MNome  a=
L200 - - - - - - - - - Hone ——
200 NHone= icne == - None Bonea Cracks None Hone Mone
lm - am crﬂ.ﬂkﬂ HﬂnE - Y. - ey - —
NaOH 1700 Cracks - - Cracks None Craciks  «= Nane
3000 = ma - Cracks - — - - - Hone
3200 -- T — - -- - - -- --  None
3400 -- - - - - - - — - Hone




AKOLZIN et al.,3% have compared the corrosion behavior of
stainless steels which contained lower nickel vhen campared to 1Kh1BNOT
{co.1, Cr 19.8, Wi 10.2, Ti 0.6) and also contained Mn and N, Thelr
compositions are given In Teble XIX. They studied these alloys in W%
gsodium hydroxide at 310°C at 12¢ atmospheres. The behavior of I, T1
and IIT were comparable with 1Kh1SNOT while that of IV, ¥ snd VI was
quite inferior. A consistent explanation is impossible because of the
mmercus alloying elements in their allays. S5till the supericr hehavior
can be attributed to the low chromium in the system vhich coineides with
explamations offered by TRUMAN and PERRY.1%*

Table XTX - Compositicns of Steels Tested by AZHOGINW!®!

Sample Ho. Designation Composition, $

I Okh 18N 55 icA ¢ 0.08, 5i 0.35, M 10.7, & 0,012, P 0,001,
cr 18,0, 81 4,5, ¥ ©.2

I 1Kh 18N 3¢ W4T ¢ ¢.12, Si 048, Mn 1k.5, S 0.008, P 0.0L
Cr 16,5, ¥i 3.2, ¥ 0,03, Ti n.ﬁz

IIT Okh 1LN 3G 11BA € 0.07, 81 0.62, Mn 10,72, 3 0,006, P 0.003,
¢r i4.G, Ni 3.0, N 0.26, Nb 1.26

v 1Kh 18N SG 10BA ¢ 0.06, 51 0.43, Mn 10.8, 5 0.01, P 0.001,
cr 17.65, Ni 4.5, N 0.21, Nb 0,97

v Okh 18N 5G 10BA € 0,07, Si 0.38, Mn 10.5, § 0.015, p ©.001,
Cr 17.65, Ni 4.6, N 0.36, Wb 0,92

VI Okh 200 5G 12BA € 0.07, 51 0.42, Mn 13.15, S 0,087, P 0.013,
Cr 20.1, Wi 5.23, ¥ ©.h9, Wb 0,90

Effect of carbon content on the mode of eracking changes
with incressing carbon cowtent frem transgramilar to intergramilar type,
ard the latter mode persists despite the ice-brine quenching of the
gpecimens anpeeled at 1050°C,

The effects of 2.9 molybdemm, silicon and nickel on the
strese corrosion behavior in 2.5H sodium hydroxide at 360°C were
studied by CORIOU et 81.12% Tt was found that molybdenum led to more
cracks while silicon made little difference.

6. Effects of NHeat Treatment

This espect has been studied by STROCCHI et al, " BOMD
et al.,!®® and COPSOW apd ECONGMY.L™®
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The effect of varicus heat treatments on the stress corrosion
behavior af 316 stainless steels in 16.5-23% sodiuwm hydroxide at 10
atmospheres and 180=190°C for 10=15 hours were studied. The colds-worked
and loop=ghaped specimens exhibited geveral microcracks whether or not
the specimen was welded. The straight annealed and water=quenched
gpecimens showed no embrittlement, but dtd show microcracks if the
specimen contained a weld. Annealed and water-guenched loop specimens
ghowed cracks in the regions of high stress.110

Constant load tests were performed with boiling sodium hydrox-
ide (25% at 111°C}) on 430 and 434 type stainless steels, under various heat
treatmente, by BOND et al.l®® From Table XX it can be inferred that
heat treatments did not have any effect in producing cracking, but pro-
duced uniform lntergramiar corrosion, The failure times for these
alloys were 336 and L28 hours,

|

Table XX - Resulis of Exposing 0,020" Dismeter Specimens of
Ferritic Steels to Boiling 25% Sodiwm Wydroxide
at a Stress of 53,000 psi (after BOND et al,)158

Alloy Heat Treatment posure Remarks
Time, hr
430, Heat B annealed 336 NF°  uniform corrosion

430, Heat B 1 hr, 90 F

430, Keat B 15 min, 1800 P u28 NF intergrenular sttack
430, Heat A 15 min, 1800 F

434, Heat A amnealed 336 NF wmiform corrosion
L43h, Hest A 1hr, 30OF 355 NF uniform corrosion
434, Heat A 15 min, 1800 F 336 NP intergrenmular attack
434, Heat B 15 min, 1800 F 336 NF iutergranuler attack
Mild Stecl SO0 F

o failure

COPSOH and ECORMMYL3® nave studied the stress corrosion
behavior of a whole seriez of austenitic ztainless steels, Inconels,
end Incoloye in lithium hydroxide solutions {pH 10) at a temperature
of 316°C, Their results are gummarized in Table XXI. From Table XXT
it ¢an be observed that failures cccurred in case of Inconel 600 (6eM
and S heata), 304, 304L and 347 stainlese steels and Incoloy 800 (2-A
and 8) and Ineonel 525 (2-M, A and 8) irrespective of the heat treat-
ment.,
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Table XXT - Fracture Dathn for Verious Stalnless Steels Exposed to
Tithium Hydroxide {pH 10) {after COPSON and ECONOMY )13

Peat Duration, 18 weeks® -
Temp. , SO0°F {310°C): Gas Phase shove Golution, Alr

Maxjmm Depth in Mils of

Alloy Designation Heat? Cracks in Crevice Area of Each
Double U-Bend Specimen
Inconel 600 2-M 0 Byl 14)
-CR - -
-4 o . o
-8 & B
-P j10(2) 110(2)
-T - -
Incanel 600 baM - -
Inconel 500 S=M o 0
h 0 o
-3 0 o
Inconel 600 6-M 55(14) 8ol 12)
-5 115(2) 115(2}
Inconel 600 bl 0 pole)
Incanel 600 B=M 0 0
Stainless Steel 30% . 2-a - yple) 508}
-8 50(2) 8o(2)
Stainless Steel 304L " a 30(8) yo(s)
8 ho(=) + gg(10)
Stainless Steel 347 A a0f4) 30{&)
8 . a0k 8) 20(14)
Incoloy 800 1-A - -
=5 - -
Incoloy 500 2«4 10 16
-5 100(4) 115(4)
Inconel 625 2aM 3 38
A 3o{12) 30(22)
-3 7 B

mmbers in parentheses indicate weeks in test if less than Pull test duration.
by = mill sonealed; CR = M + cold rolled 4OH; A = 1 hr 2050°F, water guench
{except 1950°F for stainless steels Incoloy allova);

§=A+ 20hr 1250°F, AC; P=58 + 2b hr in 15% HNO_, + 5% HF, RT; T = CR + Lo
min 1650°F, &C.
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B. PREVENTTION OF STRESS CORROSION CRACKING

 Ancdic inhibitors and maintenance of inert atmogpheve are the two
methods which have been tried to prevent caustic SCC of Fe=Ni-Cr a
Investigations in thiz area have been carried cut by SNCWDEN,122,139
GULYA'EV et al.,'?? HOWELLS,*®® SIDOROV and RYABCHEKRKOV,224 and KAGAW
and MIKHATLOVA, 133 The findingﬂ of these studies are

(1) phosphates and sulphates offer partial prevention
of crzoking;

{1:1] in gome conditions a ratio of Iﬂicsphnte-tc;-hydroxide
of 1:L is required to prevent cracking

(1ii) inert atmospheres helped in preventing stress corrc-
gfon cracking of 1Kn1SROT stainlegs steels; and

(iv} 3% sodium chloride addition has an irhibitive effect.

From Tahles XXIT and XXTII, it can be seen that phosphates,
nitrates, ete., had offect only in the stean phage, In an agquecus
media these saltz did not have any effecl; in a gtesm phase, the speci-
mens which did not fail showsd either intergr:anular or transgranular
eracks, 122,133 1 apother investigation, even e high S50,°/0E™ ratio of
S iz fourd to suppress but not eliminate, cracking campletely {see
Table XXIV). HOWELLS1®® showed that a phosphate-to-hydroxide ratio of
1:4 to be adequate to prevent cracking, az shown in Fig. 50.

A 3% sodlum chloride addition to hydroaxide solution at 330°C was
alzc found to have Inhibitive effects {Fig.} 51).12¢

¢. GENERAL CORROSTON

UHLIG and MATTHENS1%! studied corrosion rates and potentiel changes
with time, SMITH and HOFPMAHN1*2 the corrosicn mroducts, and CAVALLARC
and BIGHI-42s144 giudjed the effects of dissolved gases on the irhibit-
ing behavior.

Figure 52 shcws the weight loss and mmber of pits plotted against
grams of sodium hydroxide.(1-80 g/1} added to 4% scdium chloride at
93*C. It can be seen from this figure thet mumber of pits and weight
loss decreases rapidly even when 0.9 gfl sdium hydroxide was &dded.
Afterwards, weight loss becomes almost independent of the concentratiom.
A minimm concentration of sodium hydroxide required to pmduce COYTO=
gion is 84,141

_ - Examination of the microstructure of corrosion product layers
formed in fused sodium hydroxide at 815°C on 304 and 347 stainless
steels, revealed that corrosion product layer conegisted of s metallic

net'imrk threading through a metallic matrix, 42
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Table XXIT - Tests in Stemm with 347 Type Steinless Steel in Mixtures of Phosphate
Sulphate, Nitrate and Bisulphete with Sodium Hydroxide (after SHOWDEN)1®®

Steam Pressure = 1500 psi, Temp.., = 30°C, Jtress = 2G,210 psi

Ratio of NalH Inhibitor in 30%

NaOH Solution to float Specimen Duration of Teat {hr) Observations

NaCH/HalPO4 2/1 5 . Many small cracks besides fracture

NaOH /Wa HFO,. 1/2 460 NFR A number of very small cracka

NaOH/NaH 004 1/1 117 NF Mo eracking

NalH /Fal0: 966 NF Several large cracks, general inter-

erystalline attack

HaOH /HalOa 313 Many small cracks besldes fracture

HaOH /Ma-50 4 1112 ) Intercrystalline fracture, general inter-
: T erystalline attack

KaOH /NaH304 1958 NF Wo cracking

Typlcal result with plain NaOH 11% Severe transcrystalline cracking

YF = No feilure
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Table XXIII - Tests with W7 Type Steinlesa Steels in Hydroxide Solutions, to
which Phpsphatei Bulphats and Kitretesz are Added Individually
{after SHOWDEN)!3% :

Temp., 300°C, Nz at 1000 psi + air at 200 psi, stresa = 22,400 psi

4 HaOH and Inhibitor Duration of Test {(hr) Obzervations

205 WaOH-5% NaH.PO, &7 Many transcrystalline cracks, a few
intercrystalline cracks

17 NaOH-T% WasFO, ' 217, 679 NF* Ne cracking, general corrosion in
failed specimen

10% WaOH-U% Na PO, 363 Transcrystalline fracture, ne other
- cracking
5% NaOH-5% Na,PO, 3.0 Transerystalline fracture, no other
. cracking :
20% NeOH-8% NasFO, 2.4, 2.6 : Transcrystalline fracture, & £
transcryztalling cracks . .
5% NaOH-5% NalOg 2h.7 - * Failure due to general corrosion,
: . : . no, cracking '
5% NeOH-5% NeaS0. - o 32, 48 Pranserystalline cracking
5% HaﬂH—ﬁ% HaHS0, ' lﬁé Mlxed inter- amd transcrystalline

fracture, no other cracking

‘54 NaOH-59% Ne £T0, _ 9 intercrystalline. fracture, no other
- cracking
Typical results with plain NaOH ,
solutions, 20% 1.8 Severe intercrystalline cracking
Typical results with plain KaQH ' )
solutions, 5% 15.1 Severe intercrystalline cracking

8No Feailure

————— .
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Table XXIV - Effect of Sodium Sulphate on the Corrosion Bensvior of
Various Stainless Steels at 380 and 550°C (after KAGAN
and MIKHAILOVA 332

Type of Steel

r -’ F Eiﬁ B t h. 4
P hmr s s a0 e 29, Babeh . phoim osT
Madlum *ﬁ § . mental trial
HE Deformetion, %
15 30 15 30 15 5 15 15 15 30 30
Temp, 380°C 200 Wone None -- - Hone Hone Wone Hone Hone Kone
NaQH hoo  -- - - - - - - -- NHene -
l% 1500 - - Cracks - - . - -
+ Naz30, 1700 Cracks - -- Cracks Hone Cracks -- None
54 3000 - -— a= - - - Hone - -— Hone
3200 -~ -— == - - - Hone - -— None
3400 -- - e - -- -- Hone - . - None
Temp. 550°C 500 Hone Hope == - None - Hona Hene Hone Hone
HeOH 1500 -- -= Hons None - Heone — - - - -
1% 2000 Rone Hone -- - None -— Rone Hone Wone Hone Crecks
+ NepS0s 2850 -- --  Cracks - - - - - - -
s, 3350 Cracks - - Cracks - Oracks Hone Hone -

k50 -- - mm a- -- -- .- - None  Tone  --
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Fig. 50 - Influence of POS/OH ratic on cracking of U-bemd specimen of type
7 stainless steel. Concentration ratios greater than 1:4 seen

to inhkibit stress corrozicn cracking. 12
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10 100
Time to Failure {hr)

Fig. 51 - Dependence on LHime-to-failure of essentially
type 321 stainless steel on concenbration of
NaCl in 3% NaOH,1<* ;
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FEWSHAW end FERREE %S and UHLIG and MATTHEWS'%! studied the passiva-
tion phencmenz, CAVALLARO and BIGHI*,144 gtydied the effects of dis-
solved gaszes on the irhibiting behavior of sodium hydroxide.

The open circuit potentials of 430 and 30k steels in 5% sodiwm
hydroxide at room tempersture were measured with time, '*® Figure 53
glves the potential-time curves for the sbove steels. In this soln-
tion 304 steinless steels showed sctive potentials which gradually
shifted toward the passive values; 430 steals showed an identical be-
bavior. The time for passivetion was one hour in both cases. Figure Sh
shows the dependence of electrode potentisl with eoncentration of zodium
hydroxide in 4% sodium chloride.?4! In this renge, traces of sodimm
hydroxide to 12%, cause potentisls to drift toward pessive values at
the rate of 50 mVy/decade of NaOH and becames almost constant. In fact,
& shifrt toward mctive values after 80 g/1 of sodiwm hydroxide should
have been cbserved if experiments wers conducted at 90°C as given in
Fig. 32. The effect of bubbling oxygen, nitrogen, and air into the
hydroxida solution on pitting behavior has been studied by CAVALLARD

and BIGHL.'*%51** Out of the three edditions tried, it was found that
Kz additions hed inhibiting affects.

5N NaQH

] I ' i
dJ\' O I 10 100

Tirme [hr)

Potential, my [SHE}

Fig. 53 - Comparison of passivating characteristics of
types 304 and 430 stainlers steels in SK
NaQH, t45

115



gt -

Potential , my { SHE)

300}

3

100

k |

T T T~ T b 1 T T T

| —— L ._l .l. ’L .| H | i L -y )
0O 10 20 30 40 50 60 70 - 80 90 00 110 120

Grams NaQH Per Liter of 4% NaCl

Fig., 54 - Effect of NaOH additions on potentials of 18-8 in 4% NaCl at 25°C,!*!
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