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Corrosion Pioblems andAlloy Solutions

Due to their gcellent corosion esistance andogpd mebanical
propeties,the Special Metals rkel-based allgs ae used ér a
broad ange of gplicaions in an equaflbroad ange of industies,
including chemical and petrchemical pocessingpollution contol,
oil and @s etraction,maine engneeing, power genegtion, and
pulp and pper mamifactue. The allos' versaility and reliability
male them the pme maderials of doice br constuction of ppcess
vesselspiping systemspumps,valves and manother gplicaions
designeddr sewice in aqueous and high-temgerre ewvironments.
Many vairiables infuence the pedrmance of a spedif maeral
in a specit ervironmentThese inlide concengtion, tempesture,
aetion, liquid or gaseouslbw rates,impurities, abrasves,and
cycling process conditiondVhile every attempt has been made to
present a lwad base of imrmation, more detailed dia will often
be neededadr individual gplicaions and evironmentsThe reader is
encougeged to contact Special Metals rkatingand tetnical staff
for more speciic alloy propeties and a walthof expelience of
applicaions and allg sewvice and peddrmance

Corrosion poblems can bedund in mary forms.

Metallic corosion under aqueous conditions canetak
place ly mary medanisms with quite afied results.
A brief geneanl desciption of eat type of corosion is
presented her as an intrduction. Moe detail of the
medanics of the arious types of capsion is pesented
later in this pubication under“Corrosion Science and
Electrochemisty”.

General Corrosion — Geneal corosion is a unirm
attadk and is the most commagnlencountezd type of
comosion. It is baracteized by a demical or elect-
chemical eaction vhich proceeds undrmly over the
entire xposed sudce aea.The metal becomes thinner
and &entualy fails.

Localized Cormrosion- Conditions my exist tha cause
comosive datadk in a \ery specifc locaion or under a
specifc set of conditions. Sicatad is nomally referred

to as localied This type of carosion tales sgeral forms.

Pitting, crevice dtadk, and micobially influenced
corrosion (MIC) ae all types of localied corosion.

Pitting — Pitting is a 6rm of \ery localized atad tha

results in the drmaion of holes in the metalvhile the
holes brmed ae geneally small thg canpropajate \ery

quickly leading to meerial perforation and ilure in a ery

shot peiiod of time The mico-ervironment within the
pit itself can be autotalytic making this a paiculaly

dangerous brm of atack.

Crevice Corrosion— Crevice dtad usuall takes place
in a \ery tight gap between tw surbices (e. as with
gaslets or &stenes or under mined deposits).As with
pitting, the mico-ervironment within the @&vice can
gredly differ from the gneal medium. Concerdtion
cells can cause this type of omsion to pogress & a
velry rapid rate.

Micr obially Influenced Corosion (MIC) — MIC is
a recenty identified form of crevice dtadk. Cetain types
of bacteia form dome-shped colonies on the metallic
surface The inside of the aticture is sealed &m the
outside The life g/cle of the bactéa produces a coosive
ervironment within the colgn which causes a evice
attadk of the metalWhile MIC usualy takes place on
components x@osed to naral water (either fesh or
bradish), it has also been encourgdrin pocess \ater
in industial systems.

Environmentally Assisted Cracking — Some types
of corosion tale place as aesult of tiemicalconditions
within the erironment and the meanicalcondition of the
metal itself Both conditions mst be pesent ér this type
of corrosion to tak place Corosion ftigue, stress coro-
sion crading, liquid metal cadking, and tydrogen
embittlement ae all forms of enironmentaly assisted
craking.



Corrosion Fatigue — Corosion &tigue filure tales
place due to theeduction of &tigue esistance of the
metal with the pesence of a cossive mediumThus it is
nomally encountezd not as a vislb degraddion of
the metal bit as a pgmdure failure of a component under
cyclic conditions. The stess under hich the méeral
fails would not nomally be considexd suficient to
cause dilure.

Stress Corosion Cracking — This refers to the cack-
ing caused Y the simultaneous pmFsence of tensile si$s
and a spedi€ corosive medium. Dung this type of
craking, the metal is viually unatadked oer most of
the suréce vhile fine ciadks piogress though it @ the
attad site Chloiide stess cading of stainless steels and
ammonia s&ss cadking of nidkel-copper allys ae
examples of this type oftack.

Liquid Metal Cr acking — Liquid metal cacking is a
specialized form of stess carosion.The suscgtible metal
(usualy due to esidual tensile stsses fsm fabrication)
is ataked (cadked) by a lonv-melting liquid metal.
An example is the @ading of eged Ni-CrFe alloys by
silver-base baze alloys.

Hydrogen Embrittlement — Hydrogen embittlement
takes place due to the peration of the surdice of
susc@tible metals lp elemental fidrogen. This can esult
from the brmaion of metallic lydride compounds in
some mterials while in othes it tales place ¥ the
interaction of dissoled tydrogen doms. Reardless of
the mebanism,the dtad results in the drmaion and
propagation of fine ciadks and wids in the metallic
structure.

Intergranular Corrosion — Integranular corosion,
as the name impliess the selectie dtadk of a metallic
component & the gain boundaes by a corosive
medium. Seeral conditions can lead to a teaal being
suscetible to integrarular corosion. In some efiron
ments the @in bounday of a metal simpl exhibits the

most eactve ndure. Because of themal medanical
processing metallic compounds nyatend to pecipitae
and migate to the gain boundaes. If these ae moe reac
tive than the metallic nidx, they can be seleately
attadked Metallic reactions can causeears adjacent to
the gain bounday to be deleted of some element,
rendemg this one less @sistant to @adk. A commony
encounteed form of integrarular corosion is the
attadk of non-sthilized austenitic stainless steelge to
the formaion of chromium carbide pcipitaes and the
subsequent getion of ciromium.

Erosion Comrosion— Erosion corosion is the accelar
tion or increase inate of deteioration or dtadk on a metal
because ofalaive morement betwen a canosive medium
and the metal suate Geneally the maement is apid

and the dects of mebanical wear or &rasion ae

involved Metal is emoved from the suidice as dissobd

ions or corosion poducts a& methanically swept avay

from the metal suafce

Galvanic Corrosion— Gahanic corosion esults fom
the electical coupling of tvo dissimilar metals in a car
sive medium esulting in the #adk of the less esistant
metal. The metallic diferences mga be due to metallic
structure as vell as compositionThe less nole maeral
becomes anodic lile the moe nolle becomes ¢hodic
The anodic mizral actualy protects the daodic leading
to its avn accelested decy. Ranking of meerials in an
electomotive force (EMF) or glvanic seies in a specit
media will help detemine the popensity of tvo maerials
for this type of caosion.The farther ait the maerals
are in the sdes,the geder is the liklihood of d@tad of
the less nole maerial.

Dealloying — Dealloying (also efered to as select

leaching) is the selecte removal of one element of
a solid alloy by a corosion ppcessA corosive medium
specifcally attacks one component of the ajlo
A common @&ample of this type of coosion is the
selectve removal of zinc flom brass (dezinci€ation).

The solutions to the mtlems

can be bund in nickel and its allying elements.

Nickel retains an austeniticface-centexd-cubic (fcc)
crystal stucture up to its melting pointproviding freedom
from ductile-to-hittle transitions and minimizing the
fabrication problems tha can be encounted with other
metals. In the eleaichemical sees,nickel is moe nobe
than ion kut more active than coppefThus,in reducing
ervironmentsnickel ismore corosion esistant than an,
but not as esistantas copperAlloying with diromium
provides esistance to»adation thus poviding a boad
spectum of alloys for optimum corosion esistance in
both reducing and xidizing ervironments. Nikel-based
alloys have a higher tolance or alloying elements in
solid solution than stainless steels and othen-vased

alloys ut maintain god metallugical staility. These
factos hare pompted deelopment of nikel-based allgs

with multiple alloying adlitions to povide resistance to
a wide \ariety of corosive ervironments.

Nickel — Povides metallugical staility, improves
themal staility and weldability, improves esistanceo
reducing acids and causticand inceases @sistanceto
stress camsion cading paticulady in chlorides and
caustics.

Chromium - Improves esistance to >dizing
corrosives and to high-tempatare ocidation and suifiation,
and enhance®sistance to pitting andestice corosion.



Molybdenum — Improves esistance toeducing acids,
and to pitting and evice corosion in aqueoushtoride
containing ewmironments. It conibutes to inceased
high-tempeature stength.

Iron — Improves kesistance to high-tempture
carkurizing ervironments, reduces allp costs, and
contols themal expansion.

Copper — Improves esistance to educing acids
(patticulary non-aeated sulfuic and lydrofluoric) and to
salts. Copper atitions to nid&el-chromium-molybderum-
iron alloys provide impoved resistance to ydrochloric,
phosphoic and sulfuic acids.

Alumin um — Improves esistance toxidation a elevated
tempestures and pymotes ge hadening

Titanium - Combines with carbon to educe
suscetibility to intergrarular corosion due to lsromium
carbide pecipitaion resulting fom hea tregaments,and
enhancesge hadening

Niobium (Columbium) — Combines with carbon to
reduce susqaibility to intergrarular corosion due to
chromium carbide pecipitaion resulting fom hea

treadments, improves esistance to pitting and esice
corrosion,and inceases high tempature stength.

Tungsten— Improves esistance toeducing acids and
to localizd corosion, and enhances both eitrgth and
weldability.

Nitr ogen — Enhances metallgical stability, improves
pitting and cevice corosion esistance and inceases
strength.

Cobalt — Piovides inceased high-tempature stength,
and esistance to cadization and sulfdation.

Many of these allging elements can be combined with
nickel in single phase solid solutionsves a boad
composition ange to povide allgys with useful caosion
resistance in a wideaviety of ervironmentsThese allgs,
in tum, provide usefulengneeing propeties in the fuly
annealed conditiowithout fear of deletéous metallugical
changes esulting fom fabrication or themal piocessing
Many of the high-nigel alloys can be séngthened
by solid solution hatening carbide pecipitaion, precip-
itation (age) hadening and ¥ dispesion stengthened
powder metallugy.

NICKEL
200 & 201
Cu Fe,|Cr Cr,|Fe
MONEL INCOLOY INCONEL
alloy 400 alloys 800 alloy 600
& 028
Al |Ti Mo, [Cu .
Cr Mo, | Nb Ti, Al, [Nb, Mo
MONEL INCOLOY INCONEL INCONEL INCONEL
allov K-500 alloys 825 alloy alloys allov 718
Y & 020 690 625 & 625LCF y
N, [ Mo Mo Ti, [ Al Ti Mo,| W
INCOLOY L’Hg}g'g; INCOLOY INCONEL 'NggyNsE'-
alloy 25-6MO -
y & 050 alloy 925 alloy 725 C-276 & 622
Cr, Mo,| W
INCONEL
alloy 686




"‘SPECIAL
METALS

The Special Metal@\lloy Products

A world leader in the deelopment and @duction of high-pedrm-
ance mainly nickel-basedalloys, Special Metals has mafactuing
facilities in the USA and Eope and sales and sace locdions in
North America, Europe andAsia. Seving maikets engng from
aepspace to sub-sea oil andsgxtraction,the compay's poduction
facilities indude air melting an&OD refining, vacuum melting and
remelting electioslag remelting alloy powvder metallugy, forging,
extrusion,hot and coldalling, and cold dawing. Product brms
available from Special Metals inade billet,bar, rod, plate, sheet,
stiip, seamless tubingvire and velding consumbles.

Nickel and the INCONEI!®, INCOLOY® and MONEL®

Corrosion-ResistanAlloys

Nickel 200— Commecially pure wrought nikel with
good metanical popeties and aqueous aoision-
resistanceUsed br chemical and pcess plants shcas
caustic soda and synthetibdr poduction,and br food
handling Available as od and baiflat products,seamless
tubing and wie. Age-hadendle DURANICKEL® alloy
301 is also ailable as od, bar and wie.

Nickel 201- Similar to Nikel 200 lut with low carbon
contwlled to pevent integrarular embittlement a above
600°F (315°C). Usedof chemical and mcess plants.
Available as od and barflat products,seamless tubing
and wie.

MONEL ® alloy 400-A Ni-Cu alloy with high stength
and ecellent esistance to aange of media intuding
seavater, dilute hydrofluoric and sulfuic acids, and
alkalies. Used in mare and dfshore engneeing, salt
production, feedvater hegers, and demical and ydro-
carbon pocessing Available as billet, rod and bar
flat products,seamless tubing and wirMONEL® alloy
R-405 with contolled sulfur to impove its mabining
propeties is alsoaailable as billetyod and barand wike.




MONEL © alloy K-500 - Similar to MONEL ally 400
but age-hadendle for higher stength and haness.
Used br pump shafts,oil well tools, doctor Bades,
splings,fastenes and mane piopeller shaftsAvailable as
billet, rod and barflat products,seamless tubing and ir

INCONEL © alloy 600— A Ni-Cr-Fe alloy with resist

ance to stss-corosion cadking and caustic coosion,

and with high-tempeture stength and »idation-resist

ance Used or dhemical and pebchemical pocessing
nudear and automobile emgeing and thamal pocessing
Available as billet,rod and barflat products,seamless
tubing and wie.

INCONEL © alloy 622 — Resistant to coosion in a
range of reducing and xidizing media,and to localied
corrosionand stess-carosion cadking. Used in bemical
processingand pollution conwl. Available as od and bar
flat products,seamless tubing and eir

INCONEL ® alloy 625 — A Ni-Cr-Mo Nb-stdilized
alloy with resistance to ggressve media,paticulafly to
crevice corosion, pitting and high-tempeture oxidation.
Used in aerspace chemical pocessing oil and @s
extraction,pollution contol, and maine and mdear eng-
neeing. Available as billet,rod and barflat products,
seamless tubing and eir

INCONEL © alloy 625LCF® — Similar to INCONEL
alloy 625 hut with composition and pressing contiled
for optinum resistance to méanical and thenal fatigue
up to 1200°F (650°C)Videly used br bellons expansion
joints. Available as fat productsnotebly as sheet and gir

INCONEL ® alloy 686— Offers optinum resistance to
localized corosion in acid bloride ewironments,and
excellent esistance to »adizing, reducing and mied
acids. Used in pollution comt, waste pocessing and
process indusyr applicaions. Available as od and bar
flat products,seamless tubing and eir

INCONEL © alloy 690- An alloy with excellenthigh-
tempeesture corosion-esistancedr goplicaions including
nudear steamenestors, petochemical pocessingcoal gask
fication, and sulfuic, nitric and nitic/hydrofluoric acid
processingAvailable as billet,rod and barflat products,
seamless tubing and eir

INCONEL® alloy 718 — An age-hadendle alloy
combining stength up to 1300°F (700°C) with cosion-
resistance and eldability. Available as billet,rod and
bar, flat products,seamless tubing and wir

INCONEL ¢ alloy 725" — An alloy with corosion-
resistance compatle with tha of INCONEL alloy 625
but with higher stength obtainble by age-hadening
Available as billetrod and barseamless tubing and wir

INCONEL © alloy C-276- Offers resistance toeducing
and mildly oxidizing ervironments,and is esistant to
localized dtad and to stess-corosion cadcking. Used
widely in the ¢&iemical and mcess indusies and or
aggressve ewvironments in the pollution comtrindusts.
Available as od and barflat products,seamless tubing
and wie.



INCONEL ® alloy G-3- Readiy weldable and esistant

to integrarular corosion in the wlded condition. Used
for oil and @s well dovnhole tululars, and br handling

phosphoic and sulfuic acids.Available as od and bar

flat products,seamless tubing and wir

INCONEL © alloy 050-An alloy with excellent esist
ance to sss-corosion cading, paticulary in sour @s
ervironments,used ér dovnhole tubing in oil and ap
extraction.Available as seamless tubing

INCOLO Y® alloy 800 - An alloy with stength and
corosion-esistance dr use in bemical, petiochemical
and bod pocessingfor nudear engneeing and br the
shedhing of electical heding elements. & use generlly,

at tempeatures belwv 1200°F (650°C)Available as od

and bayflat products,seamless tubing and &ir

INCOLO Y*® alloy 825- A Ni-Fe-CrMo Ti-stebilized
alloy with excellentresistance to sulfie and phosphac
acids. Resistant teeducing and xidizing acids,pitting,
stress-carosioncracking and integrarular corosion,it is
used in bemicaland petochemical pocessing oil and
gas «traction, pollution contol, waste pocessing and
pickling gpplications.Available as billetrod and barflat
products,seamless tubing and eir

INCOLO Y® alloy 864™ — An alloy with excellent
fatigue rsistance themal stdility and resistance
to hot salt camosion, pitting and ¢loride stess-
corrosion cadking. Developed br automotie exhaust
system lexible couplings,EGR systemsmanifolds and
tailpipes.Available as fat products and w:

INCOLO Y® alloy 925" — With corrosion-esistance
compasble with tha of INCOLOY alloy 825 hut with
higher stength obtainble by age-hadening Used in the
oil, gas and mane industies for goplications calling or
high stength and esistance to eneal corosion and
pitting. Available as billet,rod and barseamless tubing
and wie.

INCOLO Y® alloy 020—A Ni-Fe-CrMo Nb-stailized
alloy resistant to gneal corosion, pitting and cevice
corrosion in media containinghtorides, and sulfuic,
phosphoic and nitic acids.Available as billet,rod and
bar, flat products,seamless tubing and wir

INCOLOY® alloy 028 — A corrosion-esistant
austenitic stainless steel usen ovnhole tubing in oil
and @s atraction opeations.Available as seamless tubing

INCOLOY® alloy 25-6MO — A 6% molybderum,

nitrogen-beaing superaustenitic stainless steelsistant to
pitting and cevice corosion in media containinghto-

rides and other halides. Usedr fhandling sulfuc and
phosphoic acids, chemical plant,maine and dkhore

engneeing, pulp and pper poduction, pollution contol

and rudear sevice water piping Available as od and bar
flat products,seamless tubing and wir




Table 1 — Nominal chemical compositions (% by weight)

Designation UNS Werkstoff Ni Cr Mo Fe Cu Other
Nickel 200 N02200 2.4060 99.6 C 0.04
Nickel 201 N02201 2.4061 99.6 C 0.02 max.
MONEL alloy 400 N04400 2.4360 65.1 1.6 32.0 Mn 1.1
MONEL alloy K-500 NO05500 2.4375 64.7 1.0 30.2 Al 2.7, Ti 0.6
INCONEL alloy 600 NO06600 2.4816 76.0 15.0 8.0
INCONEL alloy 622 N06022 2.4602 59.0 20.5 14.2 2.3 W 3.2
INCONEL alloys 625 | N06625 2.4856 61.0 21.5 9.0 2.5 Nb 3.6
and 625LCF N06626
INCONEL alloy 686 N06686 2.4606 58.0 20.5 16.3 <1.0 W 3.8
INCONEL alloy 690 N06690 2.4642 61.5 29.0 9.0
INCONEL alloy 718 NO7718 2.4668 54.0 18.0 3.0 18.5 Nb 5.0, Ti 1.0
INCONEL alloy 725 NO07725 57.0 21.0 8.0 7.5 Nb 3.5, Ti 1.5, Al 0.3
INCONEL alloy C-276 | N10276 2.4819 57.0 16.0 16.0 5.5 W 4.0
INCONEL alloy G-3 N06985 2.4619 44.0 22.0 7.0 19.5 2.0
INCONEL alloy 050 N06950 50.0 20.0 9.0 17.0
INCOLOY alloy 800 N08800 1.4876 32.5 21.0 46.0 C 0.05
INCOLOY alloy 825 N08825 2.4858 42.0 21.5 3.0 28.0 2.0
INCOLOY alloy 864 S35135 34.0 21.0 4.2 39.0 Si 0.8, Ti0.6
INCOLOY alloy 925 N09925 44.0 21.0 3.0 28.0 1.8 Ti2.1,Al 0.3
INCOLOY alloy 020 N08020 2.4660 35.0 20.0 2.5 37.0 3.5 Nb 0.6
INCOLOY alloy 028 N08028 1.4563 32.0 27.0 3.5 1.0 Mn 2.0
INCOLOQY alloy 25-6MO | N08926 1.4529 25.0 20.0 6.5 47.0 0.9 N 0.20




Table 2 - Typical physical and mechanical properties of corrosion-resistant alloys
(Typical data, not suitable for design or specifications)
Nominal room-temperature mechanical properties
Density (Annealed material unless noted)
Alloy Tensile strength 0.2% yield strength Elongation | Hardness

Ib/in?® g/cm?® ksi MPa ksi MPa % Brinel
Nickel 200 0.321 8.89 65 448 30 207 45 110
Nickel 201 0.321 8.89 60 414 35 241 50 100
DURANICKEL" alloy 301 (aged) 0.296 8.19 160 1100 125 860 25 340
MONEL® alloy 400 0.318 8.80 80 552 40 276 45 140
MONEL" alloy R-405 (stress-relieved) 0.318 8.80 95 655 85 586 25 205
MONEL® alloy K-500 (aged) 0.305 8.44 155 1069 100 689 25 310
INCONEL® alloy 600 0.306 8.47 100 689 50 345 40 170
INCONEL® alloy 622 0.311 8.61 115 793 55 379 60 170
INCONEL® alloy 625 0.305 8.44 125 862 65 448 50 200
INCONEL® alloy 625LCF® 0.305 8.44 130 896 70 483 50 255
INCONEL® alloy 686 0.315 8.73 110 758 55 379 60 180
INCONEL® alloy 690 0.296 8.19 100 689 50 345 45 170
INCONEL® alloy 718 (aged) 0.296 8.19 205 1413 165 1138 20 425
INCONEL® alloy 725™ (aged) 0.300 8.30 185 1276 130 896 30 355
INCONEL” alloy C-276 0.321 8.89 110 758 50 345 60 180
INCONEL® alloy G-3 0.294 8.14 105 724 55 379 40 140
INCONEL® alloy 050 (as drawn) 0.303 8.39 130 896 125 862 13 326
INCOLOY® alloy 800 0.287 7.94 90 621 50 345 40 165
INCOLOY® alloy 825 0.294 8.14 95 655 45 310 45 155
INCOLOY" alloy 864™ 0.290 8.02 95 655 40 276 45 150
INCOLOY" alloy 925™ (aged) 0.292 8.08 170 1172 120 827 25 320
INCOLOY® alloy 020 0.292 8.08 95 655 60 414 35 180
INCOLOY" alloy 25-6MO 0.290 8.03 110 758 55 379 45 180
INCOLOY" alloy 028 0.290 8.03 90 621 40 276 40 160




A Guide to Aqueous Corrosion-Resistance
(All alloys listed are resistant to chloride cracking)
0 = Good to excellent

0 = Acceptable
— = Not suitable
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Corrosion by Acids

Acids can be eithenadizing or reducing in naure. Some metals

are resistant to widizing acids (eg. nitric) while othes ae resistant to
reducing acids (g. hydrochloric or sulfuic). By alloying sud metals
it is possilke to pooduce megernals tha resist corosion in both media.
Data ae presented in this section of the fichtion descibing the
performance of arious nikel alloys in the acid enronments in
which they are most often used he doice of an allg for a specit
environment will dgpend on the acid or the mixauof acids pesent,
on concenttion, tempeature, aeltion, contaminantstlow
chamacterstics,the pesence and tightness obdces,othermaerial

in the systemand maw other emironmental conditions.

The iso-corosion daits and nuch of the téular dda presented
were ¢eneeted from léboratory testing of meenal in pure or mied
acids. keld daa geneeted from the actual>@osue to specit process
environments a also pesentedWhile these di@ ma be used as
guidelines 6ér maeral selectionthe reader is cautioned to consider
tha vanations or the pgsence orlasence of anof the emironmental

"‘SPECIAL
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conditions desdbed can signi€antly alter the pedrmance of an

alloy in ary ernvironmentA complete and accate demnition of the
environment to viich the mé&ernal will be exposed is necessaif a
proper ally selection is to be made

Sulfuric Acid

Sulfuric acid is often encounted in industial environ-

ments because it is usextensiely in a \ariety of chemi

cal processes. It iseducing in concerdtions up to hout
25%. At greaer concenttions, it begins to tale on
oxidizing characterstics. Concentted acid (Aove 87%
by weight) & room tempeature is the most commonl
encounteed commaetial product and is xidizing in

naure. Thus, dilute and intemedide stengths of the
acid can be containedybmaerals resistant to educing
conditions vhile stionger concenttions require maerals

resistant to xidizing media.

Selection of a metal or alfofor a paticular process
depends pmaiily on the educing or &idizing naure of
the solution as deterined ly acid concetnation, aegtion,
tempeseture and nture of impuities. Selection dpends on
factos sut as elocity, film formation, contiruity of
exposue, allowable metallic content of the solutioand
physical popeties of the allg.

The most commogl used ni&el alloys in piocesses
containing dilute sulfic acid ae INCOLOY alloys
25-6MQ, 825 and 020and INCONEL ally G-3. For
aggressve, hot, sulfuric acid ewmironments,INCONEL
alloys 625,622,C-276 and 686 armost often selected

Nickel 200

Nickel 200 can be used with sulitracid solutions
at low or modeate tempeatures. Aeration increases
corosion etes,paticulardy in dilute acids. In conceratr
ed acids,aertion deceases caosion etes, possilhy
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because of theofmation of a passie film, but Nickel 200
is seldom used in this séce because othemore resist
ant maerials ae adequee.

MONEL alloy 400

MONEL alloy 400 is useddr handling sulfuc acid
solutions underaducing conditions. igure 1 shas the
effects of aation in 5-6% acid concerdtion on the cor
rosion ete of MONEL allgy 400 d various tempegatures.
In air-free solutions theate is \ery low at all tempea-
tures.As with Nickel 200,but to a lesser dgee aertion
increases the corsion ate for MONEL alloy 400.

At higher tempeatures in aested acid the mte
deceases until the boiling point isaded when the cor
rosion ete is the same as in diee acidAbove 85%,the
acid becomesxdizing, and the caosion ete undegoes
a shap increase \hich is ony slightly affected ly aea-
tion. Boiling 25% acid alsoteadks MONEL allgy 400,the
reduction of the d#on releasing kidrogen sulfde, sulfur
dioxide and #endant sulfur fom their inteaction.
MONEL alloy 400 has shan suitdle resistance to bail
ing sulfuiic acid solutions up tokmut 15% concendtion.

In practice MONEL alloy 400 has shen sdisfactory
resistance in the stage of 80% acid aroom tempesature,
but should not be used contiousy with pure acid of
higher concengtion without peliminaly tests.

At elevated tempeatures,the maxinum concengtion
for the use of MONEL allp 400 in pue acid solutions
is reduced to lbout 65%. In some ganic piocesses,
concentated acid (93 to 98%) is ddd to lage popottions
of organic maerials and is pogressvely diluted to laver
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Figure 1 — Effect of temperature on corrosion
of MONEL alloy 400 in sulfuric acid.  Acid
concentration, 5-6%. V elocity , 15.5-16.5 ft/min.

concentations. In sub cases MONEL alp400 frequenty
has @od esistance because of disgien of the acid and
the ilm-forming or inhibiting action of some ganic
maerials.

In most sulfuic acid gplicaions,the actual capsion
rate of MONEL allgy 400 will be ¢ose to the aifree ete
because contirous air stration is uncommonA high
degree of aestion would be &pected ont when air is
bubbled contiruousy through the solution or ken the
solution is spayed or poued though the air or ltumed
up with consideable air in pumping The te & which
air may be eplenished tia quiet solution-air inteatce
is small compad to the ate & which axygen can be
removed by corosion. Consequentl a high degree of
aemtion would be @&pected ont a the liquid line andif
this level is constantcorosion would be acceleted &
this line The pesence of @anic maerials, sud as bods,
fats and suars, will limit the degree of aegtion because
these meenals will react with dissoled okygen and
remove it from solution.

The pesence of xidizing salts (sule as &ric sulfate,
chromaes, dichromaes, nitrates, nitrites, petoxides, and
cupiic salts) mg make sulfuic acid solutions &ry como-

sive to MONEL ally 400. Note tharecirculaion of, or
long residence time inntermedide concenttions of acid
results in autodalytic corrosion due to the accuration
of cupiic ions in the acid &im the corosion of this nikel-
copper allg.

The usual dect of inceasing elocity betveen metal
and liquid is an in@ase in caosion @te. This motion
brings fresh acid andxygen,if presentto the metal sur
face removes spent acidand thins the difision ilm
through which reactants and pducts nust pass. &
MONEL alloy 400, velocity efects ae most ponounced
in aeated acid solutionsAbnomally high \elocities,
especialf when drasve solids a& suspended in solution,
should be @ided

Expeience with MONEL allg 400 indicaes thait is
not suscptible to stess-corosion cadcking in sulfuic
acid solutionsgexcept those containing meury salts or
consideable amounts of ydrofluoric or fluorosilicic acid
In these cases the possibility ofests-corosion cadking
can be woided ly giving the Bbricated MONEL allgy 400
equipment a séiss-elieving hea tregment, 1000-1200°F
(538-648°C)/1 hour/sle cool, before placing it in sesice.

INCONEL alloy 600

Because of its lmomium contentINCONEL alloy 600
offers better esistance to sulfie acid under gidizing
conditions than either Nkel 200 or MONEL allg 400.
INCONEL alloy 600 usualf has adequa resistance to
corrosion ty cold, non-aeated sulfuic acid solutions up
to éout 70% concerdtion although its @sistance is not
as gpod as theof MONEL alloy 400.The «idizing power
of dissoled air is not sditient to maintain pasaty
except in concentited acid Consequeny] corrosion etes
are inceeased Y aegtion in pue, dilute solutions (gble 3).
INCONEL alloy 600,which is moe corosion sensitie to
tempeesture incieases than is MONEL aflo400, should
not be subjected to hot sulftiracid solutions xcept a
low concentations. When aegtion is combined with
elevated tempeatures,corrosion etes ae usualy high.
The adlition of axidizing salts to sulfuc acid tends to
passvate INCONEL alley 600 which, in contast with
MONEL alloy 400,can be used with acid mineaigrs or
brass pi&ling solutions. Haever, in very hot solutions

Table 3 — Corrosion-resistance of INCONEL alloy 600 in sulfuric acid solutions
Acid concentration, Tt o (o . Velocity , Corrosion rate, mpy (mm/a)”
% by wt perature, °F ('C) Duration of test, h ftfmin (m/min) N JErp—
0.16 212 (100) - - 3.7 (0.09) -
1 86 (30) 120 15.5 (4.72) - 49 (1.24)
1 172 (78) 22 15.5 (4.72) - 110 (2.79)
5 65 (18) 100 None 2.4 (0.06) -
5 86 (30) 20 15.5 (4.72) 9 (0.23) -
5 86 (30) 23 16.0 (4.88) - 78 (1.98)
5 140 (60) 100 None 10 (0.25) -
5 176 (80) 20 16.0 (4.88) 30 (0.76) 150 (3.81)
10 - 24 None 4.2 (0.11) -
70 86 (30) 20 15.5 (4.72) 46 (1.17) -
93 86 (30) 20 15.5 (4.72) 270 (6.86) 10 (0.25)

*mpy= .001 inches per year, mm/a= millimeters per annum
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this passiation may not occur It should also beemem
bered tha it is difficult to maintain passation in crevices
(e.g. bolting threaded connectionsand fange faces)
because thexidizing ions ae not eplenished thezin.

INCOLOY alloy 800

INCOLQY alloy 800 has little pplicaion in stong
sulfuric acid

400 200
350 —
n 300 — 150 o
5 Boiling point curve ° .
SI_) (0]
5 250 5
s g
g 212 >20 mpy (> 0.51 mm/a) 100 §
o 200 o
£ £
F 150 =
5-20 mpy (0.13-0.51 mm/a)
— 50
100 <5 mpy (<0.13 mm/a)
50
0O 10 20 30 40 50 60 70 80 90 100
Sulfuric acid, %/Wt.
Figure 2 — Iso-corrosion chart for
INCOLOY alloy 825 in sulfuric acid.
300 150
275
Boiling point curve —1130
250
L o225 > 20 mpy —{110 ©
9] 212 (>0.51 mm/a) — 100 @
5 200 -9 3
[ 1S
g 175 g
£ 150 =70 £
= 125 —50 =
100 (<0.13 mm/a)
—30
75
50 10
0 20 40 60 80 100
Acid concentration, %
Figure 3 — Iso-corrosion chart for
INCOLOY alloy 25-6MO in sulfuric acid.
375 200
Boiling point curve
325 2l
— 150
275
IS INCONEL alloy 686 o
g g
S 225 INCONEL alloy C-276 3
© 212 —100 8
I e e e — 1) 2
IS 175 = / === IS
@ INCONEL alloy 622 @
125
—150
77

0 20 40 60 80 100
Acid Concentration, %

Figure 4 — Comparative behavior of Ni-Cr-Mo
alloys in sulfuric acid. The iso-corrosion lines
indicate a corrosion rate of 20 mpy (0.51 mm/a).
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INCOLOY alloys 825,020 and 25-6MO

INCOLOQY alloy 825 has xcellent esistance to sulfie
acid d intermedide concengtions. Held test esults in
plant sulfuic acid mixtues ae shavn in Table 4. Based
on test esults and seice epeilience INCOLQOY alloy
825 should hee \ery good esistancei.e. <5 mpy (<0.13
mm/a) to corosion in sulfuic acid solutions betaen 40
and 80% concerdtion by weight & 120°F (50°C).

The enerl resistance of INCOL® alloy 825 is
summaized in the iso-capsion dhart shavn in Fgure 2.
Severe digessions fom this behaior can occur in the
presence of contaminantshich are notorous in inteme-
diate stengths of acid inteemical pocesses.

A comparson of these coosion etes with thosedr
MONEL alloy 400 will shav that INCOLOY alloy 825
has geder resistance to l@ concentations of sulfurc
acid d higher tempettures; tha its resistance »d¢ends
throughout the high conceations where the acid is
oxidizing; and thathe pesence of xidizing salts (other
than dloride) is actualf beneitial. Also, in gpplicaions
wherr dlorides ae presentsud as pck salt adlitions to
sulfuric pickling baths,INCOLOY alloy 825 has pvided
excellent sevice. A number of mixtues containing
oxidizing salts and thessultant caiosion etes ae shavn
in Table 4. In gplicaions wher the &posue is contim-
ously submeged in dloride-contaminted aplicaions,
the higher molbderum alloys, sucd as INCONEL allys
C-276,622,625,0r 686 ae required

Due to similaities in demical compositions,
INCOLOQY alloy 020 perbrms in a lile manner to allp
825 in sulfuic acid sevice and thus,is used in similar
applicaions.

INCOLOQY alloy 25-6MQ, with a moybderum content
of 6%, as opposed to 3%oif INCOLOY alloy 825, has
useful esistance to coosion in sulfuic acid solutions
less than 10% concestion by weight d boiling temper
atures,at up to 50% concerdtion a& 140°F (60°C)and in
all concentations up to 120°F (50°CYhe geneal resist
ance of INCOLQ alloy 25-6MO is summazed in the
iso-corosion dart shavn in Fgure 3. It is a contendeof
intermedide stength acid contamined with dlorides.

The 20 mp (0.51 mm/a) iso-coosion digrams
for the Ni-CrMo alloys in non-deaeted sulfuic acid
discussedlzove ae summaeed in kgure 4.The eldive
sulfuric acid corosion-esistance of these afl®\aries with
acid concengtion. In dilute acid (<50%) the=letive oder
of corrosion-esistancein descending aler, would be:

INCOLOY alloy 825/INCONEL ally 686/INCONEL
alloy G-3

INCONEL alloy 622

INCONEL alloy 625

INCONEL alloy C-276

INCOLOQY alloy 25-6MO

In concentated sulfuic acid (>50%) the descendingder
would be:

INCONEL alloy 686

INCONEL alloy C-276

INCONEL alloy 622

INCOLOY alloy 825

INCONEL alloy 625

INCONEL alloy G-3

INCOLOQY alloy 25-6MO



Table 4 - Plant corrosion tests of INCOLOY alloy 825 in sulfuric and mixed acid solutions

o Temperature Duration of Corrosion rate,
Test conditions °F (°C) test, days mpy (mm/a)
Agueous solution containing 0.5% sulfuric acid. 210 (99) 12 2 (0.05)
1-4% sulfuric acid, 20-25% ammonium sulfate, and 10-15% sodium 95-104 (35-40) - 0.1 (0.003)
sulfate. Immersed in tank.
Spent acid liquor from tall oil splitting. Contains 1% sulfuric acid by weight 250 (121) 33 0.1 (0.003)
and 1% tall oil and 2-3% lignin by volume. Acid discharge line from centrifuge.
25-50 gm/I sulfuric acid, 25-100 gm/I manganese sulfate, 1-3 gm/I 200 (93) 19 2.8 (0.07)
ferric sulfate. Immersed in sump manganese dioxide electrolysis circuit.
Flow, 100 gal/min (379 I/min).
In uranium ore leach tank in mixture containing 60% solids, 28-55 gm/I 113 (45) 41 0.1 (0.003)
sulfuric acid, 5-10 gm/I ferric ion, some ferrous ion, 0.1% sodium chlorate.
100-200 gm/I sulfuric acid, 40-100 gm/I selenious acid, 70-80 (21-27) 90 Nil
small amounts of sulfurous acid.
Mixture of sulfuric acid and sebacic acid, pH1. Room 30 0.1 (0.003)
5-10% sulfuric acid plus 0.25% copper sulfate in pickling of brass. 100-200 (38-93) 162 0.1 (0.003)
Immersed 1 ft (0.30 m) below surface in continuous strip pickler.
5% sulfuric acid plus 10-300 mesh ore of manganese dioxide and 180 (82) 245 0.5 (0.01)
manganese oxide. Attached to steam coil in leaching tanks.
Evaporation of aluminum sulfate solution from 28.2 to 58.7% 195-250 (91-121) 44 0.8 (0.02)
aluminum sulfate containing 0.1% ferric oxide, 0.3% ferrous oxide,
and traces of chromium oxide and alumina.
9% sulfuric acid, 1% hydrofluoric acid, 3% sodium sulfate, 1% silica, 80-120 (27-49) 62 1(0.03)
0.5% sodium fluosilicate, and balance water. Immersed in tank near entrance.
12% sulfuric acid pickling solution containing copper sulfate up to 180 (82) 26 0.2 (0.005)
11.2%. Immersed inside tank of Mesta pickler.
20% sulfuric acid plus 4% sodium dichromate. Immersed in 150-160 (66-71) 77 19 (0.48)
cleaning solution for aluminum.
Up to 20% sulfuric acid, 100 gm/I cupric sulfate, 10 gm/I nickel sulfate, 195 (91) 7 5(0.13)
and traces of chloride. Treatment of copper residue in nickel refining.
Immersed in concentration plant air blowers.
In sulfuric acid solutions of various concentrations in vacuum
evaporator. Recovery of sulfuric acid in paper making:
39% sulfuric acid 120 (49) 120 Nil
42% sulfuric acid 135 (57) 120 0.3 (.008)
55% sulfuric acid 160 (71) 120 4 (0.10)
50% sulfuric acid, 22% nitric acid, and 19% water. 150 (66) 6 0.5 (.01)
Immersed in laboratory tests. 182 (83) 5 4.3 (0.011)
67% sulfuric acid plus gas mixture containing 44% propylene and 125 (52) 170 0.2 (.005)
56% propane. In outlet piping from second stage reactor
circulating pumps, pressure 400 psi (28.1 kg/cm?).
In 78% sulfuric acid with traces of benzene sulfonic acid in 100-130 (38-54) 8 5(0.13)
bottom of acid settling tank.
78% sulfuric acid containing 3.5% hydrogen peroxide plus various 100-300 (38-149) 8 5(0.13)
salts of iron, manganese, chromium, and nickel in holding tank.
79-93% sulfuric acid containing small amounts of phosphine, ammonia, 50-90 (10-32) 189 2.2 (0.056)
and hydrogen sulfate. In exit of packed tower in falling acid stream.
91.6% benzene sulfonic acid, 3.5% sulfuric acid. Immersed in glass-lined vessel. 140 (60) 7 45 (1.14)
36% sulfuric acid, 28% oxalic acid, 32% water, and 4% ash. On agitator 140 (60) 171 2.4 (0.061)

support in vacuum evaporation pan. Alternately immersed and exposed.
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INCONEL alloy G-3 and sevice epeiience it should hae useful esistance to

INCONEL alloy G-3 has god-to-ecellent esistance to corrosion in sulfuic acid solutions up to 10% concemtr
sulfuric acid because of itshomium and maofbderum tion by weight & boiling tempestures,and in all concen
contents,and a small adition of copper It has useful trations up to hout 175°F (80°C). Itsaneanl resistance is

resistance to cavsion,i.e. <5 mpy (<0.13 mm/a) in sulfu summaized in the iso-cepsion hatt shavn in Figure 6.
ric acid solutions up to 5% concesiton by weight a Chloride contamingion in sulfuic acid enironments will

boiling tempeatures, up to 75% concerdtion & 120°F lower its lesistance; aénd obsered for all nidkel alloys.
(50°C),and in all concenétions up to 100°F (38°CYhe

geneal resistance of INCONEL aljoG-3 is summazed 400 200
in the iso-corosion dart shavn in Hgure 5. 350
INCONEL alloy C-276
. . 300 —{150
INCONEL alloy C-276 hasxcellent esistance to sulfir w Boiling point curve 18}
acid because of itsew high mol/bderum content,as % oeo o
well as a small atition of tungsten. Based on testults 2 >20 mpy 2
D 212 v (>0.51 mm/a) —100 3
> e | .
& 5-20 mpy 2
Boiling point curve 150 (0.13-0.51 mm/a)
<5 mpy —{50
<0.13 mm/a
>200 mpy 100 ( ;
& (>5.1 mm/a) O
g 300 150 50 0
2 20-50 mpy S 0 10 20 30 40 50 60 70 80 90 100
= 0.51-1.3 mm/a I H,SO, concentration, %
3 250 ( ) 50-200 mpy g _ 2
£ 212 (1.3-5.1mm/a) |, € Figure 7 — Iso-corrosion chart for
F 200 [ INCONEL alloy 622 in sulfuric acid.
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100 (<0.13 mm/a)
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Figure 5 — Iso-corrosion chart for °m. Boiling point curve ° .
INCONEL alloy G-3 in sulfuric acid. 5 250 520 mpy g
® ©
=212 >0.51 mm/a, —100 =
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—{200 F 150 5-20 mpy =
(0.13-0.51 mm/a) 50
100 <5 mpy
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300 150 Figure 8 — Iso-corrosion chart for
INCONEL alloy 625 in sulfuric acid.
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Figure 6 — Iso-corrosion chart for Figure 9 — Iso-corrosion chart for
INCONEL alloy C-276 in sulfuric acid. INCONEL alloy 686 in sulfuric acid.
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INCONEL alloys 622,625 and 686

Ni-Cr-Mo alloys sut as INCONEL allys 622,625 and
686 shav excellent esistance to sulfig acid The allgys'
resistances ardue to their high mgbderum and aromi-
um contentsas well as aditions of niobium (ally 625)
or tungsten (allgs 622 and 686). Inemeal, they offer
resistance similar to thaof INCONEL alloy C-276.
However, by virtue of their higher liromium contents,

they offer good esistance to merconcentited acid solu
tions.The geneal resistance of INCONEL alis 622,625
and 686 a& summaeed in the iso-capsion dartts shavn
in Figures 7,8 and 9A comparson of these allgs shavs
tha a mnked oder of esistance in sulfic acid would be:

INCONEL alloy 686

INCONEL alloy 622

INCONEL alloy 625.

Hydrochloric Acid

Hydrochloric is a typical educing acid aoss its enti
concentation range. Its stongly acidic damacter and the
hamful effect of the bloride ion combine to makit a
very severe corosive. The high-ni&el alloys ae among
the few metallic maerals with useful esistance to
hydrochloric acid solutions.

The pesence of xidizing contaminants (g. feric or
cupiic ions) can dastically chang the corosiity and cor
rosive characterstics of a lydrochloric acid enironment
and the pesence of sutspecies mst be consigred in
maerial selectionThe most commoglused nikel alloys
in processes containing diluteydrochloric acid ae
INCOLOQY alloys 25-6MQ 825 and 020and INCONEL
alloy G-3. For aggressve, hot hydrochloric acid eniron
ments,INCONEL alloys 625,622, C-276 and 686 ar
more often selected

Nickel 200 and MONEL alloy 400

Nickel 200 and MONEL allp 400 ae similar in their
resistance toydrochloric acid As nidkel does noteadily
liberate hydrogen from acid solutionshowever, aegtion
changs the cthodic reaction to &ygen reduction and
allows a higher ate of corosion. kgure 10 shws the
effects of acid concertiions and aetion on the caosion
rates of Nidel 200 and MONEL allp 400 4 86°F (30°C).
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80

40

40

Acid concentration, %/wt.

Figure 10 — Corrosion of Nickel 200 and MONEL  alloy
400 in hydrochloric acid solutions at 86°F (30°C).

At up to 10% concendtion both maerials behae
similarly, with corosion etes in aiffree solutions less
than 10 mp (0.25 mm/a).

Above 15% acid concerstion, the corosion etes of
MONEL alloy 400 incease shaty and limit its nomal
applicaions d room tempegture to concentétions under
10% in aegted solutions and under 20% in-fige solutions.

Nickel 200 mg be useddr goplications in acid con
centations up to 30%egither aested or non-aeted d
room tempeature. Since the pedrmance of nikel in
concetrated tydrochloric acid mg be infuenced b the
relaively low solubility of its corosion poducts,caution
should be used inpplying these d@ to sevice & high
velocities.

Figure 11 shws thd increasing tempeture afects the
corrosion ete of Nidkel 200 moe than tha.of MONEL
alloy 400 in 5% acid Both maerals, but paticulady
MONEL alloy 400,are commony used in acids of lwer
concentations d higher tempeatures. In most mcesses
in which hydrochloric acid is brmed as a esult of
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80 100 120 140 160 180 200
Temperature, °F

Figure 11 — Effect of temperature on corrosion
of Nickel 200 and MONEL alloy 400 in 5%
hydrochloric acid.

17



hydrolysis of dilorides or ilorinated sohents,acid con INCONEL alloy 600
centetions ae less than 0.5%. Niel 200 and MONEL  ajthough INCONEL ally 600 hasdir resistance to dilute

alloy 400 can withstand these concaeiitins sésfactoily hydrochloric acid solutionsjts perbrmance (infuenced
at tempestures up to 300 or 400°F (149 or 204°C). by chromium content) is not asogd as thaof MONEL

_Applications jor MONEL alloy 400 and Nikel 200 in alloy 400 or Nikel 200. It has demonsted god
air-sdurated fydrochloric acid dove room tempeature resistance to cold aaed acid belo 2% concenttion

are usualy limited to concenttions under 3 or 4%. 5.4 stisfactoy resistance taroom tempesture to
MONEL alloy 400 has been used to handle atset concentations up to 20%.

acid of 2% concendtion a& 120°F (49°C) and of 1%
at 180°F (82°C).
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Figure 12 — Iso-corrosion chart for INCOLOY °
alloy 25-6MO in hydrochloric acid. Figure 14 — Iso-corrosion chart for INCONEL
alloy C-276 in hydrochloric acid.
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Figure 13 — Iso-corrosion chart for INCOLOY Figure 15 — Iso-corrosion chart for INCONEL
alloy 825 in hydrochloric acid. alloy 686 in hydrochloric acid + 500 ppm Fe .
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INCOLOY alloys 825,020 and 25-6MO

INCOLOQY alloys 825, 020 and 25-6MO he good
resistance to cowsion in lydrochloric acid solutions.
The @enerl resistance of INCOL® alloy 25-6MO is
summaized in the iso-capsion dart shavn in FHgure 12.
Resistance to corsion lty hydrochloric acid is gealy
improved ly the adlition of copper and mgbderum as

Corversely, the corosion mte of Ni-Mo alloys is
increased With an dsence of lsromium, Ni-Mo alloys
have no esistance to éironments containingxidizing
species.

INCONEL alloy 625 has god resistance to dilute
hydrochloric acid ly virtue of its 9% molbderum
content.The gneal resistance of INCONEL alis 622,

well as ly the higher nikel content in INCOL® alloys
825 and 020The gneanl resistance of INCOL® alloy
825 is summazed in the iso-capsion dat shavn in

10 15 20 25

HCI concentration, %

30 35

Figure 16 — Iso-corrosion chart for INCONEL
alloy 622 in hydrochloric acid.

625 and 686 is summiaed in Fgures 16,17 and 18.

10 15 20 25

HCI concentration, %

30 35

Figure 18 — Iso-corrosion chart for INCONEL
alloy 686 in hydrochloric acid.

40

. 110
F|gure 13. Boiling point curve
INCONEL alloys 622,625,C-276 and 686 212 — 100
INCONEL alloy C-276 has xcellent esistance to 200
hydrochloric acid because of itsety high moybderum -1 %
content,as vell as a small atition of tungsten. Based on >50 mpy
test esults and seice epeiience INCONEL ally w175 (>1.3 mm/a) -8 o
C-276 should hee useful esistance to cession in g o
hydrochloric acid solutions up to 3%t &oiling tempea- 2 470 2
tures,up to 5% &176°F (80°C) and in all concedtiions g 150 ]
up to dout 150°F (66°C). Itseneal resistance is sum & e &
maiized in the iso-capsion dart shavn in Fgure 14. = F

INCONEL alloys 622 and 686hecause of their high 125 o
molybderum contents,have wery good I sistance to 20-50 mpy 1°
hydrochloric acid paticulady in stong concenttions or (0.51-1.3 mm/a)
oxidizing conditionsThese allys ae moe resistant than 100 - 40
Nickel 200 or MONEL ally 400, especialy when the . 1§:C2)05Tr’:1ym/a)
acid is contaminad with «idizing speciese.g. cupic, A T - 30
feric, or axygen. An iso-corosion tat for INCONEL 77 | (<0.13 mm/a) — 25
glloy 686 in rerochIonc acid containing 500 pprrelnc 0 3 o 5 o s 30 3 0
ions is shan in FHgure 15. Compang these d@a with Hel T

. X L. concentration, %
those fom eposue to pue hydrochloric acid it is
appaent tha the adlition of aidizing species can Figure 17 — Iso-corrosion chart for INCONEL
actualy decease the coosion ete of Ni-CFMo alloys. alloy 625 in hydrochloric acid.
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A comparson of the caosion-esistance of theavious
alloys discussedof use in ldrochloric acid is shan
in Figure 19. In this ifgure, the 20 my (0.51 mm/a)
iso-corosion lines sho the werall relaive oder of
resistance to hén descending aler:

INCONEL alloy 686/INCONEL ally C-276
INCONEL alloy 622

INCONEL alloy 625

INCOLOQY alloy 825

INCOLQY alloy 25-6MO

120
Boiling point curve | 110
212 — 100
200
— 90
s o
J 175 INCONEL alloy C-276 — 80 Gé
E N E
I INCONEL alloy 686 o
0] \ — 70 @
Q. Q.
£ 150 £
= _ =
< 60
125 INCONEL alloy 622
— 50
INCONEL alloy 625
/
100 ; - 40
INCOLOY alloy 825
INCOLOY alloy 25-6MO - 30
77 \ — 25
20
0 5 10 15 20 25 30 35 40

HCI concentration, %

Figure 19 — Comparative behavior of nickel-based
alloys in hydrochloric acid. The iso-corrosion lines
indicate a corrosion rate of 20 mpy (0.51 mm/a).

Hydrofluoric Acid

Although it is tiemicaly classifed as a waler acid than
hydrochloric or sulfuic, few compounds @& moke corosive

than tydrofluoric acid Only gold and pléinum ae com

pletely resistant to @ad in aqueous solutionsThe
engneeing méderials tha are useful in ldrofluoric acid
owe their corosion-esistance to theofmation of

fluoride films.

Table 5 — Plant corrosion tests in the storage
of commercial 60-65% hydrofluoric acid®

Corrosion rate,

Material mpy (mm/a)
MONEL alloy 400 22 (0.56)
Nickel 200 >200 (>5.08)
INCONEL alloy 600 150 (3.81)

AISI 304 stainless steel
AISI 316 stainless steel >190 (>4.83)
Mild Steel 170 (4.32)

(a) Acid contains 1.5-2.5% fluosilicic acid, 0.3-1.25% sulfuric acid,
and 0.01-0.03% iron. Test specimens immersed in solution in storage
tank. Temperature, 60-80°F (15-27°C); duration of test, 28 days.

(b) Specimen completely destroyed during test.

20

>210 (>5.33)°

Table 6 — Plant corrosion tests in impure
12% hydrofluoric acid®
Material C%S;Si(%]rgg? ’

MONEL alloy 400 22 (0.30)
Nickel 200 4 (0.10)
INCONEL alloy 600 9 (0.23)
AISI 302 stainless steel 160 (4.06)°
AISI 316 stainless steel 700 (17.8)°

(@) Acid contains approximately 12% hydrofluoric acid, 0.2% fluosilicic acid,
and 1 gm/I of ferric oxide as ferric salts. Test specimens immersed in
solution resulting from water absorption of fluorine from chemical process.
Velocity, 3.2 ft/min (9.8 m/s); ave. temperature, 182°F (83°C); time 7 days.

(b) Specimens perforated by cracking due to stress-corrosion at machined
edges and code-letter stamping.

248 120
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boiling point curve
O
& 176 80 =
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=
2 140 60 &
Q 0.33 0.40 I3
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68| : 20
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Hydrofluoric acid concentration, %

Figure 20 — Corrosion data for Nickel 200 in hydro-
fluoric acid. Corrosion rates are shown in mm/a.
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Figure 21 — Iso-corrosion chart for MONEL  alloy
400 in hydrofluoric acid.




The doice of a meerial for handling lydrofluoric acid MONEL alloy 400

should be based on the conciftin, tempesture, velocity MONEL alloy 400 is an outstanding regial of constuic-
and deree of aegtion of the acidand on the msence of  jion for hydrofluoric acid sevice. Fgure 21 is an iso-
impurities. As with other non-gidizing acids aegtion or corosion dart shawing resistance tottad in air-free and
the pesence of xidizing chemicals in kdrofluoric acid aerted acid Again, aestion, or the pesence of xidizing
increases its coosive dtadk on most metals. Results of salts,increases the cousion &te, but in non-aested acid
plant corosion tests of nkel alloys and other ntarials in (open to the mosphee with no &empt to deaete or
hydrofluoric acid solutions & shevn in Tables 5-7. The aerte), MONEL alloy 400 esists all concerdtions,

most commory used nikel alloy in processes containing ;1 to the boilina point (Gure 22). The pesence of small
hydrofluoric acid is MONEL ally 400. Nidel 200 and " g point (|gure 22).The p

INCONEL alloy 600 ae used ér some pplicaions. 248 — 120
025 O 0.24 .

Nickel 200 212 =50 Ty (<051 mm/c;.)za S;’mgzp:;:fcuwe —{100
While Nickel 200 shars excellent esistance to agldrous * e 068 1 06 ods_ ond o L
hydrogen fuoride, even a elevated tempeatures, its use g™ p2toa0 001 N g
in aqueous solutions of/trofluoric acid is usuayl limited ®140| 016 025 023 030 022 006 0.16 {60 ®
to tempeatures belev 180°F (82°C). Seere corosion 8 ozsfir % s a7 g
has occued on méernal exposed iroom tempeature to §104 ' 032 S -0 §
commecial acid of 60-65% conceition. The geneal 6810020802 10 O 0.002 2
resistance of Nkel 200 is summazed in the iso-cop- 0.62 0.040.05
sion dait shavn in Fgure 20. 32 0

0 10 20 30 40 50 60 70 80 90 100

Hydrofluoric acid concentration, %

Figure 22 — Corrosion data for MONEL  alloy 400 in
hydrofluoric acid. Corrosion rates are shown in mm/a.

Table 7 — Corrosion tests in hydrofluoric acid alkylation plants

Test conditions

Test 1. Inlet side of preheater channel. Liquid composition: 79-92% hydrofluoric acid, 0.8-2.5% water, remainder
isobutane and acid-soluble oil. Temperature: average, 120°F (49°C); max., 135°F (57°C). Duration of test, 111 days.

Test 2. | Outlet side of preheater channel. Composition same as Test 1. Temperature: average, 235°F (113°C); max.,
260°F (127°C). Duration of test, 111 days.

Test 3. | Top of regeneration column just below vapor outlet. Composition: 90-95% hydrofluoric acid and 5-10% isobutane.
Acid phase: 90-95% hydrofluoric acid, 0.5-2.5% water, 1.0-5.0% oil. Temperature: average, 275°F (135°C);
max., 300°F (149°C). Pressure, 120-150 psi (8.44-10.5 kg/cm?. Duration of test, 70 days.

Test 4. | Top of regeneration column. Composition: equal parts of 93% hydrofluoric acid and isobutane vapor.
Temperature: average, 215°F (102°C) ; max., 220°F (104°C). Duration of test, 49 days.

Test 5. Bottom of regeneration column in acid tar containing 1-10% hydrofluoric acid- water in a 1:1 ratio.
Average temperature, 250°F (121°C). Duration of test, 49 days.

Test 6. Bottom of regeneration column. Feed to column contains 85.2% hydrofluoric acid, 1.6% water and oils.
Test made beneath grid plate of column. Feed, 194 bbl per day. Temperature: average, 220°F (104°C); max.,
250°F (121°C). Duration of test, 45 days.

Test 7. | Bottom of dehydrator column beneath bottom plate. Feed contains 89.3% hydrofluoric acid and 1.6% water.
Feed rate, 15 bbl per day. Temperature: average, 225°F (107°C); max., 250°F (121°C). Duration of test, 45 days.

Test 8. Top of hydrofluoric acid stripper column above top tray. Composition of vapor 10% hydrofluoric acid
and 90% light hydrocarbons. Temperature: average, 110°F (43°C); max., 150°F (66°C). Duration of test, 117 days.

Corrosion rate, mpy (mm/a)

Material Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8
MONEL alloy 400 0.3 (0.008) 0.5 (0.01) 0.5 (0.01) 0.5 (0.01) 7.5(0.19) 7.1(0.18) 22 (0.56) 0.7 (0.02)
Nickel 200 1.1 (0.03) 3.5 (0.09) 13 (0.33) 14 (0.36) 11 (0.28) 18 (0.46) 68 (1.73) 0.7 (0.02)
INCONEL alloy 600 | 0.8 (0.02) 19 (0.48) 0.7 (0.02) 25 (0.64) 23 (0.58) 25 (0.64) |>130°(>3.30)| 0.5(0.01)
AISI 302 stainless steel - - - >110° (>2.79)| 36 (0.91) - - -
AlS| 304 stainless steel - - - 63° (1.60) 45 (1.14) 11 (0.28) [>120" (>3.05) -
AlS| 316 stainless steel - - - 1(0.03) 1.5 (0.04) - - -

(a) Completely corroded away. Original thickness was 0.032 in (0.81 mm).
(b) Perforated by pitting. Original thickness was 0.032 in (0.81 mm).
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amounts of educing sulfur compounds or sulfuacid is
not detimental. The allgy is also compatively insensi
tive to velocity efects and is widglused or citical com
ponentssuch as lubble cgs or \alves in contact with
flowing acid It is moe resistant to gneal corosion in
non-deaeated acid than mamore highly alloyed maerials.

In common with some other high-kiel alloys,
MONEL alloy 400 is subject to s#ss-corosion cadking
in moist, aewted tydrofluoric or hydrofluosilicic acid
vapor. Craking is unlikely, however, if the metal is com
pletey immersed in the acidAvoiding aestion is also
beneifcial. It is well known tha stress-corosion cadking
can be pevented ly eliminding tensile stsses on the
metal. For most metals a full anneal is emy#aol but for
MONEL alloy 400 he&ing for one hour beteen 1000
and 1200°F (538 and 648°Ghllowed ly slow cooling
is usualy suficient.

INCONEL alloys 600 and 690

INCONEL alloy 600 is esistant to dilute non-deaszd

hydrofluoric acid solutions up to 70°C (158°FJhe

presence of xidizing salts usual improves corosion
resistance Selectve corosion of weldments will occur
if they contain signitant amounts of niobium @

INCONEL filler metal 82 and INCONEL weiding

electode 182). igure 23 shws the gneal corosion-
resistance of INCONEL alfo600 in tydrofluoric acid

The reldive corosion esistance of INCONEL alis 600
and 690 is shan in FHgure 24.

INCOLOY alloys 800,825,020 and 25-6MO

INCOLOQY alloy 800 is lesseasistant to anfdrous tydro-
fluoric acid than the mgbderum-beaing INCOLOY
alloys. Hawever, they are not nedy as esistant as
MONEL alloy 400 to lydrofluoric acid solutions. &r
equipment wich cannot be stiss-elieved INCOLOY
alloy 825 is occasionafl used because of its high
resistance to sss-corosion cading. Aeration, or the
presence of xidizing salts,is beneicial. In geneal,
these allgs ae not used inydrofluoric acid sevice.

INCONEL alloys 622,625,C-276 and 686
These Ni-CiMo alloys do not dfer the damaically
improved corosion-esistance thathey do in some
other media and arnot as esistant as Nkel 200 or
MONEL alloy 400 in aqueousyldrofluoric acid
A compaison of the caiosion esistance of theavious

alloys discussed in non-deagxd tydrofluoric acid is
shavn in Hgure 24. In this ifure, the 20 my (0.51
mm/a) iso-corosion lines sha the oerall relaive
order of esistance to heén descending aler:

MONEL alloy 400

INCONEL alloys 686,622 & C-276/Nikel 200

INCONEL alloy 600/INCONEL ally 690

INCOLOQY alloy 825

INCONEL alloy 625

in most commatial concentations (<50%).

248 120 248 120
212 Atmospheric —100 212 RIONEL alloy 400 <20 mpy (<051 mmia)\_ | *\(mospheric —{100
0.81 boiling point curve over entire range boiling point curve
- | > . 60
°s176/053053 061 096 081 064 80 ;176 - 5
g 1833033 e g INcong, g
=] = 2 alloys 27 =2
©140 60 © © 140 6 6866 5, /v- -0 8
agJ_ 0.330.36 ~ 1.0 Oé_ Gé.)_ o Nekel 20 &
3 104 40 g 5 104 INCONEL alloy 825 40 @
F = = INCONEL alloy 690
0.05 0.07 0.16 0.19 o alloy 625N 20
68 20 68 \gg}eL
32 0 32 0
0 10 20 30 40 50 60 70 80 90 100 0O 10 20 30 40 50 60 70 80 90 100
Hydrofluoric acid concentration, % Acid concentration, %
Figure 23 — Corrosion data for INCONEL  alloy 600 in Figure 24 — A summary iso-corrosion chart for
hydrofluoric acid. Corrosion rates are shown in mm/a. 20 mpy (0.51 mm/a) data in hydrofluoric acid.
Pure phosphadc acid has no ééctive axidizing paver Nickel 200

and is tassifed as a nonxddizing acid much like dilute
sulfuric. Commecial phosphdc acid however, usualy
contains imputies su& as fuorides and blorides tha
markedly increase its capsiity. Oxidizing compounds,
sud as €rric salts,may also be pgsent to infience cor
rosion. Pssibly because ofafiations in impuity contents
of acids studiedpuHished corosion etes do not alays
agree The most commoglused ni&el alloys in pocesses
containing pue phosphac acid ae INCOLOY alloys
825,020 and 25-6MQand INCONEL ally G-3. For
aggressve, hot phosphac acid ewironments,especialy
those contamirtad with halides]NCONEL alloys 625,
622,C-276 and 686 arselected
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Nickel 200 has limited usefulness in phosphaacid
In pure, unaeeted acid corrosion etes ae low for all
concentations d amospheic tempeatures. In hot or
concentated acid rates ae usualy too high br the use
of commecially pure nickel.

MONEL alloy 400

MONEL alloy 400 has usefuksistance to parphosphac
acid Raes ae belav 10 myy (0.25 mm/a) ér all concen
trations & tempeatures up to 176°F (80°C). Higher tem
peratures and aetion can signitantly increase caosion
rates (Fgure 25). Corosion etes in cude phosphae acid
are likely to be high becausexidizing salts mg be
present.As little as 0.4% dmic ion ma increase the
corrosion ete of an allg by an oder of magnitude
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Figure 25 — Material selection chart for nickel alloys
in pure phosphoric acid.

INCOLOY alloys 020,825 and 25-6MO

INCOLQY alloy 825 has xcellent esistance to per
phosphoic acid d all concentations and tempetures up
to and intuding boiling 85% acidLaboratory and plant
corrosion testesults ag shevn in Table 8. In commarial
grade phosphdar acid emironments,significant pitting
or crevice corosion would limit the gplication of
INCOLOQY alloy 825.

INCOLOQOY alloys 020 and 25-6MO noprally offer
less esistance to coosion ty phosphac acid than
alloy 825, and ally 25-6MO is @neaglly less esistant
than allgy 020.

INCONEL alloy 600

INCONEL alloy 600 is esistant to all phosphioracid
concentations d& room tempeature. However, comrosion
rates incease apidly with tempeature so the allg is not
suiteble for use in hot acid

INCONEL alloys G-3,622,625,C-276 and 686

By virtue of their high bromium and motbderum
contentsas well as small aditions of niobium or tungsten,
INCONEL alloys G-3, 622, 625, C-276 and 686 he&
excellent esistance to phosphoracid In put, concen
trated boiling acid these allgs ae not better than
INCOLOQY alloy 825. Havever, they shawv supeior
resistance in the psence of gprecieble amounts of lalo-
rides and lfiorides,which may cause pitting of allp 825.
Wet piocess acid \@porators ae examples of sut an
ervironment. In a solution of 25% phospitoand 2%
hydrofluoric acid a boiling tempeature, INCONEL alloy
625 coroded & 2 mpy (0.05 mm/a) in a 48-hour test.
Longer tests in actual sdéce hae shovn very low
rates and no localed dtadk in evaporating wet-process

Table 8 — Laboratory corrosion tests of INCOLOY alloy 825 in pure phosphoric acid solutions
Concentration, T OIS Temperature, Duration of test, Corrosion rate,
% by wt °F (C) days mpy (mm/a)
45 Half immersed in liquid and vapor 145-155 30 0.6 (0.02)
while boiling in open beaker. (63-68)
Concentration varied with
evaporation and addition of water.
60 Immersed in boiling solution in Boiling 0.8 6.8 (0.17)
flask equipped with reflux condenser.
Average of three 20-h tests.
70 Immersed in boiling solution in flask Boiling 1 8.6 (0.22)
equipped with reflux condenser.
70 Immersed in boiling solution in flask Boiling 0.8 7.1 (0.18)
equipped with reflux condenser.
Average of four 20-h tests.
75 Immersed in solution of commercial 172 (78) 30 0.2 (0.005)
acid. Velocity, 800-1000 ft/min 185 (85) 30 0.3 (0.008)
(244-305 m/min). 194 (90) 30 0.3 (0.008)
203 (95) 30 0.5 (0.013)
221 (105) 30 1.3 (0.03)
75 Half immersed in liquid and vapor 240-260 30 3.9 (0.10)
while boiling in open beaker. (115-127)
Concentration varied with evaporation
and addition of water.
85 Immersed in boiling solution in flask Boiling 1 36 (0.91)
equipped with reflux condenser.
Average of three 24-h tests.
85 Immersed in boiling solution in flask Boiling 0.8 50 (1.27)
equipped with reflux condenser.
Average of four 24-h tests.
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phosphoic acid Results of other plantxposues br
INCONEL alloy 625 ae shavn in Table 9. The ¢genesl

resistance of INCONEL alie G-3 and C-276 is summa

rized in the iso-capsion tats shaovn in Hgures 26

and 27.
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Figure 26 — Iso-corrosion chart for INCONEL  alloy

C-276 in phosphoric acid.

Temperature, °F

A compaison of the Special Metals ajls ranks

the oder of corosion esistance in commeially pure
phosphoic acid in descending aler, as:

INCONEL alloy 686
INCONEL alloy C-276
INCONEL alloy 625
INCONEL alloy G-3
INCOLOY alloy 825
MONEL alloy 400

350

5-20 mpy
(0.13-0.51 mm/a)
300 150
o
250 -
Boiling point curve g
212 —100 &
200 g
5
150 =
<5 mpy
(<0.13 mm/a) —150
100

0 10 20 30 40 50 60 70 80

Phosphoric acid concentration, %
Figure 27 — Iso-corrosion chart for INCONEL  alloy
G-3 in phosphoric acid.

Table 9 — Corrosion tests of INCONEL alloy 625 in phosphoric acid environments

Test conditions

28% wet process phosphoric acid (20% P,05) 20-22%
sulfuric acid, about 1-1.5% fluoride probably as fluosilicic
acid. Aeration, moderate. Agitation, natural convection only.

55% wet process phosphoric acid (40% P,O5 equivalent)
containing 3% sulfuric acid and suspended calcium sulfate;
slurry. Gases containing water and fluorine compounds are
evolved at the exposure area. Aeration, none. Agitation,

50 ft/min (15 m/min).

99% wet process phosphoric acid (72% P,0s), 3.7% sulfuric
acid (3% SOg), 0.5% fluoride. Aeration, moderate. Agitation,
only sufficient to break up foam.

Exhaust gases from evaporator, entrained phosphoric acid,
sulfuric acid vapor, sulfur trioxide, nitrous acid, silicon
tetrafluoride, water vapor; sprayed with water containing
0.1% phosphoric acid, 0.06% sulfuric acid, 0.1% combined
fluoride. Aeration, extensive. Agitation, constantly sprayed
with water.

Gases containing hydrofluoric acid, silicon fluoride,

sulfur dioxide with entrained phosphoric acid (72% P,0s),
3.7% sulfuric acid (3% SOs). Aeration, extensive.
Agitation, fast-moving gas stream.

Temperature, Duration Corrosion rate,
°F (°C) of test mpy (mm/a)
180-230 42 days 1.4 (0.04)
(82-110)

230-234 112 hours 59 (1.50)
(110-112)

60-600 20.8 days 14.8 (0.38)
(15-315)

50-355 20.8 days 12.9 (0.33)
(10-180)

60-650 20.8 days 2.1 (0.05)
(15-343)

24



Nitric Acid

Nitric acid is stongly oxidizing and because of this,
alloys with the besteasistance arthose thiaform passre
oxide films. Thus,alloys with signifcant diromium con

tents ofer much greaer resistance than those with lesser

amountsWhile nidkel alloys ofer good tesistance to per
nitric acid they are paticulady effective in mixed acid
media (eg. nitric with reducing acids sticas sulfuic
or phosphdc). When small amounts ofhtorides or
fluorides ae present, Ni-Cr-Mo alloys shev supeior
resistance

Nickel 200 and MONEL alloy 400

Nitric acid of geder than 0.5% concemtion rapidly
attadks both Nidel 200 and MONEL allp 400.

INCOLOY alloy 800

Because of its momium content]NCOLOY alloy 800
offers excellent esistance to niic acid It also ofers
stress-corosion esistance signiantly supeior to
austenitic stainless steels. wkwver, like INCONEL ally
600 and non-stilized stainless steeiscan be sensited
and made subject to inggarular atad< by prolonged
heaing in the 1000-1400°F (538-760°C) temgare
range.

INCOLOY alloy 825

Because of its highhtomium, INCOLOY alloy 825 has
excellent esistance to niic acid solutions taall concen
trations and tempetures up to and irading boiling
65%. The alloy is stdilized aainst sensitizion by
its adlition of titanium.Thus, exposue to intemedide
tempeestures duing welding or stess elieving ale not
detimental. Pst-weld hea treament bebre use in
oxidizing acid media is not norally required

INCONEL alloys 600 and C-276

These allys, containing aproximately 16% diromium,
are resistant to nifc acid in concenétions over 20% &
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[ay
o
m

IS o ©
I I I

N
I

Average corrosion rate, mpy

18
1
0.03 |ﬂ| ] | |

INCONEL INCOLOY INCONEL INCONEL INCONEL
alloy 690 alloy 825 alloy 625 alloy 600 alloy C-276

o

Figure 28 — Average corrosion rates for nickel alloys
in 10% nitric acid at boiling temperatures.

room tempeature. In 10% boiling acidINCONEL alloy
600 is ecellent (Fgure 28). Havever, it can be sensited
and shw high integrarular corosion etes in hot acid
Exposue to intemedide tempeatures can sensite
the allgys, resulting in susqaibility to intergrarular
corrosion.

INCONEL alloy 690

With its higher @iromium content (30% ersus 16%),
INCONEL alloy 690 ofers signifcantly improved esist
ance to nitic acid in compason to ally 600. INCONEL
alloy 690 ehibits lower corosion etes than INCONEL
alloy 625 in mixed nitic/hydrofluoric acid media as
illustrated inTable 10.

INCONEL alloy 625

INCONEL alloy 625 has god esistance to niic acid
A corrosion ete of 30 my (0.76 mm/a) in boiling 65%
acid is typical. It is stailized ajainst sensitizgzon and
does not equire post-veld hea treaments bedre use in
oxidizing acids. In a boiling 15% nit/3% hydrofluoric
acid solutionwhere AISI 316 stainless steel coded &
236 my (5.99 mm/a)NCONEL alloy 625 coroded &
only 34 myy (0.86 mm/a).

Table 10 - Isothermal corrosion rates at 203°F (95°C) in nitric-hydrofluoric acid.
Coupons tested for 120 h at 30 mi/cmz. Solutions changed three times.

Penetration rate, mpy (mm/a)

Alloy Matrix wrought alloy Welded alloy

10M HNO; - 0.01M HF 10M HNO; - 0.1M HF 10M HNO; - 0.1M HF
INCONEL alloy 690 9 (0.23) 63 (1.60) 68 (1.73)
INCONEL alloy 625 18 (0.46) 147 (3.73) 170 (4.32)
INCOLQY alloy 825 28 (0.71) 206 (5.23) 230 (5.84)
AISI 304 21 (0.53) 248 (6.30) 190 (4.83)
INCONEL alloy C-276 134 (3.40) 841 (21.36) 760 (19.3)
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Organic Acids

With few exceptions, organic acids & weak and non-
oxidizing. Those most commoynl encountezd ae the
monocarbaylic acids — érmic, aceti¢ propionic, and

butyric. In geneal, the corosiity of these acids becomes

wealer as the length of their carbomain becomes loreg
Thus, formic is most caiosive, followed ky acetic etc
As with other non-gidizing acids,aeetion and temper
ture usualy increase cawosion.

Nickel 200

Nickel 200 has xxellent esistance to ganic acids of
all concentations if little dissohed okygen is pesent.
However, corrosion etes in aested media can be high.
For example in 85% acetic acid sarated with air &
ambient tempetures,a corosion ete of 400 my (10.2
mm/a) has been obsed In similar testsNickel 200 in
acetic acid of 0.1% concestion coroded & 10 mpy
(0.25 mm/a) and in 5% acidt 40 mpy (1.02 mm/a).
Table 11 shavs the esistance of Niel 200 to comosion
by acetic and other ganic acids underarious conditions.

MONEL alloy 400

MONEL alloy 400 is g¢nearlly not as esistant as the other
nickel-based allgs to most aganic acids. In aifree
acetic acid aroom tempesture, rates ae less than 4 nyp
(0.120 mm/a) ér all concentations.Aeration and temper
ture tend to inazase ates,however, and the gadual acae-
tion of cupic ions as caosion poducts ggravates dtadk
in an autockalytic manner In acetic acid of mer than
50% concenttion, the rates bgin to fall and in a test in
glacial acid &230°F (110°C) theate was ony 13 mpy
(0.33 mm/a). MONEL allp 400 has been usedrfdistil-
lation of fatty acids &tempeatures up to 500°F (260°C).

INCOLOY alloys 800,825,020 and 25-6MO

INCOLOQY alloy 800 behaes quite simildy to austenitic
stainless steelshven eposed to aganic acidsAlthough
laboratory dda ma sugyest an ppropriate corosion
resistanceactual pactice is to emplp a moybderum
beaing alloy instead The pesence of mghderum in
INCOLOQY alloys 825,020 and 25-6MO rély enhances

Table 11 — Corrosion-resistance of Nickel 200 in organic acids
. - Temperature Duration of Corrosion rate,
Acid Conditions °E (C) test, days mpy (mm/a)

Acetic anhydride 99%, plus acetic acid 1% In a still 310 (154) 638 0.2 (0.01)
Acetic anhydride 60%, plus acetic acid 40% In a still 284 (140) - 0.6 (0.02)
Butyric acid Distillation, liquid 230-265 (110-130) 32 36 (0.91)
Distillation, vapor 212-250 (100-121) 7 9 (0.23)
2% Butyric acid Liquid Room 7 2.3 (0.06)
Liquid 160 (71) 10 5.4 (0.14)
2% Citric acid Lab. immersed Room 5 0.8 (0.02)
Lab. immersed 160 (71) 10 5.5 (0.14)
Lab. aerated 180 (82) 3 34 (0.86)
5% Citric acid Lab. immersed 86 (30) 7 5(0.13)
Lab. aerated 86 (30) 7 15 (0.38)
Lab. immersed 140 (60) 7 20 (0.51)
58% Citric acid Lab. immersed Boiling 7 17 (0.43)
90% Formic acid Storage tank, liquid Atm 14 4 (0.10)
Storage tank, vapor Atm 7 7 (0.18)
In still, liquid 212 (100) 8 18 (0.46)
In still, vapor 212 (100) 27 7 (0.18)
50% Hydroxyacetic acid Lab. immersed 86 (30) 7 0.3 (0.01)
Lab. immersed Boiling 7 7.6 (0.19)
2% Lactic acid Lab. immersed Room 7 2.1 (0.05)
Lab. immersed 160 (71) 7 3.4 (0.09)
10-22% Lactic acid Vac. evaporator 130 (54) 15 51 (1.30)
85% Lactic acid Lab. immersed Room 7 2.7 (0.07)
Up to 85% Lactic acid Vac. evaporator, liquid | 120-180 (49-82) 120 10 (0.25)
Vac. evaporator, vapor | 120-180 (49-82) 120 11 (0.28)
66% Propionic, 17% Iso-butyric, 17% n-butyric acids Reboiler liquid 300 (149) 21 24 (0.61)
57% Tartaric acid Vac. evaporating pan 130 (54) 10 7.5(0.19)
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the iesistance of these aji®to corosion ty organic acids.
They are highly resistant een to boiling concengted
acetic acid acetic-brmic acid mixtues, and maleic and
phthalic acids. Da from leboratory comrosion tests dr
INCOLOY alloy 825 ae shavn in Table 12.

Table 12 — Corrosion-resistance of
INCOLOY alloy 825 in 20-hour tests
in boiling 10% organic acid solutions

Acid Corrosion rate,
INCONEL alloy 600 mpy (mm/a)
INCONEL alloy 600 has d#sfactoly resistance to hot, Acetic <0.1 (<0.003)
concentated oganic acids sutas brmic or aceticlt has Formic 2.5 (0.06)
outstanding esistance to ambient tempiire acetic Lacti 0.3 (0.008
acid and to hotfatty acids suk as steac, oleic, linoleic actic -3 (0.008)
and dietic Maleic 0.1 (0.003)
Phthali 0.1 (<0.003
INCONEL alloys G-3,625,C-276 and 686 —— < 20(251 )
INCONEL alloy 625 has xcellent esistance to ganic xale 051
acids. Results éim 48-h Idoratory tests in boiling acid
solutions ae glacial acetic — <1 nyp(<0.03 mm/a)l:1
acetic-acetic anpdride — 4 my (0.10 mm/a)10% acetic
+ 2% formic — 1 my (0.03 mm/a)and 5% brmic — 3
mpy (0.08 mm/a). INCONEL allgs G-3 and C-276 ar
also esistant to @anic acidsTables 13 and 14 shwotheir
resistance to boilingofmic and acetic acid solutions.
INCONEL alloy C-276 is peferred for the moe seere
sewvices,suc as acid eaporators or eboilers.
Table 13 - Corrosion-resistance of nickel alloys in 24-hour tests in boiling 40% formic acid
Corrosion rate
Alloy
mpy mm/a
INCOLOY alloy 825 7.9 0.2
Nickel 200 10.3-10.5 0.26-0.27
MONEL alloy 400 1.5-2.7 0.038-0.068
INCONEL alloy 600 10.0 0.25
INCONEL alloy G-3 1.8-2.1 0.046-0.05
INCONEL alloy 625 6.8-7.8 0.17-0.19
INCONEL alloy C-276 2.8-2.9 0.07-0.074
Table 14 - Corrosion-resistance of nickel alloys in four 24-hour tests in boiling acetic acid
AcEiE A Corrosion rate
Alloy concentration
mpy mm/a
INCOLOY alloy 825 10% 0.60-0.63 0.0152-0.0160
INCONEL alloy 625 10% 0.39-0.77 0.01-0.019
INCONEL alloy C-276 10% 0.41-0.45 0.011-0.0114
INCONEL alloy 686 80% <0.1* <0.01*

*Test was run according to MTI procedure.
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SPECIAL

AYA METALS

Corrosion ly Alkalies

Corrosion etes in tiemical pocessing media usugltiecease as the
pH increases. In alkaline solutiortbe tydrogen ion is pesent in ery
low concentations. Havever, mary metals pass tbugh a mininam
corrosion ete & some pHusually basic and then sudiér inceased
corrosion as pH contires to ise Quite often cawosion ly alkalies
leads to pitting and other locadid dtadk because thetend to brm
cahodic flms, and d@tad is concentated d suscetible anodic agas.
Austenitic stainless steels and othev lickel maerals may sufer
either stess-carosion cading or geneal corosion in hot concen-
trated caustic

Resistance toteadk by alkalies g@neglly improves with inceasing
nickel content. Results of both plant antdatory tests some of
which ae shovn in Tables 15,16 and 17shav tha Nickel 200 and
high-nidkel alloys ae highly sdisfactol for handling these nianals.
The most commoglused nikel alloys in alkali ppcess media ar
Nickel 200,MONEL alloy 400,and INCONEL allgs 600 and 625.

Nickel 200
The outstanding coosion thamacteistic of Nickel 200 is

its resistance to caustic soda and other alkalies (ammonium

hydroxide is an gception). Nidkel 200 is not #adked by
anhydrous ammonia or ammoniunydiroxide in concen
trations of 1%. Stnger concengtions can causeapid
attadk in the pesence of dissobd okygen.

Nickel 200 shais excellent esistance to all concenir
tions of caustic soda (sodiunydroxide) & tempeatures
up to and inluding the molten sta. Belov 50% concen
tration, corrosion etes ae ngligible, being usuall less
than 0.1 mp (0.003 mm/a) een in boiling solutions.
As concentations and tempetures incease corrosion
rates incease ety slovly. The gneal resistance of
Nickel 200 is summadzed in the iso-copsion dait
shavn in Fgure 29.

The dief factor infuencing the behaor of nickel in
highly concentated caustic soda is thetnee of the fim
formed duing exposue to the caustidJnder most conédli
tions,a potective film of black nickel oxide is ormed tha
results in a m&ed decease in capsion ates wer long
exposue. For example specimens of Nkel 201 were
exposed to a caustic solution made dxtling 500 cc of
water to 2 kg of tenical gade fake caustic dllowed ky
heding in a Nidkel 201 pot &ia tempeature of 790-830°F
(412-443°C)The corosion ate duing the frst 24 hous
averaged 21 mp (0.53 mm/a).The specimens &e put
bad into test without @moval of their xide coding. At
the end of a wek,the orerall corosion etes had dypped
to an aerage of 2.8 mp (0.07 mm/a).The test \as

contirued br another wek with the same specimens.

The aerage rate of corosion, 2.8 my (0.07 mm/a),
was maintained

The pesence of ldorates in caustic soda solutions
increases the cavsion mtes of Nidkel 200 considebly
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Figure 29 — Iso-corrosion chart for Nickel 200 and
201 in sodium hydroxide.
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Table 15 — Plant tests in 23% caustic soda
in tank receiving liquor from evaporator.
Average temperature, 220°F (104°C)

Material C(;r;;si(%n:ﬁ;e ’
Nickel 200 0.16 (0.004)
MONEL alloy 400 0.20 (0.005)
INCONEL alloy 600 0.17 (0.004)




(Table 18). In viev of these hanful effects,it is adviseble
to remove dlorates as thawughly as possile bebre
evaporation in the high-tempeture range in the pesence
of nickel.

It is also knavn tha the pesence of xidizable sulfur
compounds tends to iremse the coosiveness of caustic
toward nickel. This efect is noted pmarly with the
sulfides sub as lydrogen sulfde, mercgptans,or sodium
sulfide and to a mch lesser xtent with patially oxidized
compounds surtas thiosultes and suifes (Table 19).

It has beendund tha the efect of widizable sulfur
compounds can bevaided ty the adlition to the caustic
solution of suficient sodium pesxide to idize them to
sulfates.An excess of peaxide does not seem to alter the
corrosiveness of caustic sodanard nidkel.

As in other emironmentswhen nidkel is to be used
above 600°F (315°C)the pefered maerial is the lav-
carbon gade Nickel 201.

MONEL alloy 400

Because of its high rikel content MONEL alloy 400 is
neaty as esistant as Nlel 200 to caustic soda thugh
most of the concerdiion range, although subject to
stresseorrosion cadking in stong alkalis & elevated
tempeetures. The corosion ates of MONEL ally 400
are higher in highl concentated caustic soda and caustic
potash &high tempeatures. MONEL ally 400 is esist
ant toantydrous ammonia and to ammoniurgdnoxide
solutions of up to 3% concendtion in the &sence of
dissohed oxygen.

INCOLOY alloys 800,825,020 and 25-6MO

While these allgs hare ecellent esistance to alkaline
solutions,with a corosion mte of 0.5 my (0.01 mm/a)
in boiling 50% sodium ydroxide, they are not asesistant
as Nikel 200 and a seldom used in alkaline \éron-
ments unless other acosives ae involved They also can

Table 16 — Laboratory corrosion tests, mpy (mm/a), in boiling 30 and 47% caustic potash for 26 days

30% KOH 47% KOH
; saturated with KCI 0.05% KCIO 4 saturated with KCI 0.078% KCIO 4
Material
Liquid Vapor Liquid Vapor
Nickel 200 0.2 (0.005) 0.1 (0.003) 0.1 (0.003) 0.3 (0.008)
INCONEL alloy 600 0.1 (0.003) 0.1 (0.003) 0.4 (0.010) 0.1 (0.003)
Table 17 — Laboratory corrosion tests of Nickel 200 in 75% caustic soda
Caustic Temperature, Corrosion rate,
concentration, % °F (°C) Duration of test, h mpy (mm/a)
75 250 (121) 20 1.0 (0.025)
75 400 (204) 48 0.8 (0.020)

Table 18 — Laboratory corrosion tests in evaporation of caustic soda from 73-96%, with and without chlorate

Corrosion rate, mpy (mm/a)
Material
Without chlorate With 0.30% chlorate
Nickel 200 1.5 (0.038) 260 (6.60)
INCONEL alloy 600 2.2 (0.056) 380 (9.65)

Temperatures, 360-840°F (182-449°C). Duration of tests, 24 hours.

Table 19 - Effect of oxidizable sulfur compounds on corrosion of Nickel 200 in caustic soda

Corrosive Corrosion rate, mpy (mm/a)

Commercial sodium hydroxide being concentrated from 50 to 75% NaOH 1.7 (0.04)
(sulfur content at start, calculated as H,S, 0.009%)

75% chemically pure sodium hydroxide 0.6 (0.015)
75% chemically pure sodium hydroxide plus 0.75% sodium sulfide 22.8 (0.58)
75% chemically pure sodium hydroxide plus 0.75% sodium thiosulfate 7.9 (0.20)
75% chemically pure sodium hydroxide plus 0.75% sodium sulfite 5.2 (0.13)
75% chemically pure sodium hydroxide plus 0.75% sodium sulfate 0.6 (0.015)

Temperatures, 226 + 9°F (108 + 5°C). Duration of tests, 19-22 hours.
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suffer stess-corosion cading in hot concengted
alkalis. These allgs ae resistant to ammonia and anmo
nium hydroxide solutions under most s@e conditions.

INCONEL alloy 600

For high-tempeature caustic pplications in which sulfur

is present)]NCONEL alloy 600 is peferred to Nidel 201.
However, alloy 600 can sudér stess-corosion cadking

in some alkali evironments. Br this eason,alloy 600

components should be a$s elieved pror to use and
opewrting stesses should beept to a mininum.

INCONEL alloy 600 esists sodiumydroxide & boiling

tempestures in concenétions thiough 80%.Test esults
in sodium lydroxide & 572°F (300°C) & shavn in

Table 20.

As with Nickel 200,the pesence of ldorates in caus
tic soda inceases caosion etes. Because of itshoomi-
um content)NCONEL alloy 600 is almost enty resist
ant to @ad by solutions of ammoniaver a complete
range of concenttions and tempetures.

INCONEL alloys 622,625,C-276 and 686

While they offer excellent corosion esistanceNi-Cr-Mo

alloys ae not nomally required for sewvice in uncontam
inated caustic erironments. They can ofer some
advantayes in halide-contamied ewironments.

Table 20 - Performance of nickel alloys in boiling caustic solutions (Average of duplicates)
Alloy concNeﬁgaF:ion Test period, h Corrosion rate, mpy (mm/a)

Nickel 200 50% 720 <1 (<0.025)
MONEL alloy 400 50% 720 <1 (<0.025)
INCONEL alloy 600 50% 720 <1 (<0.025)
INCOLOY alloy 825 50% 720 <1 (<0.025)
INCONEL alloy 625 50% 720 <1 (<0.025)
INCONEL alloy C-276 50% 720 <1 (<0.025)
INCONEL alloy 600 10% 504 Nil
INCONEL alloy 600 20% 504 Nil
INCONEL alloy 600 30% 504 <1 (<0.025)
INCONEL alloy 600 40% 504 <1 (<0.025)
INCONEL alloy 600 50% 504 <1 (<0.025)
INCONEL alloy 600 60% 504 4.1 (0.10)
INCONEL alloy 600 70% 504 2.7 (0.07)
INCONEL alloy 600 80% 504 <1 (<0.025)
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SPECIAL

AYA METALS

Corrosion ly Salts

When dissoled in water, salts incease their condueity and theeby
are ale to cary higher corosion curents.Therefore, galvanic efects
are moe ponounced in salt solutions than in pwater. Salts my
be caegorized and their coosive darmacterstics deined and anked
(Table 21).

The most commoglused nikel alloys in piocess evironments
containing sulite salts a& INCOLOY alloys 25-6MQ 825 and 020
and INCONEL allgs G-3,625,622,C-276 and 686. ¢t processes
using dloride saltsthe most commowlused meenals ae MONEL
alloy 400 (for reducing conditions)NCOLOQY alloys 25-6MQ 825
and 020and INCONEL allgs G-3,625,622,C-276 and 686.

Nickel 200 and MONEL alloy 400

Nickel 200 and MONEL allp 400 ae not subject to
stress-corosion cadking in ary of the dloride salts and
have ecellent gneal resistance to all of the norxidizing
halides.This behaior is illustrated ty tests conducted in a
potash liquor 8235°F (113°C) consisting of 21% KCl,
14% NacCl,1.0% CaCJ, 0.1% CaSQ@ and 2.5% MgCl

with a pH of 7.1After 1000 hous, MONEL alloy 400 and
Cu-Ni alloys coroded @neally at low, measuable rates.
No generl atadk occured on the Ni-EB-Cr and ion-
based allgs. Ni-Fe-Cr alloys with less than 6% mybde
num sufered pitting or cevice corosion. Alloys with
lower nidkel content diled ly stress-corosion cadking.
Grade 12 titanium »pelienced cevice corosion under
nedah aTeflon washer (@ble 22).

Table 21 - Classification of salts by corrosive characteristics

Characteristic pH

Halide

Non-halide

Neutral

Sodium chloride
Potassium chloride

Sodium sulfate
Potassium sulfate

Neutral and Alkaline-Oxidizing

Sodium hypochlorite
Calcium hypochlorite

Sodium nitrate
Sodium nitrite
Potassium permanganate

Acid Magnesium chloride Potassium bisulfate
Ammonium sulfate
Aluminum sulfate

Acid-Oxidizing Cupric, ferric, mercuric, stannic chloride Cupric, ferric, mercuric, nitrate,
or sulfate

Alkaline Potassium fluoride Sodium and potassium

phosphates, carbonates

Table 22 - Corrosion test results for various alloys in potash liquor at 235°F (113°C). Duplicate U-bent
stress-corrosion cracking specimens with PTFE insulators tested for 1000 h

Corrosion rate, Crevice

Alloy mpy (mm/a) Pitting corrosion* SCC

MONEL alloy 400 0.5 (0.01) No No No
0.6 (0.02) No No No

INCONEL alloy 800 <1 (<0.025) Yes No No
— Yes Yes No

INCOLOY alloy 825 <1 (<0.025) Yes No No
— Yes No No

70-30 Cu-Ni 0.5 (0.01) No No No
0.5 (0.01) No No No

90-10 Cu-Ni 0.4 (0.01) No No No
0.4 (0.01) No No No

Ti-12 <1 (<0.025) No Yes No
- No Yes No

*Crevice corrosion under PTFE U-bent bolt insulator.
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The «idizing acid dlorides sub as &rric, cuptic and
mercuric are very corrosive and should not be used unless
their concenttion is \ery low. Mercuric salts cause
liquid metal cadking because of eledchemical educ
tion of mecuric ions to metallic maury a cahodic sites.
Stannic tloride is less singly oxidizing and Ni&el 200
can withstand dilute solution$ @om tempeature.

The idizing alkaline tlorides can cause pitting if the
maximum saé limit (500 ppm wailable chlorine for
continuous e&posur) is eceeded The corosion of
Nickel 200 in sodium ypodlorite steilizing solutions &
77°F (25°C) vas 0.1 mp (0.003 mm/a) 835 ppm aail-
able chlorine, 0.3 mpy (0.008 mm/a) 8100 ppmand 0.8
mpy (0.02 mm/a) 8500 ppm. Br intemittent exposue,
as in tatile bleacding followed by rinsing and scoimg,
concentations up to 3 g/l of ailable chlorine can be
handledAs little as 0.5 ml of 1.4 speaifgravity sodium
silicate per liter of beadch is an efective inhibitor

A mixed goup of wery reactve and corosive
chlorides — phosphaois ocychloride, phosphous tichlo-
ride, nitrosyl dloride, benzyl tloride, and benayl
chloride — ae commony contained in Nikel 200.

Nickel 200 hasxcellent esistance to newtand alka
line salt solutions. Ean under seere exposue conditions,
rates ae usual less than 5 mp(0.13 mm/a),Table 23.
In acid salts,corosion gtes mg vary considegbly, as
shavn in Table 24.

INCOLOY alloys 800,825,020 and 25-6MO

INCOLOQY alloy 800 does not v the same dpee of
resistance to stng dloride solutions as do Nkel 200,

INCONEL alloy 600 or MONEL allg 400. It is subject to
pitting in stong neutal and acid lslorides. Havever, it is
resistant to sess-corosion cading in these media. In
salts other than the haliddslCOLOY alloy 800 ehibits
excellent esistance to a wideavety of both «idizing
and non-agidizing salts.

Because of their mgbderum contents,INCOLOY
alloys 825,020 and 25-6MO ar much moe resistant to
pitting and cevice corosion in tloride solutions than
alloy 800.Again, apprecisble amounts of xidizing acid
chlorides will lead to pitting/avice corosion and onl
very dilute solutions can be handledNCOLOY alloys
825 and 020 arhighly resistant to séiss-camsion caking
in chloride media. Because of itswer nidkel content,
INCOLQY alloy 25-6MO is not asesistant to leloride
stress-carosion cadking as the allgs with higher nikel
contentAll these allys echibit resistance to sss-carsion
cradking vastly supeior to tha of austenitic stainless steels.

INCOLOQY alloys 825 and 25-6MO arresistant to all
classes of saltsxeept the «idizing halides.

INCONEL alloy 625LCF and INCOLQY alloy 864

In some aplicaions (eg. automotve components),
resistance to salts under attaing wet and dy conditions
(cycling from cool to eleated tempeature and splashing
on hot components) iequired In sud cases aqueous
chloride stess-corosion cading and pitting as el as
oxidation and integrarular salt #tad at high tempesture
are possite failure medanisms. INCONEL allp
625LCF and INCOL® alloy 864 hae shavn excellent
resistance to thesaifure medanisms.

Table 23 — Corrosion-resistance of Nickel 200 in neutral and alkaline salt solutions

Corrosive Exposure condition C%;;Si(?n:i)e’
Cobalt acetate In evaporator at 225°F (107°C) for 950 h. 4 (0.10)
Sodium metasilicate In evaporator concentrating solution to 50% at 230°F (110°C) for 42 days. 0.02 (0.001)
Sodium sulfate Saturated solution at 170°F (77°C), pH 9-10, in slurry tank for 48 days. 0.8 (0.02)
Sodium hydrosulfide 45% solution in storage tank at 120°F (49°C) for 367 days. 0.1 (0.003)

Table 24 — Corrosion-resistance of Nickel 200 in acid salt solutions

Corrosive Exposure condition BBl S,
mpy (mm/a)

Aluminum sulfate Quiet immersion in 25% solution in storage tank at 95°F (35°C) for 112 days. 0.6 (0.02)
In evaporator concentrating solution to 57% at 240°F (115°C) for 44 days. 59 (1.50)

Ammonium chloride In evaporator concentrating 28 to 40% at 216°F (102°C) for 32 days. 8.4 (0.21)

Ammonium sulfate In saturated solution containing 5% sulfuric acid in suspension tank during 3.0 (0.08)

plus sulfuric acid crystallization at 106°F (41°C) for 33 days.

Manganese chloride plus Immersed in boiling 11.5% solution in flask equipped with reflux condenser 8.7 (0.22)

some free hydrochloric acid at 214°F (101°C) for 48 h.

Manganese sulfate In evaporator concentrating 1.25-1.35 specific gravity at 235°F (113°C) 2.9 (0.07)
for 11 days.

Zinc chloride In evaporator concentrating 7.9 to 21% at 100°F (38°C) under 26-28 in 4.6 (0.12)
(66-71 cm) vacuum for 210 days.
In evaporator concentrating 21 to 69% at 240°F (115°C) under 15-18 in 40 (1.02)
(38-46 cm) vacuum for 90 days.

Zinc sulfate Saturated solution containing trace of sulfuric acid in evaporating pan at 25 (0.64)
225°F (107°C) for 35 days with vigorous stirring.
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INCONEL alloy 600

The comments madeif Nickel 200 and MONEL allp
400 ae eneally applicable to INCONEL ally 600 as
well. However, in oxidizing acid salts INCONEL allp
600 is supeor. This resistance does nottend to solutions
containing aidizing acid ¢lorides. INCONEL ally 600
is practically unafected ly silver nitrate solutions and is
used &tensvely in the manfactue of photagraphic
materials containing siler salts.

The allgy is one of thedw mdaerials suitdle for use
with strong hot solutions of mgnesium bloride. In adlition
to the agtantage of its lav rate of corosion,less than 1 mp
(0.03 mm/a)jt shavs no tendencto sufer stess-carosion

cracking. At liquid-air interfaces, pitting may occur
In nitrosyl dloride over 110°F (43°C)INCONEL alloy
600 is peferred to Nidkel 200.

INCONEL alloys 622,625,C-276 and 686

Because of their high mgdderum contentsthese Ni-Cr
Mo alloys ae \ely resistant to pitting and @rice corosion.
U-bent specimens subjected to 45%gmesium bloride
for various e&posue pefods shaved no ®&idence of
craking. The Ni-CkEMo alloys ae \ery resistant to all
classes of saltsTable 25 shavs results 6r INCONEL
alloy 625 in \arious salt emironments.

Table 25 — Corrosion testing of INCONEL alloy 625 in salt-containing media

Temperature,

Test conditions °F (°C)

Duration
of test

Corrosion rate,

mpy (mm/a)

Max. pitting depth,
mil (mm)

70-200
(21-93)

Five solutions, each singly; 40% calcium
chloride, pH 2, 35% of time; 40% zinc sulfate,
pH 1.8, 35% of time; 3-30% aluminum sulfate,
pH 3, 15% of time; 40% magnesium sulfate
pH 3, 10% of time; 40% zinc chloride, pH 1.8,
5% of time. Aeration, moderate. Agitation,
lightnin’ mixer.

73 days

0.1 (0.003)

1 (0.03)

Cuprous chloride, cuprous cyanide,
p-chlorophenol-N-methyl pyrolidone,
p-cyanophenol. Aeration, none.
Agitation, by boiling only.

455 (235)

43 h 0.5 (0.013) -

5-20% cyanuric chloride in carbon -
tetrachloride or toluene, 0.5% chlorine,
0.3% cyanogen chloride, hydrogen
chloride and phosgene.

- 0.5 (0.013) 1 (0.03)

Zinc chloride up to 71% (72° Be).
Aeration, none; under 28 in. (71 cm)
vacuum. Agitation.

225 (107)

35 days 0.3 (0.008) 3 (0.08)

51% magnesium chloride, 1% sodium
chloride, 1% potassium chloride, 2%
lithium chloride as concentrated from
natural Bonneville brines of 33% solubles.
Aeration, little. Agitation, moderate.
330-335
(165-168)
330-355
(165-180)

Liquid phase

Vapor phase

100 h with brine

only, 20 h with

0.2% fluosilicic
acid and
0.1% HF

2 (0.05) -

3 (0.08) -

335-355
(168-180)

53% magnesium chloride, 1% sodium
chloride, 1% potassium chloride, 2%
lithium chloride as concentrated from
natural Bonneville brines of 33% solubles.
Aeration, little. Agitation, moderate

to considerable.

200 h 0.5 (0.013) -

335-345
(168-174)

Vapor phase above 53% magnesium
chloride with 8,000-10,000 ppm hydrochloric
acid in condensate. Aeration, air-free

after start-up.

200 h 4 (0.10) -

Vapors over 50% magnesium chloride
with 500-4000 ppm hydrochloric acid in
condensate and 1000 ppm magnesium
chloride. Aeration, moderate after start-up.
Agitation.

310 (154)

45 h 2 (0.05) Scattered pits

50% magnesium chloride solution plus
1% sodium chloride, 1% potassium
chloride, 2% lithium chloride,
concentrating natural Bonneville brine
from 33% soluables to 50%. Aeration,
little. Agitation, moderate.

310 (154)

45 h 0.8 (0.020) Scattered pits
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High contents of mgbderum and @romium along
with lesser contents of some minor glltg elements (@.
tungsten or niobium) inease theasistance of niel-based
alloys to acid blorides. INCONEL allgs 686,622 and
C-276 shwv the highest esistance followed Ly
INCONEL alloy 625,down to INCOLOY alloy 25-6MOQ,
down to INCOLOY alloy 825,down toAlSI 316 stainless
steel. In extreme cevice corosion conditions (v pH,
oxidizing halides and high-tempature), the ank oder of
the Special Metals aNs, see kgure 30, would be in
descending aler:

INCONEL alloy 686
INCONEL alloy 622
INCONEL alloy C-276

Though maoybderum is the pme alloying ingredient
used to pevent pitting and @vice corosion, tungsten
also has a sigridant efect. In Fgure 30,UNS NO06455,
which contains no tungsterexpeliences mch greder
attadk than INCONEL ally C-276 which contains 4%
tungsten.The same ééct is seen ven compang UNS
NO06059, which contains no tungstemnyith INCONEL
alloy 686 which contains 4%.

|

%300 [ |INCONEL alloy C-276 UNS N06455

INCONEL alloy 686 (no attack)

| INCOLOY alloy C-276
At | UNS N06022
125°C | UNS N06200
JINCOLOY alloy 622

INCONEL alloy 686 (no attack)
At | UNS N06059
135°C |l INCONEL alloy 686
At |
140°C - INCONEL alloy 686 UNS N06059

0 0.25 0.5 0.75 1.0 1.25 15 1.75

Maximum Attack Depth (mm)

Figure 30 — Relative resistance of nickel-based alloys to crevice corrosion as a
function of temperature in 1 1.9% H,SO,4 + 1.3% HCI + 1% FeCl3 + 1% CuCl,.
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ASPEC’AL Atmospheic Corrosion
METALS

Marny variables inluence the coosion tharmcteistics of an amosphee.
Diverse factos (eg. relaive humidity tempeegture, sulfur dioxide
content,hydrogen sulfde contentchloride contentamount of ainfall,
dust) and een orentaion of the &posed metalll can efect maked
influences in capsion behaor. In an aild amospheeg, free of
contaminantsonly ngyligible corosion would be &pected

A common pactice is to assify amosphees into céegories,e.g.
rural, industial and mane. There ae also possib further sub-diisions,
sud as topic or polaywet or dy. In most case$owever, the pime
three povide adequie dassifcation.

In an industial amosphee, mary types of contaminants can be
expected but contamingéion by sulfur (in the érm of sulfur dixide,
sulfur troxide or tydrogen sulfde) is usuall the most impdant.

The hurning of fossil fuels gneetes lage amounts of sulfur diade,
which is cowerted to sulfuous acid and»adized to sulfur tioxide
(forming sulfuic acid) in the pegsence of air and moisaiThe coro-
sivity of an industial amosphee diminishes with distancedim a city
because the dese of sulfur digide concentition deceases.

Marine amosphees seerely corode mag metals.The damospheic
test ldoratory a Kure Beab in Notth Caplina shavs thd steels
exposed 80det (25 metex) from the ocean covde ten toifteen times
faster than steelxposed aa distance of 800Gkt (250 metes).

Rural amosphees,with their lov content of industal gases and
dusts and ldcof chlorides,are the least@gressve of the amosphees
commony consideed

Nickel 200 although corosion ete does in@ase with ineases in
When &posed indoa, Nickel 200 will emain eason the sulfur dixide content of the tenosphee. Marine
ably bright and fee of tanish, being supeor to silver, atmosphees and ural amosphees ae compaable in
copper and bass in this espect. Outdosy it becomes their efects on Nikel 200, both esulting in ery low
dull, acquiing a thin adhemt corosion flm (which is corrosion mtes. Maine @mospheic corrosion etes br
usualy a sultte). The rate of corosion is &tremely slow, Nickel 200 and other niel alloys ae shevn in Table 26.
Table 26 - Corrosion-resistance of nickel alloys to marine atmosphere at Kure Beach, North Carolina
Alloy Testlot Time, y Ave. corrosion rate Pitting attack,
mpy (mm/a) mils (mm)

Nickel 200 80 ft (25 m) 20 <0.1 (<0.0025) Nil

Nickel 200 800 ft (250 m) 36 <0.1 (<0.0025) 0

MONEL alloy 400 80 ft (25 m) 20 <0.1 (<0.0025) <1 (<0.025)

MONEL alloy 400 800 ft (250 m) 36 <0.1 (<0.0025) <4 (<0.1)

MONEL alloy K-500 800 ft (250 m) 36 0.008 (0.0002) 8(0.2)

INCONEL alloy 600 80 ft (25 m) 20 <0.01 (<0.00025) Nil

INCONEL alloy 600 800 ft (250 m) 36 <0.01 (<0.00025) 4(0.1)

INCOLOY alloy 800 80 ft (25 m) 20 <0.01 (<0.00025) <1 (<0.025)

INCOLOY alloy 825 80 ft (25 m) 20 <0.01 (<0.00025) <1 (<0.025)

INCONEL alloy 625 80 ft (25 m) 21 0.04 (0.001) -

INCONEL alloy 625 800 ft (250 m) 21 0.04 (0.001) -

INCONEL alloy C-276 800 ft (250 m) 56 Nil - bright mirror finish -
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MONEL alloy 400

Corrosion of MONEL ally 400 is ngligible in all types
of atmosphees. Indoor gposue poduces a ety light
tamish tha is easiy removed ly occasional wiping
Outdoor suréces thhare eposed to ain develop a thin
gray-green péna. In sulfubus @amosphees, a smooth,
brown, adheent ilm forms. Because of its\o corrosion
rate and the pleasing faa which develops, MONEL
alloy 400 is useddr architectual sewice as oofs,guttes,
and fashings.

INCONEL alloy 600 and INCOLOY alloy 800

INCONEL alloy 600 and INCOL® alloy 800 will
remain bight indefnitely in indoor @mosphees,even in
damp sulfuous @amosphees tha may fog Nickel 200 and
MONEL alloy 400. Outdoas, in rural eamosphees, the
alloys will stay bright for mary yeas tut may develop a
slight tanish in industial, sulfurbeaing amosphees.
Free eposue to the amosphee is moe favorable than
shelteed posue in which the bené€ial effects of ain
in washing the suaice and sun and wind inyiing cannot
occur INCOLOY alloy 800 my develop a ety thin axide
film and \ery slight pitting after polonged eposue to
maitine ervironments.

INCOLOY alloys 825,020 and 25-6MO
INCONEL alloys G-3,622,625,C-276 and 686

These E-Ni-C-Mo and Ni-CkMo alloys remain bight
and tanish-free in ural and industal ervironmentsThey
also emain bight in maine ewironments (&ble 26).
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Corrosion by Waters

To review this subject meaningfuyll the diemisty (i.e. the amount
and type of imputies present) st be dehed It is probaly easiest
to divide potentialy corosive water into thee main tassifcations —
distilled and high puty water, fresh vater, and sewater. Of these
distilled and high puty waters ae the least coosive because dissad
gases and solidsad a mininum. In geneal, fresh vaters (eg. poteble
or "tap" water) ae intemedide, and sewater is the most sere.

Many common enmeeing alloys sheov good esistance toaneal
corrosion ly waters. Havever, the thee major ppblems in the indusial
use of vater ae pitting crevice corosion and s&ss-carosion cading.
Nickel and ni&el-based allgs ae resistant to most aters. The
molybderum containing nikel-based allgs ae also ety resistant to
the efects of maarbiological and micobiological organisms thaare
often found in fiesh and \aste veters.

SPECIAL

& METALS

Fresh and PocesaNaters

Nickel 200

The iesistance of Nkel 200 to camsion ty distilled and
naural waters is e&cellent. Analysis of distilled veter
from a nikel stolege tank indicted a ate of corosion of
0.001 my (0.00003 mm/a). Simil&y, tests in domestic
hot water up to 200°F (93°C) norally shav rates of less
than 0.02 mp (0.0005 mm/a) and occasionadls high as
0.2 mpy (0.005 mm/a). Nikel 200 is especiallresistant
to water containing hdrogen sulfde or carbon dixide.
In distilled weter saurated with 50:50 carbon dkide and
air & 160°F (71°C)the corosion ete was less than 1 nyp
(0.03 mm/a). Havever, in steam condenta & elevated
pressue, eg. 35 psi (0.24 MRB), high rates of d@tadk
occur when thee is 55-90% carbon diade in the
non-condendae gases.

MONEL alloys 400 and K-500

MONEL alloys 400 and K-500 ha& excellent esistance
to distilled and both hdrand soft fesh vaters. Raes of
corosion ae usual less than 1 mp(0.03 mm/a) under
the most seere conditions of tempeture and aetion.
In acid-mine vaters thd contain aidizing salts,attad is
acceleated

Like Nidkel 200,MONEL alloy 400 had a high caor-
sion ate of 60 my (1.52 mm/a) in a shotime test in
steam condensad 160°F (71°C) wer the apor phase
contained 70% carbon dilmle and 30% airteB5 psi (0.59
MPa) as non-condensia gases.The corosion ete was
lower for other gtios of carbon digide and air
Deaestion of the Bed or venting of the non-condenrda
gases will pevent this #tack.

INCONEL alloys 600 and 690

INCONEL alloys 600 and 690 aressentiayf immune
to genenl corosion ly fresh vaters, including the most
comosive of ndural waters containing fee carbon dixide,
iron compoundsand dissoled air Although subject to
pitting in chloride-beaing fresh vater, they remain fee
from stess-corosion cading.

INCONEL alloys 600 and 690 arresistant to all mix
tures of steamair, and carbon dixide and ag paticulady
useful in contact with steant high tempeatures.Alloy
690 ofers impioved lesistance to @ss-corosion cadking
in some of the most demandingzgnnments (3. nudear
steam gneegtor tubes and components).

INCONEL alloys G-3,622,625,725,C-276 and 686

In fresh and distilled ater, corosion etes br these
nickel-chromium-molybderum INCONEL allys ae
essentiall zero.

INCOLOY alloys 800,825,925,020 and 25-6MO

INCOLOQY alloys 800 shars neligible rates of d@tad in
fresh and distilled eter. In adlition to ehibiting low
corrosion m@tes, it is highly resistant to séss-corosion
craking and is often used toeplace the austenitic
stainless steels irhforide-containing \aters.

The moybderum-beaing INCOLOY alloys 825,020,
925 and 25-6MO »hibit excellent esistance to ésh
and distilled vaeters induding resistance to tdoride
stress-corosion cading.
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Seavater and Maine Ernvironments

Nickel 200

Nickel 200 is susqtible to seere localizd dtadk in

stggnant or ery low-velocity seavater, which can occur
under buling oganisms or other gmsits. or these
reasonsit is not geneally used in seaater gplicaions,

especialy under conditions of impirement (Bble 27).

In geneal, Nickel 200 fnds application in water-cooled
hea exchangers only where it is required for the
process-sidelemical.

MONEL alloys 400 and K-500

In seavater or badkish water, MONEL alloys 400 and
K-500 gve excellent sevice in modeate or high-elocity
systemsas do most nkel alloys (Table 27). They have
excellent esistance to eéation and eosion corosion,
and etes in fowing seavater ae usual less than 1 mp
(0.03 mm/a). MONEL allp K-500 has ery good coro-
sion fatigue stength of 26 ksi (179 M@ & 1C cycles.
In stagnant or slv moving seavater, fouling ma occur
followed Ly pitting. Sud pitting tends to sle down after
a fairly rapid initial atak and arely exceeds 50 mils
(1.3 mm) in deth, even after @posue for several years.

Table 27 — Resistance of nickel alloys to impingement attack by seawater at 150 ft/sec (45.7 m/s)
Corrosion/Erosion rate
Alloy
mpy mm/a
INCONEL alloy 625 Nil Nil
INCOLOY alloy 825 0.3 0.008
MONEL alloy K-500 0.4 0.01
MONEL alloy 400 0.4 0.01
Nickel 200 40 1.0
Table 28 - Crevice corrosion-resistance of nickel alloys exposed to seawater at ambient temperatures
Max. depth
Crevice Exposure, of attack,
Alloy % Mo PRE?® test type days mils (mm)
Nickel 200 0 — Washers 30 63 (1.60)
INCONEL alloy 600 0 16 Washers 30 34 (0.86)
INCONEL alloy 718 3.0 22.5 Washers 30° 16 (0.41)°
INCONEL alloy 718 3.0 225 PTFE' 180 32 (0.82)
INCOLOY alloy 825 3.2 26.0 Washers 30 10 (0.25)
INCOLOY alloy 925 0 26.0 PTFE 180 114 (2.90)
INCOLOY alloy 25-6MO 6.5 35.8 Vinyl Sleeve® 60 5 (0.13)
INCONEL alloy G-3 7 325 Washers 30 3(0.07)
INCONEL alloy 625 9 40.8 MCA® 90 0
INCONEL alloy 625 9 40.8 PTFE 180 4 (0.12)
INCONEL alloy 725 9 40.8 Washers 30 0
INCONEL alloy C-276 16 45.2 PCA® 60 0
INCONEL alloy C-276 16 45.2 PTFE 180 4(0.12)
INCONEL alloy 686 16 50.8 PCA 60 0
INCONEL alloy 686 16 50.8 PTFE 180 0
MONEL alloy 400 0 — PTFE 180 27 (0.68)
MONEL alloy K-500 0 — PTFE 180 49 (1.24)

(a) Based on typical alloy compositions. PRE = % Cr + 1.5 (% Mo + % W + % Nb) + 30 (% N).
(b) Tube specimen inserted into vinyl tubing to form tight crevice on OD of metal tube.

(c) Surface finish ground, with Delrin crevice assemblies.

(d) Surface finish ground and pickled, with Perplex crevice assemblies.
(e) Estimated.

(f) Surface ground, with PTFE crevice assemblies.
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INCONEL alloy 600 and INCOLQY alloy 800

INCONEL alloy 600 and INCOL® alloy 800 contain no
molybderum andthus,are subject to sere crevice atadk
bene¢h deposits in seaater. They are not gneally used
in matine ervironments.

INCOLOY alloys 825,020,925 and 25-6MO

The moybderum-beaing INCOLOY alloys ofer god
resistance toldwing seavater. INCOLOY alloys 825 and
925 ae moke suscptible to cevice atadk due to biopuling

(Table 28). Under avice conditions,INCOLOY alloy

25-6MO is signifcantly more resistant to caosion.
By virtue of their higher nkel contents,INCOLOY

alloys 825 and 925 tdr excellent esistance tolhdoride

stress-corosion cading.

INCONEL alloys 622,625,625LCF, C-276,
686,718 and 725

Corrosion etes br these Ni-GiMo and Fe-Ni-C-Mo

alloys in maine ewvironments a \ery low. In seaater,

under both Ibwing and stgnant conditionstheir weight
losses @ etremely low. All of these allys ae \ery

resistant to sass-corosion cadking in waters containing
chlorides.

INCONEL alloys 625,625LCFE 718 and 725 sho
excellent corosion ftigue stength in seaater (FHgure
31). Hovever INCONEL allyy 718 is not asesistant to
crevice corosion as allgs 625,625LCF and 725.

Table 28 compags the aevice corosion esistance of
nickel-based capsion-esistant allgs in sewater. Nickel
alloys with a PRE (Pitting Resistance Bealent) umber
greder than 40 & \ery resistant to @vice corosion in
seavater. In very tight crvice conditions,INCONEL
alloy 625 and mierials of lesser allp content,and simi
lar or lover PRENsgan be seerely attadked Under sub
conditions, highly alloyed maerials suth as INCONEL
alloys 622,C-276,and 686 a required An example of
this type of @plicaion is sewater-cooled plée-type het
exchangers, which have a nultiplicity of crevices.
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Figure 31 — Corrosion fatigue strength of nickel
alloys in seawater .
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corrosion after exposure to quiescent seawater at
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*PREN = % Cr + 1.5 (% Mo + % W + % Nb) + 30 (% N)
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SPECIAL

METALS

Fluorine and Hydiogen Fluoride

Fluorine, the most electmegative of the elementss also
the most eactie. Its aidizing potential is so sting tha
it forms compounds with all common elemengsen
some of the "ing¥ gases. Comisstide substancesuiost
into flame and een asbestos becomes incandescéwnw
held in a steam of fuorine.

Since all metalseact diectly with fluorine, metals
which have useful esistance deend on thedrmation of a

Corrosion
and Halogen Compounds

ly Hal

ogens

protectve fluoride film. At room tempeature, nickel,
coppermagnesium and an form protective flms and ag
consideed s@isfactoy for handling fuorine & low tem:
peratures. At elevated tempeatures, Nickel 201 and
MONEL alloy 400 ofer the bestasistance The most
commony used nikel alloys in piocesses containing
fluorine ae MONEL alloy 400 and INCONEL allgs 600,
625 and C-276.

Nickel 201, MONEL alloy 400 and INCONEL allp
600 have ecellent esistance toldiorine and lydrogen
fluoride. At high tempeatures, Nickel 201 and MONEL
alloy 400 ae peferred (seelables 29,30 and 31).

Table 29 - Corrosion-resistance of nickel alloys and other commercial materials to fluorine

Corrosion rate, mpy (mm/a)
Material Temperature, °F (°C)
400 450 500 600 650 700
(752) (842) (932) (1112) (1202) (1292)
Nickel 201 0.21 0.58 1.55 8.84 4.89 10.4
(8.4) (22.8) (61.2) (348) (192) (408)
MONEL alloy 400 0.15 0.46 0.61 18.3 24.4 >1000
(6) (18) (24) (720) (960) (>25.4)
INCONEL alloy 600 11.6 >25.4 18.9 >25.4 >25.4 >25.4
(456) (>1000) (744) (>1000) (>1000) (>1000)
Deoxidized copper >25.4 — >25.4 >25.4 — >25.4
(>1000) (>1000) (>1000) (>1000)
AISI 430 23.8 — — — — —
(936)
AlS| 347 >25.4 — — — — —
(>1000)
AlSI 309-Cb >25.4 — — — — —
(>1000)
AlSI 310 >25.4 — — — — —
(>1000)
SAE 1020 (0.22% Si) >25.4 >25.4 — — — —
(>1000) (>1000)

Table 30 - Corrosion tests* in hydrogen fluoride gas.

Test duration, 36 hours. Temperature 930-1110°F (500-600°C)

Material Corrosion rate, mpy (mm/a) Comments
INCONEL alloy C-276 0.3 Iridescent tarnish film
INCONEL alloy 600 0.7 Iridescent tarnish film
Nickel 200 9 Black film
Nickel 201 14 Black film
MONEL alloy 400 13 Adherent dark film
MONEL alloy K-500 16 Adherent dark film
70/30 Copper-Nickel 16 Adherent dark film

*7 Ib HF per hour at 4 psig was passed through a laboratory furnace for hydrofluorination of metal oxides.
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Table 31 — Corrosion rate in hydrogen fluoride-steam mixture

Corrosion rate, mpy (mm/a)
Alloy 1022°F 1112°F 1202°F 1292°F 1382°F
(550°C) (600°C) (650°C) (700°C) (750°C)
Nickel 200 31 (0.79) 72 (1.83) 108 (2.74) 144 (3.66) 120 (3.05)
MONEL alloy 400 — 24 (0.61) 60 (1.52) 156 (3.96) 204 (5.18)

Chlorine a Ambient Tempeature

Dry chlorine is not pdiculadly comrosve & ambient
tempeestures. Chloine cas eacts with the ater to orm
equal pats of hypocdhlorous and fdrochloric acid
Hypodlorous acid is an »dizing acid and leading
agent which is reduced to Wdrochloric acid in the
bleaching reaction. This combindion of an «idizing
and a non-gidizing acid is esponsike for the corosive
effect of moist blorine on metals.

Nickel 200,MONEL alloy 400,INCONEL alloys
600, 622, 625, C-276 and 686,and INCOLOY
alloys 800,825 and 020

All of these ni&el-based allgs ae resistant to dr chlo-
rine. MONEL alloy 400 is a standdrmaerial for tim on
chlorine g/linder and tank caralves, for orifice plaes
in chlorine pipe linesand br various pats of dlorine-
dispensing equipmeni/et chlorine & tempeatures belav

the dev point, or aqueous solutions containing consider

able amounts of fee dlorine, are very corosive to all
of these allgs, except INCONEL alloy C-276 which is
used or valve stems in MONEL allp 400-seted \alves
to comba the efects of the ingess of moistie:

Chlorine and Hydiogen Chloride
at High Tempeatures

Nickel alloys ae outstanding in theiresistance totdo-
rine and lydrogen dloride & elevated tempeatures.
Although dlorine is a stong oidizer and will combine
directly with metalsat lower tempegtures this eaction is
so slugish tha dry chlorine can be shipped in steéls
the tempeature is inceased thiseaction ate inceases
slowly, until a citical point (which varies with the metal
under considetion) is radhed Above this citical
tempesture, corosion etes incease apidly and in some
cases & moughl propottional to the wpor pressue
of the paticular metal bloride involved (Rgure 32).

Vapor pressue is not avays a eliable indicaor of
corrosion gtes since some metailorides melt or decom
pose &tempestures @ which the \apor pessue is still
low. Sud degraddion of the metal leloride exposes fesh
metal to the gs and causes irgased iadk. Some metals
will actually ignite in dlorine &ove a cetain tempea
ture, therby evolving hea which would raise both the
metal tempeature and ate of reaction.

Hydrogen dloride forms spontaneousl and een
explosively in sunlight or & high tempestures when
hydrogen and hblorine ae combined When dy, this
important industial gas behaes tavard metals mch like
chlorine. Wet hydrogen dloride & tempeatures belav
the dev point behses as a conceited hydrochloric
acid At high tempeatures, hydrogen dloride and
chlorine ae similar in their behaor except tha platinum
and @ld ae \ery resistant in fidrogen dloride hut ae
readily atacked in dlorine because of its xadizing
naure.
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Figure 32 - Corrosion of nickel in dry chlorine
and dry hydrogen chloride. Rates converted
from inches per month.
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Figure 33,for INCONEL alloy 600 in dy chlorineg,
shaws thd longer test uns yielded sonvehat lower coro-
sion m’tes, probably due to the déct of time on thedtr-
mation of pmotectve films. Fom this stugt Tables 32
(chlorine) and 33 (drogen dloride) list tempegtures a
which various corosion etes were exceedegdand sugest
upper tempeture limits for contiruous serice. Similar
corrosion is obseted in tydrogen diloride (Fgure 34).
These sugested tempeture limits ae belized to be
consevative since longr testing paods ae epected to
give lower corosion etes br mary of the méaerials which
develop potective dhloride films.

Evidence thathese tempeture limitations mg be on
the conserative side is suppted by the adlitional dda
in Table 34. Nikel 201 and INCONEL allp 600 ae the
most pactical allys for sewice in dlorine and lydrogen
chloride & elevated tempeatures.

Where the major considdiion is resistance to coo-
sion d@ tempeatures belav the dev point, but provision
against high-tempeture dtad is also desed the indk
caed oder of peference br maerals of constuction
would be pléinum, followed ky INCONEL alloy 686,
INCONEL alloy C-276,INCONEL alloy 625, MONEL
alloy 400, Nickel 200,INCONEL alloy 600, copper and
carbon steel. Niel 201 and INCONEL allp 600 would
be rted dove the Ni-Mo or Ni-CfMo alloys in cases
where the majorequirment vould be esistance tottadk
at tempeatures fom 850 to 1000°F (454 to 538°C).

In the selection of mtarials for high-tempeature clo-
rine or tydrogen dloride sevice, patticulary a tempeg-
tures dove 700°F (371°C)not onl the corosion ete of
the maerial, but the efect tha the tempeature mgy have
on the mehanical popeties of the m#eral must be
consideed

Table 32 - Corrosion-resistance of nickel alloys and other commercial materials in dry chlorine®

A_pproximate temperature at whic_:h given co_rrosion rate Suggested upper

is exceeded in short time tests in dry chlorine, °F (°C) temperature limit for

Material 30 mpy 60 mpy 120 mpy continu?:s(%e;rvice,

(0.76 mm/a) (1.52 mm/a) (3.05 mm/a)

Nickel 201 950 (510) 1000 (538) 1100 (593) 1000 (538)
INCONEL alloy 600 950 (510) 1000 (538) 1050 (565) 1000 (538)
INCONEL alloy C-276 900 (482) 1000 (538) 1050 (565) 950 (510)
MONEL alloy 400 750 (399) 850 (454) 900 (482) 800 (426)
AIS| 316 stainless steel 600 (315) 650 (343) 750 (399) 650 (343)
AISI 304 stainless steel 550 (288) 600 (315) 650 (343) 600 (315)
Deoxidized copper 350 (177) 450 (232) 500 (260) 400 (204)b
Carbon steel 250 (121) 350 (177) 400 (204) 400 (204)c
Aluminum 250 (121) 300 (149) 300 (149) 250 (121)d

(a) It is emphasized that these values are based on short-time laboratory tests under controlled conditions. They should be interpreted
only as indicative of the limitations of the materials and should not be used for estimation of the service life of equipment.

(b) Ignites at about 600°F (315°C).
(c) Ignites at 450-500°F (232-260°C).
(d) Ignites at 400-450°F (204-232°C).

Table 33 — Corrosion-resistance of nickel alloys and other commercial materials in dry hydrogen chloride®

Approximate temperature at which given corrosion rate is exceeded in Suggested upper

_ short time tests in dry hydrogen chloride, °F (°C) temperature limit for

Material 30 mpy 60 mpy 120 mpy continu?;s(%e)rvice,

(0.76 mm/a) (1.52 mm/a) (3.05 mm/a)

Nickel 201 850 (454) 950 (510) 1050 (565) 950 (510)
INCONEL alloy 600 800 (426) 900 (482) 1000 (538) 900 (482)
INCONEL alloy C-276 700 (371) 800 (426) 900 (482) 850 (454)
AISI 316 stainless steel 700 (371) 700 (371) 900 (482) 800 (426)
AISI 304 stainless steel 650 (343) 750 (399) 850 (454) 750 (399)
Carbon steel 500 (260) 600 (315) 750 (399) 500 (260)
Ni-Resist (Type 1) 500 (260) 600 (315) 700 (371) 500 (260)
MONEL alloy 400 450 (232) 500 (260) 650 (343) 450 (232)
Copper 200 (93) 300 (149) 400 (204) 200 (93)

(a) It is emphasized that these values are based on short-time laboratory tests under controlled conditions.
They should be interpreted only as indicative of the limitations of the materials and should not be used for estimation of the service life of equipment.
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The efect of moistue in hydrogen dloride & elevated
tempesture has been studiedt has been shen tha
0.25% moistue in hydrogen dloride does not sigridantly /
alter the camosion of Nikel 201 @ 1000°F (538°C),
Table 35. /
1,000 /
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/ g
©
V. /
2-6 h tests g /
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/
- 1,000 / /
2 // /
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% / tests /
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// // Temperature, °F
Figure 34 - Corrosion of INCONEL alloy 600 in
dry hydrogen chloride gas. Rates converted
/ / from inches per month.
10 In the synthesis ofydrogen dloride from hydrogen

600 800 1000 1200 1400 1600

Temperature, °F

Figure 33 - Corrosion of INCONEL alloy 600
in dry chlorine gas. Rates converted from
inches per month.

Table 34 — Laboratory corrosion tests in anhydrous
hydrogen chloride gas. Temperature 930°F (498°C).
Test duration, 500 h.

Material C?nr[ﬁs'(?ﬁrﬁfgf ’
Nickel 201 3(0.08)
INCONEL alloy 600 3(0.08)
AISI 304L stainless steel 11 (0.28)

and dloring, the peferred comlostion diamber design
makes use of metal consttion, with the tempeature of
the metal being corafled within pioper limits ly means
of water jadkets. In this connectiorit appeas thd the
danger of corosion ly condensed ydrochloric acid a
some tempeture near the de point is geder than ly dry
hydrogen dloride & elevated tempeatures.

The allavable tempegture range for ary metal or ally
may be contacted & its lover end ly the tydroscopic
nature of the dloride of the metal conceed; br example
iron should not be used a tempegture less than 54°F
(30°C) @ove the HCI-HO dev point, while copper mg
be used as long as the tengere is9°F (5°C) dove the
dew point. In viev of the lydroscopicnature of nidel
chloride, it would be pudent to assume thhydrochloric
acid might condense on a két surfice & a tempeature
as nmuch above the dw point as in the case ofo, i.e.
54°F (30°C).

Table 35 — Corrosion-resistance of nickel alloys in hydrogen chloride at 1000°F (538°C)
Corrosion rate, mpy (mm/a) Weight Loss, mg/dm ? wet gas ®
Material Bl gas ) Dry as,
4 h 8h 20 h 47 h 20 hours 4 h 8 h 20 h 47 h
Nickel 201 120 70 28 - 37 126 143 140 -
(3.05) (1.78) (0.71) (0.94) (3.20) (3.63) (3.56)
MONEL alloy 400 — — — 49 - 124 165 - 600
(1.24) (3.15) (4.19) (15.2)
INCONEL alloy 600 — - 34 — - 110 105 165 -
(0.86) (2.79) (2.67) (4.19)

(a) Moisture content of gas about 0.25% by weight after bubbling through concentrated hydrochloric acid and before passing over the test specimens.
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High-Temperatur e Considegations

In the selection of ntarals for high-tempegture sevice,
paticulanly a tempeetures dove 700°F (371°Cxot only
the corosion ete of the meeral, but the efect tha the
tempesture mg hase on the mdranical popeties
of the maerial must be consided

The pevious section of this plication has shan tha
commecially pure nikel products hee useful caosion
resistance tatempeatures up to asund 1000°F (538°C).
In consideing the use of commeial nidkel & elevated
tempestures, it is necessarto consider tw of its limita
tions. Nidkel 200, having a nominal content of up to
0.10% C,is subject to emiittlement ly intergranularly
precipitaed carbon or igphite when held atempeatures
of 800-1400°F (426-760°C)of extended peods of
time. Nickel 201 (lav-carbon ni&el), having a maxinum
carbon content of 0.02%s not subject to sincembittle-
ment, provided it is not in contact with carbonaceous
maerials.

Both Nidkel 200 and 201 arsubject to intgrarular
embiittlement ty sulfur compoundstaempesatures dove
about 600°F (315°C). In pplications wher carbon or
sulfur compounds arpesentor where high-tempeature
strength is equired INCONEL alloy 600 is fequenty
substituted ér Nickel 200 or Ni&el 201.

Exposure to High Temperatur es
During Fabrication

Nickel alloys ae selected [maily for their corosion
resistanceHed treaments (. improper annealingstress
relief, etc) and velding can cause aasion of the allg
in some pocess evironments. Caosion mg be due
to sensitizion of the base metal in heaffectedzones
as descébed in the section on ingrarular corosion,
formation of secondar phasesseagregation in the veld
metal, or residual stess.All these types of hamg may
result in integrarular dtad, pitting, crevice corosion,
or stess-corosion cadcking in some mierials.

Metallurgical Consideations

Effects ofWelding and
Fabrication on Corrosion Resistance

Nickel alloys ae readily weldable. The pesence of wids
in fabricated components iniduces special carsion
consideations. The stucture of a veldment is similar to
that of a casting Dendite formaion and gowth occur
first from the highest melting point constituents as the
weld pudlle solidifes. As dendite growth contirues,
lower melting point mierals ae typically relegated to
the interdendite spacescausing bemical sgregation
within the weld. This coase dendtic structure, with
chemical inhomgeneity can cause the eld metal
to become anodic to the base metal irasive ewviron
ments. Thus,a relaively small anode (eld metal) and
a lage cahode (base metal) can lead to anauofable
galvanic corosion situéon.

The weld metal bamacterstics can also lead to gfer-
entialgeneal corosion or pitting and evice corosion of
the weld metal in emironments Were the corosion esist
ance of an allp is being pushed to its limit. oBt-weld
hed treament is usuayl impractical and ders only limited
improvement in the ceoosion esistance of nlel alloy
welds. A proven means of gventing peferential atack
of as-velded stuctures is the use of aeld metal vhich
is more nobe than the base metalWhen &bricating
Ni-Cr-Mo alloys it is common to use aelding poduct
with a higher lgel of molybderum than the base metal.
This is nomally refered to as "@ematching". The use
of more highly alloyed welding poducts will compenga
for the elemental geegation inheent in the veld metal.

A common &ample of the pactice of using weral-
loyed welding poducts is the use of 9 to 14% iyiotie
num containing INCONEL wlding electode 112ffler
metal 625 or INCONEL widing electode 122ffler
metal 622 ér welding 6% moybderum supefaustenitic
alloys sud as INCOLY alloy 25-6MQ. The same @c

Table 36 - Critical pitting temperatures for nickel alloy filler metals weld-overlayed on carbon steel.
Duplicate and triplicate tests in 11.9% H,S0, + 1.3% HCI + 1% CuCl, + 1% FeCl,
Welding Alloy 1st layer overlay 2nd layer overlay 3rd layer overlay
process filler metal temperature, °F (°C) temperature, °F (°C) temperature, °F (°C)
GMAW INCONEL C-276 167 167 - 203 203 - 203 203 -
(75) (75) (95) (95) (95) (95)
GMAW UNS N06022 167 158 - 212 212 - 212 212 -
(75) (70) (100) (100) (100) (100)
GMAW INCONEL 622 167 185 - - >212 - >212 >212 -
(75) (85) (>100) (>100) (>100)
GMAW INCO-WELD 686CPT >212 >212 - >212 >212 - >212 >212 -
(>100) (>100) (>100) (>100) (>100) (>100)
SAW INCO-WELD 686CPT 176 167 185 212 212 212 — — —
(80) (75) (85) (100) (100) | (100)
ESW INCO-WELD 686CPT 203 203 212 212 212 212 - - -
(95) (95) (100) (100) (100) | (100)
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Figure 35 - Pitting-resistance of base metal/weld metal combinations.

Exposed for 3 days at 217°F (103°C) in 1 1.9% H,SO, + 1.3% HCI + 1% FeCl; + 1% CuCl,.

tice is gpliedto even moe highly alloyed maerials. As

shovn in Hgure 35, matching composition wlds in
INCONEL alloys 686 and 622alloy N06022,and ally

C-276 ae peferentially attadked in a pitting evironment
relaing to cetain flue cas desulfuration conditions.The

use of the wematching INCO-WELD fller metal

686CPT to join these alfs pievents the tiack. The higher
alloy contentof this fller metal ofsets the décts of ele

mental sgregation expelienced with maching composition
filler maternials.

The corosion seen in igure 35 is peferential weld
metal dtadk and should not be confused with ig@rular
hea-affected-one (HAZ) dtadk. This dtadck of the base
metal is due to base metal senstta produced § hea
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from the velding pocessand can be jrented ly the use
of a lov carbon or stailized base metal.

Iron dilution of the allg weldment can be an imgant
factor dumng weld overlaying on steel and joining ale
clad steel components. Dilution of theeld dgposit from
filler metals sub as INCONEL 622625 or C-276 with
iron from the subséte can laver the veld metal carosion
resistance This is illusteted ky corosion testing of wid
overlays on carbon steel ifable 36 (p@e 45). The citi-
cal pitting tempeature increases dr alloys C-276,
N06022 and 622 in successiweld metal lgers as the
iron dilution deceases. The use of INCO-WELDiller
metal 686CPT mvides ecellent corosion-esistance
even in theifr st layer due to its high allpcontent and ery
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Figure 36 - Effect of filler metal composition on
iron content for Ni-Cr-Mo alloys overlayed on
steel by the GMA W process.
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Figure 37 - Some post-fabrication surface conditions that
call for attention and removal to avoid their possible effects
on corrosion-resistance.

low initial iron content. The iron levels for one two and
three lyyer welds dgosited on steel arshavn in Fgure
36. The amount of on dilution flom the steel subste
seems to be ppotional to the initial ion content of the
filler metal. Thus,in welding opeations where iron pik-
up should be minimizd, selection of the gpropriate filler
metal is \ery important.

Post-Fabrication Cleaning

Cleaning the susfce of a nikel alloy may be equired to
prevent pocess contamiti@n or to ensw perbrmance
Surface conditions thacan efect corosion esistance
may be due to suaite contamirtéon (induding embeded
iron), to medanical damge, and to velding elaed
attifacts (kgure 37).

Some contaminants mébe emoved by degreasing
The use of a nonhktorinated solent is efective. The use
of a dilorinated solent is not ecommended assidual
chlorides mg remain in cevices and causee@irice coro-
sion or dloride stess-corosion cadking of suscptible
alloys.

During fabrication, metal poducts often come in cen
tact with steel components and todlganspotation, han
dling, forming, grinding and velding can all esult in
physical contact with mn-based strctures. Dumg sud
contact,iron mg become embetbd into the sudce of
an alloy componentWhen stainless steels.geaustenitic
grades suc asAISI 316, 317 and 904L) and super
austenitic gades (eg. INCOLOY alloy 25-6MO) ae
exposed toaggressve acid and acid-halide \dronments,
the embedediron can accelete localizd dtadk sud as
crevice and/or pitting capsion. Thus, paits fabricated
from su@ grades should beleaned pior to exposue to
this type of serice ewironment to optimie resistance
to corosion. Embeded ion has not been sia to afect
the corosion esistance of higher ajjed maerials, sut
as INCONEL allgs 622,625,C-276 and 686.

Passvation

Passvation is the drmaion of a thin,protective film on a
metal which males the metal pas& (corosion-esistant).
While stainless steel&quie an acid gament to passi
vate their surfice nickel and the high-niel alloys
become pasge upon gposue to air The flm itself is a
chromium-nikel-iron-molybderum axide for the &iromi-
um-beaing nickel alloys. Chomium is the ky constituent
giving the flm its outstanding coosion esistance

The ilm formed in air &the mill is sthle. However,
during fabrication, the ilm may be damged localy when
iron, weld spéter, arc stikes and hdatint scale cede
local dekct sites (i.elocal imperéctions in an otherwise
passve film). The undamged surfice emains pasge
throughout &brication. Remeal of dekcts, by pickling,
electopolishing or medtanical meansjmmedigely
restoes the ifm and passity so passiating by acid
washing is notequired

Nitric acid deaning/passition tregments br stainless
steels a& desabed inASTM A380. It should be noted
tha these teaments ag not suithle for deaning stnctures
after fbrication. They are gplicable only to passiating
chromium-nidkel stainless steels andearot gplicable for
cleaning nikel alloys after &brication. As alread/ staed,
sud tregments ag not equired to optimie the corosion
resistance of the riel-based allgs.

Field CorrosionTesting

When nev processes or systemsedirst pioposedthere
may be insuficient dda available to male reliable alloy
selections dr the conditions wolved After a dose stug
of the demisty for a pocessit is usualy very difficult,
if not impossilke, to duplicae sud conditions in the
laboratory. A practical gproad to obtaining caosion
daa haiing some dgree of elevangy and eliability is
to expose carosion test spools in pilot or full-scale oper
ating plants. Pilot plants tdr the frst oppotunity to
conduct carosion tests under actualgmess conditions.
As systems a&r scaled up to full-sez commetial plants,
corrosion testing can be contied to ‘erify eadier daa
and monitor corosion of the equipment. In the case of
a failure of a pocess componentorrosion déa can be
obtained § this pocedue to assist in marial replacement.
Field corosion testing ma be conducted in accor
dance withASTM Standad Recommended Betice G-4
for Conducting Plant CaosionTests or M\CE Standat
RP0497-97A typical corosion test spool used is st
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in Figure 38. PTFE is used as an insoitdo asoid galvanic
effects. Contact of the endde of the PTFE spacer with
the specimen prides a cevice which assists invaluaing
the suscgtibility of the specimen to evice corosion in
the enironment. Duplicke samples of eacalloy, located
at non-adjacent positionaye exposed

When the spools anmetumed after gposug, the speci
mensare deaned weighed and xamined 6r localizd
attadk. In the case of sere pitting weight loss alone is
consideed to be of little @lue More impotant is the
depth of pitting ecoded When ony shallav pits ae
present or pitting is incipientl mil (<0.0254 mm)the
weight loss is consided to be slid and corosion etes
are calculéed When cevice corosion is obseted a
recod is made of the gi¢h of the &ad. Crevice coro-
sion is an indicon of the susqgaibility of an alloy to cor
rosion under scale gesits and in @vices huilt into the
equipment design.

The impotance of feld testing cannot beverempha
sized Sample mterials ae available from the maketing

or tedmolq;y depatments of Special Metals Guoration Figure 38 - A typical test coupon assembly for field
at Huntington WV, U.S.A. or Heeford, U.K. corrosion testing.
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METALS

Corrosion is most often diefed as the eleaichemical detéo-

ration of metallic méerals by reaction with their erironment.
Since elecwchemisty deals with the intaction of elecicity

and demical dang, comosion is the dedictive chemical
chang of a metal or allpwhich either causesr is caused ¥

the flow of direct electical curent (dc.). For a curent to fow,

a complete eledtal circuit is required In a coroding system
(Figure 39),this circuit is made up ofdur components:

1) The anode is the eleotte of an electdytic cell & which
oxidation is the pincipal reaction. Electins fow away
from the anode in thexeemal circuit. It is usualy
the electode & which corosion occus and metal ions
enter solution.

2) The electolyte is a conducte liquid thiough which the
current is comeyed by positively chaiged ions (ctons) to
the cahode Negatively chaiged anions & sinultaneousf
attracted to the anode

3) The cdhode is the eleaide of an electdytic cell & which
reduction is the pncipal reaction. Elecons fow toward
the cahode in the xtemal circuit.

4) A metallic pah is an gtemal circuit to complete
the connection beten anode and ttende

In the dsence of an>emally applied curent, a potential
difference or wvltage nmust «ist between the anode andtbade
or no curent will flow. This wltage is the diving force of the
corrosion eaction.

The potential dfference or dwing force for corosion is most
evident in the case of bi-metallic junctions (see @alg
Corrosion). It is someha more difficult to see vy a single
metal should dispiaboth anodic and tiaodic aeas. In pactice
sud differences & causedymary factoss inheent in the metal
sud as intusions,exposue of varous cistallagraphic planes,
variations in allgy contentor microscopic suiice imperéctions.
Discrete anodes and ttendes can also be caussdvarniations in
the electolyte, sud as tempeiture differences or conceration
gradients of the solutiorof ions in the solutionor of dissoled
gases sut as aygen. In ay event,the anodic @action cowverts
the metal (M) to its positve ion (eg. M™), releasing electms
through the metallic junction nich compises the xtemal circuit.

As an @ample of these piciples,iron immesed in vater
(Figure 40) ehibits discete aeas vhich are anodic to theest
of the metal sueice At these agas ion is «idized accoding to
the equéon:

Fe- Fe? + 2e

If the water is pue and contains no dissel¢ okygen, the
cahodic eaction is theaduction of ionic fidrogen (potons or
"atomic" hydrogen):

2H + 2e - H,

To maintain werall electical neutality these eactions st
proceed in balanceTherfore, two hydrogen ions nust be
reduced ér every iron @aom which corodes. In pug water only
one water molecule in pproximately 10 million dissocites to
produce lydrogen and kdroxide ions so thathe suppl of
hydrogen ions is quite limitedFor this eason the d¢hodic
reaction is quite sl@ and corosion etes ae \ety low. Cases in
which the ete of dtad is limited by the speed of the tiadic
reaction ae cahodically contolled reactions.

If, as is usuayl the casedissoled okygen is pesent in
the waeter, another cthodic eaction can occuithe reduction
of oxygen:

% 0, + H0 + 2. 20H
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Anode Metal Cathode
Figure 39 - A corroding system.
Critical Current Density ~ 2H" + OH"
Fe*? / > Fe (OH),

D
Vo

This reaction will suppdra moe rapid rate of dtad since it
depends onf on the difusion of «kygen to céhodic aeas of the
iron.As would be &pectedincreasing the amount of dissely
oxygen inceases the corsion ete of iron. Howvever, at very
high dissoled okygen concenttions, the corosion rte diops
to a ety low value This suprising diop is the adent of the
phenomenon called "pas#y", a speciic form of "polaization”
as desdbed belov.

—— 2H"+2e

Figure 40 - Corrosion of iron in water

Polarization

In practice a metal often shws a high initial ate of corosion.
However, in genesl, the iate often diminishes with timéThis
effect, knowvn as polaeration, might be dehed as the ltange
from open-cicuit electode potential as thesult of the pasge
of curent. Plarization may result fom reactions aeither the
anode or the ¢hode

Anodic polarization — In some caosion eactions (&. iron in
aerted weter) the corosion ate diminishes due to an accum
lation of insolulbe corosion poducts vihich become sonweha
protectve of the ibn anodeThis phenomenoranodic polaza-
tion, is defned as the ltang of the electrde potential in the
nole (positve) direction due to cuent fow. Other &amples
of anodic polaeation ar iron or non-allged steel gposed to
concentated nitic, sulfuric and phosphat acids.

Cathodic polarization — Corversely, polaiization can esult
from reactions & the caéhode For example when ion is
immersed in non-aeted neutal water, the dsence of dissobd
oxygen pemits development of an adsorbednfi of hydrogen



which likewise reduces the cawsion curent. This is knavn
as c#hodic polaization and is dehed as the ltang in the
electode potential in the aeg (neyative) direction due to
current flow.

Specifc corosion inhibitos mg work on either the anodic
or cahodic sitestheir adsoption causing the same dease of
corrosion curent. Stong anodic inhibitas (eg. chromaes,
nitrites or @en an &cess of dissokd ocygen in water) result
in the type of anodic polation knovn as "passity".

When no cuent fows betveen anode and tteode aeasthe
potential diference betwen them is taa maxinum knawvn as
the "open-cicuit potential".As soon as cuent bejins to fow,
this difference de@asesThis decease in potential is kmm
as polaization. The decease in anode potential is anodic
polaiization; in cahode potentialcahodic polaization.

Passvity

Chemists hee long anked maerials accoding to their aidation
potentials or tendencies to bridized Sud a anking knowvn
as the electmotive force seies, is a means of measog
chemical eactvity values of metals @le 37). In this listing
metals sukt as @ld and planum hae lage positve \alues
indicaing little suscetibility to oxidation. Sud corosion-
resisting metals arknavn as the ndle metals and arfound in
naure in their pue metallic stee. A metal which has a laje
negative value like zing is called an acte metal and iseadily
oxidized

A metal actve in the elecbmotive force seies, or an ally
composed of sucmetals,is consideed passie when its elee
trochemical behaor becomes theof an gpreciebly less actie
or node metal. In other wrds, when ion, an actve metal,
begins coroding & a \ery low rate, it has become passi and
behaes like a nole metal. Not all metalsxibit passiity, but
the ones thtado ae among the most widelused camsion-
resisting meernals. Nidkel, chromium, titanium, and ziconium
spontaneouyl passiate in air Alloying iron with diromium
above &out 10% Cr prduces bamacterstically passie stainless
steels. Chomium adlitions to nikel-based allgs also gneally
enhanceesistanceas descébed futher belav.

The usual eplandgion of passiity is tha a thin irvisible
protectve film — either metal ®ide, insolude salt or
chemisorbedoxygen — brms on the sudce of the metalpre-
venting futher contact with the elediyte. In the case of an,
when moe oxygen eades the metal swa€e than can be used in

@

—

Log current density, amp/cm2 —»

Critical
current
density

Active - Potential in volts —» Noble

Figure 41 - Polarization curve for a passive metal anode.
(1) maximum current and maximum corrosion. (2) passive
state. Current at (2) can be hundreds or thousands of times
smaller than (1).

the cahodic reaction,a piotectve passie film is able to form.
A tempoary passie iron axide film is also brmed when ion is
immersed in concensted nitic acid More pemanent iims ae
formed on alumiaom, titanium and stainless steels amdoenium
beaing nidkel alloys.

If we nav examine a polazation diagram for a passie metal
anode we can see that does not polaze along a saight line
as shwn in an idealied digram, but follows an S-shged
curve (Fgure 41).The electochemical behaor of most metals
exhibiting actve-passie transitions is illustted by sud cuwes.
As the potential of the anode becomes easingy node, the
current per unit a¥a and the coosion ete increase until a @i-
cal curent density is gadied This value coresponds to the
maximum corosion ete. At more nolle potentialsthe curent
density &lls by orders of maynitude and passty is esthlished
In the ion-water systemincreases inxygen content allw more
current to fow until the citical density is eahed Futher
increases iye fise to passity.

Tahle 37 - Standard oxidation reduction potentials at 25°C (77°F). Volts vs normal hydrogen electrode*
Element Electrode Reaction Redox Potential

Gold Au = Au®® + 3e +1.498
Oxygen (acid media) O, + 4H + 4e = 2H,0 +1.229
Platinum Pt = Pt? + 2e +1.2

Iron (ferric) Fe?=Fe* + e +0.771
Oxygen (neutral or alkaline media) O, + 2H,0 + 4e = 40H +0.401
Copper Cu = Cu* + 2e +0.337
Hydrogen Hy = 2H* + 2e 0.000
Nickel Ni = Ni*? + 2e -0.250
Iron (ferrous) Fe = Fe® + 2e -0.440
Chromium Cr=Cr®+ 3e -0.744
Zinc Zn =7n* + 2e -0.763

*Electrode potential values are given and are invariant, e.g. Zn = Zn*? + 2e and Zn** +2e = Zn are identical and represent zinc in
equilibrium with its ions with a potential of -0.763 volts vs normal hydrogen electrode.
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FORMS OF CORROSION

Corrosion can be degorized into seeral types. Edc basic
form and \arious sub-ctegories ae discussed belg geneally
in relaion to their efect on nikel-based allgs. It is noted tha
these types of cossion can occur in other tegials and my
initiate and popagate by significantly different mebanisms.

General Corrosion

If corrosion poceeds undrmly over a metal sudte the dtack
is dassifed as gnegrl or unibrm corosion.This type of caro-
sion can often be pdicted pemitting corosion allavances to
be used in equipment desigmhich is obtained fsm corosion
chaits or lboratory tests.

In generl corosion,the anode @&as on the metal sade
shift to different positions until the enérmetal sudce has been
anodic @& some time or anothelt is possite thd, at a gven
point, corrosion occus on a goup of eadily dissohed d@oms
until this goup is dpleted and then the point oftadk moves
to some other point. In thisay the metal sdérs a gneasl
thinning

As with all types of caosion,mary factos influence theate
of atadk. The corosve medium is the most impant factor
goveming corosion. The acidity tempegture, concentation,
motion elaive to metal suegfce degree of xidizing paver and
aemtion, and pesence or lasence of inhibitar or accelators
should alvays be consided Most of thesedctoss inteact and
often this inteaction is \ery comple. For instancein the dis
cussion of the coosion of ion in water, ae@tion was seen to
play two roles. Oxy@n can behe as alepolarizer and incease
the rte of corosion ty speeding up the tteodic eaction. It
also can act aspassvator because it mmotes thedrmation of
a stdle, passve film. As a geneal rule, increases in tempaiure
increase eaction ates,but increasing tempeture also tends to
drive dissoled gses out of solution so tha raction tha
requires dissoled ocygen can often be sheed davn by heding.
In a genenl way, varous types of metals and al® can be
classifed accoding to their bamacteistic corosion esistance in
cettain types of mediaThe ewironments themseds can be
categorized as being of anxalizing or reducing ngure.

Atmospheit conditions e axidizing in naure to the ions
and steels utilied in may common aplications. Under immer
sion conditionsan aqueous @ironment is usuall oxidizing in
naure due to the @sence of dissobd okygen unless spedially
treged for its emoval, and the ctnodic eaction is usuall
reduction of veter to orm hydroxyl ions.Acidic waters libelate
hydrogen gas and can be consieerto be educing in nture, as
are most dilute acids.

Cornversely, chemical emironments in thelzsence of séus
contamingion can be loosglcaegorized as being of a speicif
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solutions:
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of reducing
solutions:

« Caustic soda

» Halogen acids

« Dilute sulfuric

* Phosphoric acid
* Alkaline salts
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« Concentrated sulfuric
* Peracetic acid

¢ Oxidizing salts

Figure 42 - The Y of corrosion. An alloy selection chart.
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type As shavn in Fgure 42,0xidizing solutions compse com
pounds sue as tiromic acid nitric acid concentated sulfuic
acid peracetic acid and solutions okidizing salts (eg. ferric
or cupic salts nitrites,chromaes). Chaaicterstically, in oxidizing
ervironments,the cahodic eaction is eduction of the anion
or of high \alence ctions, e.g. of feric to ferous. Reducing
chemicals a& those lile dilute halgen or other mine acids
and alkalis. In educing emronments;the cahodic eaction is
usualy reduction of the ¥ydrogen ions, genegting a@omic
hydrogen initially.

As the emironments become mercorosive and ions and
steelsare unsésfactol, corosion esistance inxdizing ervi-
ronments is impved with allgys of a passe ndure. Alloys typ
ically used (in ader of inceasing esistance) & cromium stain
less steels, austenitic stainless steeland nikel-chromium
alloys (eg. INCONEL alloy 690).

In reducing acid erironments,materials commory used
(in order of esistance) irlode austenitic GNi stainless steels
(e.g. AISI 316 and 317)superaustenitic stainless steelsgde
INCOLOY alloy 25-6MO),and nikel-based allgs (INCOLOY
alloy 825,INCONEL alloys G-3 and 625) with the ultirtecor
rosion esistance being f#red by the addanced Ni-CiMo alloys
(e.g. INCONEL alloys C-276,622 and 686) and Ni-Mo als.

The ideal mterials ae those Wich perbrm well in both
types of emironments. Ni-GiMo alloys (INCOLOQY alloy 825
and INCONEL allgs 625 and C-276) fdr resistance to both
oxidizing and educing conditions. Of thisamily of alloys,
INCONEL alloy 686 ofers the gedest esistance to these con
ditions.

A practical method dr detemining corosion ite is ly
measuement of mass loss per uniearand timeEither mils per
year (mgy) or millimetess per anum (mm/a),an &pressionof
thickness of metalemoved per unit time omore specitcally,
thickness of mterial lost over a peiod of timg assuming uni
form corrosion,are peferred 40 myy equals bhout one mm/a.

The formula belav can be used to calctéacorosion gtes in
various units using the constants listed

Comosion ate = (K xW)/(A x T x D) where

= a constant (seelile belav)

= time of &posue, hours (h),to the neast 0.01 h
area,cn?, to the neaest 0.01 crh

mass lossg, to the neagst 0.001 gand

= density g/cnf.

os»Hx
1

Constant K in corrosion rate equaion

Corrosion Rée Units Desied K

mils per year (mpy) 3.45x 10
inches per gar (ipy) 3.45x 10
inches per month (ipm) 2.87x 10
millimeters per yar (mm/a) 8.76 x 10
micrometes per yar (im/y) 8.76 x 10

A corvenient gting for metals subject to umifm corrosion
in a chemical media is based on:

1. Excellent — camosion ete less than 2 nyp(0.05 mm/a).
Metals in this ctegory are suitdle for making citical parts
sud as spings or \alve sets.

2. Sdisfactoy — corosion ete 2-20 my (0.05-0.51 mm/a).
This rate indicdes metals & geneally suitéble for non-
critical pats where a higherate of atadk can be tolated

3. Acceptable — corosion ate 20-50 mpg (0.51-1.3 mm/a).
A rate toleable for massie equipment with a epeous
corrosion allavance

4. Usuall unsaisfactoly — corosion ete over
50 mpy (1.3 mm/a).



Localized Corrosion

Localized dtad is insidious because itguudes the congs of
a corosion allavance Localized corosion talkes two common
forms, open pitting of susq#ible metals and alis and cevice
corrosion. Pitting crevice corosion, and micobially induced
corrosion ae all types of localied corosion.

Pitting — Under ceain conditions,anodic aeas on a metal
surface emain stdonary rather than mobileWhen this occus
corrosion tales the érm of pits ather than gneal thinning
Although pitting can ase from various causes;ettain dhemk
cals — main} halide salts and piculary chlorides — ag well
known pit poduces.

The passie metals a paticulaly suscetible to pitting in
chloride ewvironments. It seems ththe diloride ions accum-
late & anodic aeas and either penatie or dissole the passe
film at these points (gure 43).

Air
NacCl solution

Rust

/ blister

¢ B

Mill
scale

Iron

Pit forming at small anode

Figure 43 - Pitting at break in mill scale.

Since the hloride corosion poducts ae acid salts (g. fer-
ric chloride), the acidity athe anode inerases as merdloride
migrates to the anodeand the caosion ete incieases with time
Self-acceleating reactions of this kind ardesdbed as autoda
alytic reactions (Fjure 44). In some cases, "bottle-shped"
pit is formed a distinct caity existing belav a much smaller
apetture.

The «idizing chlorides sub as &rric, cupiic, and mecuric
chloride ae the most ggressve pitting @ents. The metallic
cdion is reduced athe caéhode sites and diss@g air or atygen
is not a perequisite br corosion. With the non-aidizing
chlorides (eg. NaCl), oxygen reduction is the ¢hodic reaction
and pitting is nanally slover because theate of the cthodic
reaction is contlled by the difusion of okygen to the céhode
Iron-based and nkel-based allgs containing bromium and
molybderum ae usualy more resistant to pitting coosion.

) © o

Figure 44 - Autocatalytic process occuring in a corrosion pit.
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Figure 45 - Corrosion resulting from metal-ion concentration.

Crevice Comrosion — Crevice corosion is anotheroim of
localized dtadk tha as the name implies ocsumithin the
crevices brmed ly overapping sections of metal or under tightl
adheing non-metallic stictures. Like pitting crevice corosion
of nickel-based allgs is usuall promoted ly halide saltspattic-
ulady chlorides and liiorides. There ae two principal meba
nisms vhich diive cievice corosion,ion concention cells and
oxygen concengtion cells. Both metanisms nanally degpend
upon the pesence of ldoride ions to popagate the &ad.

Within a cevice, some metal mabe dissoled and g into
solution as metal ions. Outside thevice, the same pmcess will
occur lut the elaive amounts of solution willesult in a laver
concentation outside the evice than within.The metal just
outside the @vice will begin to go into solution a moke rapid
rate in an &empt to balance this conceaiion. In other verds,
the metal outside theastice will be anodic to the metal within
the cevice and this potential dérence will suppdra curent.
If the solution is in motionthe ions will be cared avay as
they are pioduced preventing equilibium, and corosion will
contirue (Hgure 45). This situaion constitutes a metal ion
concentation cell,the cevice acting as ¢aode

This type of carosion mg also occur due to dérences in
accessibility of dissokd ocygen. In sub casesthe corosion is
due to an wygen concenttion cell. One of the most common
forms of dtad, it is also called @vice corosion.A crevice acts
as a difusion barier and corosion occus most often within a
crevice or just outside

Within a cevice, the ocygen concenttion is usualy lower
than the ®ygen concenation outside it. Since the twdic
reaction usesxygen,the aea outside becomestbadic to the
area within,which then sufers acceleated atad. Corosion will
proceed until theaygen concenttion is equalied or mg con
tinue until the metal is desired if axygen conties to be sup
plied to the aga outside the evice.

Figure 46 shaws a typical sitedr an ygen cell. The I
crevice, by acting as a caulaion barier, leads to aygen-cell
attadk by preventing equalizéon between inside and outside
oxygen concengtions.

02 ©%e
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Figure 46 - Corrosion resulting from oxygen concentration.

53



In practice both metal-ion and xygen concenttion cells
can «ist & the same time and in opposition to leather The
final locdion of the corosive atad would then be deterined
by the cell vhich has the stmger potentialA tight, deg crevice
is the most sgere condition.

These actie/passie cells,which may be considexd as ay-
gen concentation cells of a paiculady aggressve form, may
develop,under fvorable conditionspotentials as high as 50/m
or moe on méerals like stainless steel. Pitesult fom the
action ofcells of this type Similaty, crevices betveen eedap-
ping metallicsurfaces mg become the sites of anodi@as with
resulting seere corosion in the @vices. for this easongcradks
or crevices should bewaided in the dbrication of corosion-
resisting equipment.

Oxygen concenttion cells mg initiate pitting in almost an
metal or ally, under loosel atached porous méerials which
shield the undéying metal fom free contact with a solution,
especialy if the main bog of the solution is in motion. In shc
casesthe dtad is knavn as undedeposit corosion or poultice
corrosion. Corosion under wt insuldion is an &ample of the
latter; it can cause gere corosion of steel or s#ss comosion
craking of stainless steels (seether belav).

Micr obially Induced Corrosion — An interesting brm of
crevice corosion is micobially induced camsion sometimes
refered to as miabiologically influenced caiosion (MIC).
Bactera recagnized as the gents of MIC lve, thrive and
multiply &t pits,grain boundaes,weld undecuts,and inside the
tube walls of pipes,hea-exchangr tubing and other metallic
structures assoctad with water.

A number of diferent bactea ae knavn to induce MIC.
However, the types gneally fall into two main dassifcations —
anaeobic or educing type bactex (sulfate reducing and
mangnese @ducing),and pseudomonas (abic) or xygen
consumingThis later cdegory is probably the most &miliar in
that it is a ecaynizable slime

MIC can occur in a wideange of gplicaions, especialy
where stgnant vater conditions a presentwhere pipe systems
are not popety flushed where nomally moving water stgnaes
at plant shutdens,etc The standat treament is the injection of
biocides into the water, chiefly chlorine deivatives. But the
presence of e dlorine and the means of coolling it are all
subject to aniables which lessen the &fctiveness of the ¢a-
ment. Opeating conditions,water tempegtures,the dimate of
the egion where the plant is lodad available nutrient levels,
available axygen, evaporation, etc; all can afect a ©iemical
treament and lead to a loss of biocidepdaility .

The suscgtibility of the AISI 300 seies of stainless steels to
MIC has been ell documentedResults of a loratory testing

program shaved tha in low total inoganic carbonlow chloride
water, a slight incease in kromium, nickel and moybderum
from 316L compositioneduces theisk of MIC atadk substan
tially. Futther, iron-based allgs, notably the 6% Mo austenitic
stainless pdes,are moe resistant to MIC than 316 stainless
steel.

Additionally, in field testing of welded specimens in aré
protection systemtaa rudear paver plant,304 and 316L stain
less steels sheed evidence of MIC after oyl 5 months of xpo-
sure. Attack was in the érm of rust dgosits on the eid, hea
affectedzone and base metal. Itag causedybiron aidizing
bactera. INCOLOY alloy 25-6MO is esistant to the MIC and is
used in the sgice water piping systems of mgrpower plants.
More highly alloyed corosion-esistant nikel-based mierials
sud as INCONEL allgs 622,625,C-276 and 686 aressen
tially immune to MIC &ad.

The Citical Crevice Tempegture (CCT) test desitred belav
is a god sceening testdr selecting allgs for resistance to MIC
(Table 38).

Ranking the resistance of allgs to localizd corosion

Resistance to pitting and esice corosion can beto some
extent, measued using comp#on factos. Citical pitting
tempeatures (CPT),critical crevice tempestures (CCT),and
pitting resistance equaleny numbes (PREN) ag all used to
rank the elaive resistance of alls to the érms of localizd
corrosion.

Pitting r esistance equialency number (PREN) — The coro-
sion lesistance of pitesistant stainless steelsgISI 316 and
317,and INCOLCY alloy 25-6MO) is lagely detemined ly
their compositionThe PREN typicall used to comparstainless
steels is detenined ty a calculéion based on their contents of
chromium, molybderum and nitogen:

PREN = %Cr + 3.3 (%Mo) + 30 (%N)

As a gneal rule, the higher the PRENhe better theesist
ance to pittingHowever, alloys haring similar \alues my differ
consideably in actual serice. Those with alues geaer than
38 on the PREN scalefef moe resistance than the 304 and
316 stainless steels. INCONCQalloy 25-6MQ, with a PREN
of 47, offers a cost-dectve means of widing agressve
chloride atadk.

PRENs or nickel-based capsion-esistant allgs (eg.
INCOLOY alloy 825 and INCONEL allgs G-3,622,625,686
and C-276) a calculéed by a somevhat different equéon. For
sud alloys, molybderum, chromium, tungsten and niobium ar
the most infuential alloying elements.

PREN = %Cr + 1.5 (%Mo + %W + %Nb)

Table 38 - Critical pitting temperature (CPT) and critical crevice temperature (CCT)
of nickel-base alloys as determined by ASTM G-48, methods C & D (acidified 10% FeCl3)
Alloy CPT, °F (°C) CCT, °F ('C)

INCONEL alloy 686 >185 (85 >185 (>85)
INCONEL alloy 622 >185 (>85 >185 (>85)
INCONEL alloy C-276 >185 (>85 113 (45)
INCONEL alloy 625 >185 (85 95 (35)
INCONEL alloy 725 >185 (>85 95 (35)
INCOLOY alloy 25-6MO 158 (70) 86 (30)
INCONEL alloy 718 113 (45) 41 (5)
INCOLOY alloy 825 86 (30) 41 (5)
INCOLOY alloy 925 86 (30) <32 (<0)
AISI 316 stainless steel 68 (20) <32 (<0)
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Addition of the nitogen factor to this equ@n as inTable 39
will allow calculdion of PRENS ér both ion-based and rkel-
based allgs.

As with stainless steela,higher PRENdr a corosion-esist
ant alloy is generlly indicaive of supeior resistance to coo-
sion. A ranking of stainless steels and gHoby PREN is
presented imable 39.

Critical Pitting Temperature (CPT)—The CPT ér an ally is
detemined ly conducting a test in acaance withASTM
Standad Test Method G-48\lethod C.The test is conducted/b
exposing samples to aci@fl 6% eric chloride solutions and
raising the tempeture by incremental amounts until the onset of
pitting. New, unexposed test specimens and esfr test solution
are used aeadt test tempeture. In accodance with the test
method the CPT mg be estimged for both ni&el- and ion-
based allgs by the equ#on:

CPT (dg. C) = 2.5 (%Cr) + 7.6 (%Mo) + 31.9 (%N) - 41.0

The CPT equired for a paticular gplicaion will be deter
mined ly the sevice conditions and theequirements of thia
sewice. The mininum acceted tempeature for Noith Sea df
shoe gplicaions is 104°F (40°C)while in pulp and per
bleaching ewironments,this tempeature would typicaly be
122°F (50°C).A ranking of allys can be dteved as shen in
Table 38.

Critical Crevice Temperature (CCT) — The CCT br an ally
is detemined ly conducting a test in acatance withASTM
Standad Test Method G-48\lethod D The test is conducted/b

exposing samples to the same test solution as used in the Method

C test wile using a rultiple crevice device (TFE-fuorocarbon
washer) #aded to the sudce of the specimen. In acdance
with the test methqdhe CCT mg be estimted for nidkel-based
alloys by the equ#on:

CCT (d@. C) = 1.5 (%Cr) + 1.9 (%Mo) + 4.9 (%Nb)
+8.6 (%W) - 36.2

or for iron-based allgs by the equgon:
CCT (dg. C) = 3.2 (%Cr) + 7.6 (%Mo) + 10.5 (%N) - 81.0.

CCT test esults ag also shan in Table 38 with the tempeture
recoded indicdéing the onset of evice corosion.

Galvanic Corrosion

When dissimilar metals aiin electical contact in an eleailyte,
the less nole metal is #adked to a geder degree than if it
were exposed aloneThis dtad is knovn as @lvanic corosion
because the endirsystem behas as a gvanic cell.

Although the elecomotive force seies (Table 37) dves a
ranking of metals accding to diemical eactvity, it does not
take into account some of thadtoss which influence corosion

Table 40 — Galvanic series in seawater

Active (anodic, or least noble)

Magnesium

Magnesium alloys

Zinc

Aluminum alloys

Mild steel

Ni-Resist cast iron

AISI 304 stainless steel (active)
AISI 316 stainless (active)
Manganese bronze

Nickel 200 (active)

INCONEL alloy 600 (active)
Admiralty brass

Aluminum brass

Copper

70-30 copper-nickel

Nickel 200 (passive)

INCONEL alloy 600 (passive)
MONEL alloy 400

AISI 304 stainless steel (passive)
AISI 316 stainless steel (passive)
INCOLOQY alloys 825 and 925
INCOLOQY alloy 25-6MO
INCONEL alloys 625 and 725
INCONEL alloy C-276 and 622
INCONEL alloy 686

Titanium

Graphite

Gold

Passive (cathodic, or most noble)

Table 39 - Pitting Resistance Equivalency Numbers (PREN) for corrosion-resistant alloys

Alloy Ni Cr Mo W Nb N PREN
316 Stainless Steel 12 17 2.2 - - - 20.4
317 Stainless Steel 13 18 3.8 - - - 23.7
INCOLOY alloy 825 42 21.5 3 - - - 26.0
INCOLOY alloy 864 34 21 4.3 - - - 27.4
INCONEL alloy G-3 44 22 7 - - - 32.5
INCOLOQY alloy 25-6MO 25 20 6.5 - - 0.20 35.8
INCONEL alloy 625 62 22 9 - 3.5 - 40.8
INCONEL alloy C-276 58 16 16 3.5 - - 45.2
INCONEL alloy 622 60 20.5 14 3.5 - - 46.8
INCONEL alloy 686 58 20.5 16.3 3.5 - - 50.8

PREN = %CR + 1.5 (%Mo + %W + %Nb) + 30 (%N)
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reactions. Br this eason,another anking knevn as "The

Galvanic Seies" is moe often used @le 40).This seres gves
an indicdgion of the ste of corosion between diferent metals
or alloys when thg are in contact in an elediyte, specifcally

seavater kut broadly applicable to weters in geneal.

The metal bse to the acte end of the ftatt will behare as
an anode and carde and the metalloser to the ndie end will
act as a dhode and be ptectedThe distance betgen two met
als in the bat is propottional to the potential diérence vhich
can be rpected and is usuglhn indicdion of corosion ete. In
most casesnetals fom one goup ma be coupled with other
metals fom the same rgup without causing sere calvanic
corosion.The eason thiathe datt is not completel predictive
is tha polaiization efects ary from metal to metal and some
couples,e.g. alumirum and stainless steatprrode less than
would be epected Fgure 47 is a ggphic example of glvanic
corosion, occuring where the bolt meerial was moe nolte
than the sheet metal.

Design is a majoraictor in peventing or minimizing glvanic
corrosion. If dissimilar metals ust be usedhe use of insutéon
to prevent electical contact is déctive. Where this g@proad is
not possike, the aea of the mar actve maerial should be lage
in compaison to the nole maeral, otherwise an unévorably
high curent density tithe anode will causeewy rapid corrosion.
For example a copperivet in a steel sheet $afs little dtad,
whereas a steelvet in a copper pta sufers \ery rapid atadk.
Coding a steel or castan weter-box in contact with a copper
bronze tubesheet assefylwill cause seere localizzd corosion
at defects in the cding. Most often glvaniccomrosion shavs up
as furows or toughs on the conded metal &its point of con
tact with the maoe nolle metal.

Corroded zones

Brass
bolt

Y

PN

Electrolyte Aluminum

~J |

Figure 47 - Galvanic corrosion.

Environmentally Assisted Ciacking

Stress-Corosion Cracking — Stess-corosion cadcking (SCC)
requires thee sinultaneous dctos — surfice tensile siss,
suscetible alloy, and specit ervironment — the altetion or

eliminaion of ary one of them can pvent this &adk. Where

it is possilbe, the alteation of the emironment or the lwice of
a different allgy is the best solution. In casesi@wre neither the
alloy nor ewironment can behangd surface tensile séiss
must be eliminged

Elimination of stess is usuall atempted though heatrea-
ment,but it is often dificult or impossibe to completet elimi-
nae stesses on compldabricated equipment and theqaedue
is aways costy. When this aproad is talen, design of the
equipment demands thapegting stiesses bedpt as lav as
possilhe, hot spots be wided crevices or deosits tha may
lead to pits thiaact as s&ss concendtion points be &pt in
mind, and frequent maintenance inspections be garéd Shot
peening to induce comgssie stess on thex@osed sudce has
been bund efective in some pplicaions, provided the sudce
corosion ete is \ery low.

Table 41 lists some of the common gllsystems and the spe
cific media in vhich they are subject to thisteadk. Fgures 48
and 49 a@ xamples of @ansgarular and integrarular stess-
corrosion cading. In chloride ewvironmentsjncreasing nikel
content of an allpis used to mvent SCC. kgure 50 shas tha
alloys containing ma than 45% niel ae highly resistant to
chloride SCC. Nigel alloys ae also usedaf their esistance to
caustic polythionic acidsand some dgesour @s vell erviron-
ments.

Liquid Metal Cr acking — Liquid metal cadking is caused o
penetation of highly stressed gpin boundaes by liquid metals
sud as mecury or by molten metals. Zindead silver, and other
low melting metals can adk suscetible nidkel-based allgs.
An example of this type oftead is tha of highly stressed tass
in mercuric salts,where the meturic ion is reduced to metallic
mercury a cahodic sites. Simildy, MONEL alloy 400 tha is
in a stessed condition nyafail by integrarular cradking when
exposed in maury or mecury salts.

Hydr ogen Embrittlement — Hydrogen embittiement or lydrogen
stress cading occus in hadened steels due ttomic hydrogen
enteing the metal acathodic sitesThis is often assodied with
hydrogen sulfde ervironmentswhen it is knavn speciically as
sulfide stess cading.

Table 41 - Environments which can induce stress-corrosion cracking of susceptible material

Alloy Environment Cracking
Al-Mg Chlorides Intergranular
Brass Ammonia Intergranular
Steel Nitrate, hydroxides Intergranular

AISI 300 series
stainless steels

Chlorides, hydroxides

Transgranular
(can be intergranular if sensitized)

MONEL alloy 400

Mercury, mercury salts, chromic acid,
aerated hydrofluoric acid vapor, ammonia

Inter-and transgranular

INCONEL alloy 600

Fused caustic

Intergranular

Nickel 200 and 201

Molten metals

Intergranular

Ni-Cr-Mo alloys
and MONEL alloy K-500

Sulfide brines

Transgranular
(can be intergranular if age-hardened)
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Figure 48 - Transgranular cracking in an austenitic stainless
steel U-bend specimen exposed for 8 days to boiling 42%
MgCl, vapors. Etchant, glyceregia. (70X)

Figure 49 - Intergranular cracking in an austenitic stainless
steel exposed to room temperature polythionic acid
for 1 hour . (100X)

Corrosion Fatigue — Metals thafail as a esult of being subject
edto gyclic stress ae said to stiér fatigue Failure is ty trans
grarular craking and is usuafl only a single cadk. High-tem
petature fatigue is integrarular since above the equicoheg
tempesture, grain boundaes ae wealer than the @ins.A few
metals suls as lead and tin kia lov equicohesie tempeatures
and fil integrarulady even @ room tempesture.

Enduiance limit and dtigue stength ae measws of a
metal's &ility to withstand gclic stressing in airWhen the
metal is gclicly stressed in cabsive ewvironments,the joint
action of corosion and dtigue gedly intensifes the damge,
which is temed corosion &tigue to distinguish it im the pue-
ly medanical phenomenon. &king is aain transgarular,
but thee ae usualy a rumber of cadks and thg quite often
begin at the base of a carsion pit. kgure 51 shars a compar
sonbetween &tigue fractue surbces of a metalxposed in air
Versus &posue in a corosie.

Fatigue dda detemined in air a@ useless as a desigiiteni-
onfor a parto be placed in seice in a seere corosie ewiror-
ment. Unfortunaely, corosion &tigue daa for ervironments
other than \ster or sea waer ae almost totayl lading.
Important considetions in selecting a metabif resistance to
corrosion &tigue ae the esistance of the metal to the immive
ervironment and its stngth.
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Figure 50 - The classic indicator of susceptibility to
chloride-ion stress-corrosion cracking is the boiling
42% magnesium chloride test. The test has shown
that alloys containing more than about 45% nickel
are immune to chloride stress cracking.
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Figure 51 - Schematic illustration of fatigue and
corrosion-fatigue failures.

Erosion Corrosion

Abrasion is simpt medanical emoval of metal,as ly sand or
silt, and eosion is fow-induced vear Cavitation is metanical
damaye caused pthe implosion of gpor kubbles on a apidly
moving surfice sub as a pump impelleThese melanical
problems ae usualy resohed ty replacing the &iled equipment
with a hader, tougher metal.

Erosion-corosion is an accelation of corosion causedyb
the emoval of otherwise ptectve surfice corosion-poduct
films by the fowing liquid. Typical examples a encountexd
with flow of concentated sulfuic acid in steel pipe (heras
steel tanks mabe entiely saisfactory) and inlet end ttad of
copper allg hed-exchanger tubes inlbwing waters. Typically,
erosion-corosion is &oided ly the use of nikel-based allgs.
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Inter granular Corrosion

Intergrarular corosion (IGC) is a localed atadk along the
grain boundaes of a metal or alip Corosion can prceed to
the point vihere whole gains of metal dll avay and the metal
loses its sength and metallichamacterstics. Two examples of
this type of camsion ae shevn in Fgures 52 and 53.
Intergrarular corosion is usuajl caused Y an impoper het
treament or heafrom welding tha causes the pcipitaion of
cettain alloy componentstahe gain bounday. This piecipitaion
causes a getion of corosion-esisting elements in the ear

surounding the gain bounday, and this aga becomes anodic

to the emainder of themin.

The austenitic stainless steels coispthe tass of meerials
in which this form of dtad is most commonalthough man
nickel-based allgs mg also displg IGC. The pecipitae is a
chromium carbide or other ecipitae tha appeas & the gain

boundaies dung heding between 800 and 1400°F (426 and

760°C).The dgleted component ishcomium and #adk occus
in the dwromium deleted aeas.This condition is knan as
sensitizéon.

There ae thee methods of combag integranular corosion
in cases \Wwete suscptible alloys ma/ be heged in the sensitiz
ing range. This exposue is in&itable in weldmentswith their
inherent gadient between the molten &ld and the cool pant
metal. The frst method is toahea the metal to a tempature

high enough taedissole the pecipitaed phase and then cool

INCOLOY alloys 825 and 020and INCONEL ally 625.The

third is to estict the amount of one of the constituents of

the pecipitae — usuall carbon — and theby reduce the dent
of the pecipitaion and esulting ally depletion.

Corrosion accptance tests ardesigned to detaine if a mée-
rial has been mduced ér optinum corosion esistance; i.eto
malke sue thd corrosion esistance is notveered duing heding
of the nikel alloy. If the corosion ate of mderial is increased
to more than the maxiom accetable rate, the maeral fails
the test. Impoper poduction or heatreament is indicted The
typical rate (Table 42) is the esult of mostl geneal corrosion
and is a function of allpcomposition. Caosion etes bgond
the typical ete ae the esult of acceleted integrarular gtack
caused ¥ precipitaion of secondar grain bounday phases.

Intergrarular corosion accptance tests arused to comfm
proper poduction of the m&rial being testedSud tests should
not be used to comparmderals for sewice in commecial
ervironments. Br example INCONEL alloy C-276 is moe
resistant to copsion than INCOL® alloy 020 in most
commecial goplicaions. Havever, in the ASTM G-28-A test,
the maxinum corosion ete for alloy C-276 is nuch higher
than thafor alloy 020.

Dealloying
With some allgs, a speciic constituent ma be selectiely

dissohed in cetain ewironments. Sometimes called pag
corrosion, the most commonofm is dezinciication of yellow

quickly enough to maintain this phase in solution (a "solution brass (i.e copper allgs with >15% zinc) in ggressie weters.
Attack can be minimied by modifications in alloy composition,
as ly adlitions of aseni¢ antimory or zinc Under moe
severe conditions, coppernickels, aluminum bonzes and
even MONEL allyy 400 can sdér a similar loss of an aljing
constituent.

anneal"). The second methoctalled sthilization, is to adi
cettain elements sticas niobium and titanium in der to mak
use of their hility to combine moe readily than d&iromium

with carbon. In this &y chromium is not dpleted and the
metal etains its caosion esistance This method is used with

Figure 52 - Intergranular corrosion. (200X)
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Table 42 — Acceptance tests and criteria for corrosion-resistant alloys

Alloy Sensitization heat Applicable Exposure
treatment tests time, h
INCOLOQY alloy 020 1250°F (677°C)/1 h, AC ASTM G-28-A 120
ferric sulfate (Streicher)
INCOLOQY alloy 825 1250°F (677°C)/1 h, AC ASTM A-262-C 240
65% HNOj; (Huey)
INCONEL alloy 690 None ASTM A-262-B 120
ferric sulfate (Streicher)
ASTM A-262-C 240
65% HNO; (Huey)
INCONEL alloy 600 None ASTM G-28-A 24
ferric sulfate (Streicher)
INCONEL alloy 625 None ASTM G-28-A 120
ferric sulfate (Streicher)
INCONEL alloy 622 None ASTM G-28-A 24
ferric sulfate (Streicher)
None ASTM G-28-B 24
ferric chloride
cupric chloride (PEMT)
INCONEL alloy 686 None ASTM G-28-A 24
ferric sulfate (Streicher)
None ASTM G-28-B 24
ferric chloride
cupric chloride (PEMT)
INCONEL alloy C-276 None ASTM G-28-A 24
ferric sulfate (Streicher)
None ASTM G-28-B 24
ferric chloride
cupric chloride (PEMT)
INCOLOY alloy 25-6MO None ASTM G-48-A 72
ferric chloride pitting test
ASTM G-48-B 72
ferric chloride
crevice corrosion test
ASTM G-48-C 72
ferric chloride pitting test
ASTM G-48-D 72

ferric chloride
crevice corrosion test

*mpy = .001 inches per year, mm/a = millimeters per annum
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