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BuHetin　of　the　Faculty　of　Engineering，

　　　Hokkaido　University，　No．　83　（1977）

Cerrosion　and　Passivatien　of　lron－Chromium　Alleys

M．　1．　ISMA1L“：’　and　N．　SATo’：’：一“’：’

　　（Reccived　September　13，　！976）

Abstract

　　　The　corrosion　and　passivation　of　Fe－Cr　alloys，　heic　t－treated　with　different　cycles，　then

subjected　to　different　environmental　conditions，　were　studied　using　metailographic，

electrochemicai　and　chemical　technlques．　On　exposure　of　the　thermally　formed　oxide

films　to　air，　for　8　months，　the　films　formed　on　rapidly　cooled　specimens　（Water　Quenched，

WQ）　proved　to　be　more　protective　than　those　formed　on　siowly　cooled　specimens　（Furnace

Cooled，　FC）．　Potentiostatic　poiarization　in　suif“ric　acid　indicated　that　the　rate　of

corrosion　（current　density）　decreases　with　increase　of　Cr　content，　with　a　minlmum　value

for　the　alloy　10　Cr．　The　grains　varied　in　their　susceptibility　to　attack．　Some　specimens

were　characterized　by　corrosion－resistant　bands　on　the　surface．　The　rate　of　passivation

（current　decay　ratio）　increased　witk　increase　of　the　temperature　of　heat－treatment　aRd

with　an　increase　of　Cr　content　for　air　cooled　specimens　（Air　Cooled，　AC）．　Thermai

cycling　lead　to　a　decrease　in　the　anodic　ctirrent　decay　ratios．　WQ　specimens　had　1ower

current　densities　than　｝TC　or　AC　ones．

　　　Spectrophometric　analysis　of　the　electroiyte　after　electrolysis　indicated　that　Cr

dissolved　from　FC　specimens　with　higher　rates　than　from　WQ　for　the　5　Cr　alloy，　but

for　2e　Cr　alloy，　the　reverse　was　true．　The　dissolved　Cr　increased　with，　increase　of　Cr

content　for　WQ　while　for　AC　specimens，　no　influence　was　seen．　The　dissolved　metal

ratio　（Fe／Cr）　had　a　maximum　val“e　at　the　ailoy　10　Cr　for　WQ　specimens，　but　for　FC

specimens　this　ratio　decreased　with　Cr　content　of　tke　alloy．　However，　if　the　heat－

treatment　cycle　was　repeated　in　FC　type　then　the　Fe／Cr　ratio　increased　with　increase　of

Cr　content．

Introduction

　　　　Iron　base　alloys　with　varying　contents　of　Cr　and　other　ei，ements，　especially

Ni，　are　used　in　a　number　of　austenitic　stainless　steel　arti．cies，　which　are　used

mainly　at　high　temperatures　such　as　heat　exchangers　in　the　petrochemical　indus－

tri．es，　steam　generators，＿etc．　Although　the　environme煎al　conditions　are　largely

different　in　these　applications，　the　materials　in　general　change　in　their　micro－

structure　and　composition．　The　interrelation　between　cornposition，　microstructure，

corrosion　behavior，　and　mechanical　properties　of　these　materials　has　been　the
subject　of　numerous　investigationsim”）．　Tne　importance　of　heat　treatment　of　these

steels　on　their　behavior　has　aiso　been　recognizedi’3）．　However，　the　literature

available　on　the　effect　of　heat　treatment　upon　various　steels　is　not　suMcient　to

1　現在はアレキサンドリア大学工学部　　Presellt　Address：Faculty　of　Engineering，　University　of　Alex－

　　　andria，　Alexandria，　Egypt　（」．　S．　P．　S．　Research　FeHow，　！973　Oct．一一1974　Oct．）
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resolve　the　controversies，　and　either　coRflticting　results　have　been　reported，　or

di．fferent　．interpretatioRs　have　been　given．

　　　The　present　work　was　undertaken　to　ga．i．n　further　insight　．into　this　phenomenon．

　　　The　alloyiRg　elements　in　steel　are　divicled　into　two　groups　w．1．th　respect　to

their　effect　on　the　cr／r　equilibrium．　Some　of　these　elements　stabiiize　the　r－phase

aRd　widen　its　single　r－pltase　field　in　the　binary　phase　diagram．　Others　stabil．ize

the　cr－p，hase　and　causes　tlte　so　ca｝led　r－loop　in　the　binary　pltase　diagram2），　The

role　of　Cr　in　the　formation　of　alloys　is　more　complicated．　At　high　temperature，

it　is　knowR　to　form　a　r－1，00p　while　at　lower　contents　the　temperature　range　for

the　T－phase　is　widened　by　a　depression　of　A，　temperature．　The　behavior　of　Cr

was　discussed　in　detail　by　Austin　and　Pierce5），　and　they　interpreted　it　in　terms

of　the　variati．on　in　the　distribution　coeflicieRt　of　Cr　between　cv　and　r，　d．epending

upon　the　temperature　and　composit．ion．　Chromium　is　also　known　to　be　a　ferri．te

stabi．lizer　wheR　added　in　high　concentration．　Further，　no　austenite　is　formed　in

alloys　containing　more　than　i4．3　at．　％／　（13．4　wt％）　CrL’6’．　Thus　the　behavior　of

chromium　changes　w．ith　its　concentrations　：　at　low　concentratioR　it　is　an　austenite

stabilizer，　whereas　at　high　concentration　it　becomes　a　ferr．ite　stabilizer　and　the

phenomenon　depends　upon　the　negative　value　of　the　difference　between　the　actiyity

of　chromium　iR　r　and　a・一formsL’）．　The　existence　of　variable　phases　in　Fe－Cr　system

depends　upon　the　heat－treatment　cycle．　Different　phases　of　varying　characteristics

are　produced　by　varying　the　chemicai　composition　of　，ingredients，　When　Cr　is

added　in　a　high　concentratien　（e．　g．　14　wt％i）　Cr－rich　carbides　and　nitrides　are

formed　instead　of　iron　carbides　and　nitrides．　Within　a　wide　range　the　resuiting

changes　in　corrosion　rates　and　morphology　after　corros．ion　attack　by　acids　are

analogous　to　the　mechan．ical　properties　produced　by　thermal　treatments　of　iron

carbon　alioys．　Chromium　depletion，　occurring　adjacent　to　chromium　carbide
precipitates，　is　generally　considered　to　be　the　cause　of　intergranular　attack　in　18

Cr－8　Ni　stainless　steel　which　contains　chromium　carbide　precipitates．　Recent
investigat．ions7’8）　on　Fe－Cr　alloys　are　in　agreement　with　such　a　hypothesis．　Once，

it　was　considered　that　the　intergranular　precipitated　were　iron　carbides，　which　are

readily　soluble　in　acids｛），　and　thereby　resulted　in　undercutting　of　the　grains，　or

that　chromium　carbides　and　nitrides　precipitated　at　grain　boundaries　surrounded
by　highly　stressed　metai　which　is　dissolyed　more　rapidly　than　unstressed　metaliO），

or　thet　austenite　formed　at　grain　boundaries　which　is　attacked　preferentially　due

to　its　relatively　low　chromium　and　high　carbon　content　compared　with　ferrite
grains’i）．　Chromium　carbides　and　nitr．i，des　are　formed　in　Fe－Cr　alloys　in　the　range

427－9270C，　with　a　maximum　near　7990C7’8）．　Rapid　cooliRg　rates　from　the　treat－

ment　temperatures　prevent　the　formation　of　these　carbides．　At　very　low　concent－

rations　of　carbon，　carbides　are　formed　due　to　its　precipitaton，　which　play　an

important　ro’le　in　the　microstructure　and　anodic　behavior　of　the　alloys．　The

alloys　with　composition　above　the　minimum　of　the　r－ioop　show　different　electro一・

chemical　and　microstructurai　features，　as　compared　with　tkose　of　iower　Cr　contents．

Experimental

　　　The　compositions　of　the　alloys　Rsed　in　thls　study　are　given　in　Table　1．　Heat

treatments　were　performed　in　a　clean　silica　tube　furnace　uRder　vacuum　（10－3　Torr）．

They　were　cooled　down　to　room　ternperature　at　different　cooliRg　rates．　Thermally

formed　oxide　films　were　investigated　metallographically．　The　materials　were，
then，　repoiished　and　potentiostatically　polarized　in　O．1　N　H，SQ，　at　200C　and　600
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’1’able　1　Chemical　analysis　o／f　the　alloys　usecl　in　this　stucly　（wt）
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Fig．　1　Potentiostatic　transiet　c．urves　o±’　anodic　pa＄sivation　o／f　lli’e－Cr　alloys，

　　　　o．1．N　H2so，，　600　mv，　sce，　200c：

　　　　a）　Fe－5　Cr：！．　9500C，　FC，　2　cycles，　2．　as　recieved，　3．　600“C，　XV9，

　　　　　　4．　6000C，　WQ十800eC，　W9，　5．　8000C，　WQ，　6．　90eOC，　WQ，　7．

　　　　　　1．0000C，　30　sec，　AC，　8．　1，000eC，　30　sec，　AC：4　cycles，　9．　80eOC，

　　　　　　FC十8000C，　VSLrQ，　／0．　8000C，　FC，　！l．．　！，0000C，　30　sec，　AC：2

　　　　　　cycles

　　　　b）　Fe－lo　cr：　！．　6000c，　wQ，　2．　6000C，　wg十seo　oc，　xvQ，　3．　1，0eo

　　　　　　OC，　30　sec，　AC：（一t，　cycles，　zL　9000C，　WQ，　5．　950eC，　Y’C；2　cycles，

　　　　　　6．　as　recieved，　7．　80eOC，　FC，　8．　8000C，　“rQ，　9．．　8000C，　FC－t－

　　　　　　soooc，　N？vrcl｝，　！o．　gJroec，　Fc

　　　　c）　Fe－20　Cr：　！．　！，00eOC，　30　sec，　AC，　2．　！，0eOOC，30　sec，　AC：　2

　　　　　　cycles，　3．　1，0000C，　3C）　sec，　AC：　4，　cycleg．，　4，．　6000C，　Wg｝一t－8000C，

　　　　　　WQ，　5．　80eeC，　FC，　6．　as　recieved，　7．　9．000C，　WQ，　8．　9．5（）OC，

　　　　　　’i7c，　g．　soo　oc，　Fc，　’lo．．　soo　ec．，　vLTQ，　1．1．　csoo　ec，　xvQ
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mV，　sce．　The　eiectrochemical　cell　and　e正ectrical　circuit　has　bee且　described

prev，iously’2－i4＞．　The　potentiostatic　transient　curves　of　anod．ic　passivation　of　Fe－Cr

are　of　siml．lar　shapes　（Fig．　1）．　Moreover，　the　curreRt　values　after　a　certain　time

depend　upon　the　alloy　structure　dependiug　upon　whether　they　consist　of　ferrite，

austenite，　or　matensite　and　also　on　the　composition　of　these　phases．　The　poten－

tiostatic　transient　anodic　passivation　is　a　comparative　method．　Consequently，　the

initial　preparation　of　each　specimeR　must　be　strictly　identical．　The　specimens

may　be　etclted　in　potentiostatic　conditioRs．　When　seyeral　phases　are　present，　the

dissolution　of　each　phase　occurs　with　a　particular　speed　at　a　given　potential．　The

experimentai　techniques　and　test　methods　are　the　same　as　those　reported　previ－
Ouslyi2－i4＞．

Results

　　　Diffeyent　heat　treatment　cycles　were　applied　to　include　ali　possible　changes

below　or　within　the　loop，　and　those　that　may　occur　in　the　solid　state．　The　slow

cooling　rates　after　heat　treatmen．t　at　various　temperatures　facilitated　the　formation

of　carbides，　whereas，　higlt　rate　of　cooling　inhibited　their　formation．

　　　During　microscopic　examination　of　the　specimens　it　was　observed　that　some　of

them　are　decorated　by　band　fotmations．　These　bands　are　parallel　to　the　surface

and　show　geometrical　shapes　similar　to　scratching　the　surface　with　a　knife．　These

bands　were　observed　to　occur　even　on　the　surface　of　the　pure　metals　（Fe，　Cr）．

When　Fe－Cr　a“oys，　oxl，dized　during　heat　treatment，　then　exposed　to　air　at　ambient

temperature　for　a　prolonged　period　of　8　months　it　was　proved　that　these　types

of　bands　were　hardly　affected　by　environmental　conditions．　Chemical　attack　by
HNO，　or　by　HF／H，O，　has　only　a　slight　effect　on　these　bands．　Recently，　Streicheri）

mentioned　the　existence　of　crystailographicaliy　oriented　fingers　extending　from

the　boundary　into　the　grains．　He　also　indicated　that　these　fingers　appeared
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relatively　free　from　intergranular　attack

tiostatic　transient　curves　of　anodic　passivation　of　Fe－Cr　ailoys

clarify　the　relationship　between　the　rate　of　passivation　（rate　of　decay

and　the　thermal　history　of　the

increases　with　the　decrease　of　Cr　content．

2．　600ec，　wg十soooc，　wQ，　3．　6000c，　wg，
Jr．　soo　oc，　1・”’c十sooec，　wgl｝

2．　1，0000C，　30　sec，　AC：4　cycles，　3．　1，000eC，

　　　　4．　soooc，　Fc，　s．　cj，sooc，　Fc：2　cycles

　　　　　　，　thus　being　a　passive　area．　The　poten－

　　　　　　　　　　　　　　　　　　　　　　　　　　shown　in　Fig．　1

　　　　　　　　　　　　　　　　ion　（rate　of　decay　of　current）

specimen．　The　rate　of　decrease　of　anodic－cd
　　　　　　　　　Accumulation　of　Cr　corrosion　products，
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　　　　　　　　9．　500C，　FC　：　P．一，　cycles

causes　reactivation　of　Cr　samples．　Slowly　cooled　specimens　（FC）　show　a　stronger

tendency　to　passivation　as　measured　by　the　increase　of　relative　current　decay
ratios　indicated　in　Fig．　2．　As　the　Cr　content　increases　the　tendency　of　passivation

increases．　When　the　heat　treatment　cycle　is　repeated　several　times　followed　by

air　cooling，　then　the　nth　cycie　imparts　a　lower　tendency　to　the　passivation　（lower

current　decay　ratio）．　For　rapidly　cooled　specimens　（WQ）　Cr　contents　do　not
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effect　the　corrosion　of　Fe－Cy　alloys．　Simiiarly，　in　this　case，　the　sample　bears　no

effect　of　the　thermal　cycling．　The　anodic－cd　decreases　to　a　minimum　of　IO　Cr

alloy　for　both　FC　and　WQ　specimens　（Fig．　3）．　The　grain　size　and　corrosion

current　of　pure　Fe　and　Cr　are　longer　than　in　their　alloys．　The　atomic　absorption

spectrophotometric　analysis　of　the　electrolyte，　after　electrolysis　indicated　that　the

WQ　specimens　have　a　lower　tendency　to　corrode　than　the　FC　specimens．　Thermal

cyciing　in　WQ　increases　the　rate　of　iroR　dissoiution　while　thermal　cycling　in　air

cooling　（AC）　decreases　the　amount　of　dissolved　iron　（Fj．g．　4）．　The　dissolved　Cr

from　WQ　specimens　iargely　increases　with　the　increased　Cr　content，　while　Cr

dissolved　from　slowly　cooled　specimens　（FC，　or　AC）　is　not　affected　by　Cr　content

of　the　bulk　alloy　or　by　repeated　thermal　cycles　（Fig．　5）．　The　relative　amount　of

dissolved　metals　Fe／Cr　decreases　with　the　increase　of　Cr　conteRt　for　the　slowly

cooled　specimens，　while　for　WQ　it　is　quite　different　since　a　maximum　of　this
ratio　exists　at　the　10　Cr　ailoy　（Fig．　6）．　This　indicated　that　Fe　is　easier　to　pass

in　solution　leaving　a　Cr－enrjched　surface　which　gives　more　resistance　against
corrosion．　The　chemical　attack　of　specimens　with　HF／H，，O，，　mixture　showed　that

the　creation　and　growth　of　pores　is　common　for　low　Cr　alloys　（5　Cr）　botlt　around

and　inside　of　the　grain　boundaries，　while　the　previous｝y　mentioned　bands，　are

common　for　the　ailoys　with　a　high　conteRt　（20　Cr）．　The　samples　susceptible　to

intergranular　attack　are　not　passivated，　and　there　is　always　the　occurence　of　active

surface　due　to　pore　fo．ymation　or　deep　grain　boundary　dissolution．　ln　a　typical

grain　boundary　attack　in　O．1　N　K，SQ，　（600　mV，　sce）　the　boundary　between　corroded

areas　and　the　matrix　is　always　smooth　and　can　be　observed　by　examining　the

surface　of　the　specimen．　The　width　of　attacked　zones　（usually　grai．R　boundaries）

i．ncreases　with　the　iRcrease　of　heat　tyeatment　temperature．　ln　the　corrosion　in

HF／H，，O，　mixture　the　attack　i．n　intiates　and　propagates　along　graiR　boundari．es．　lt

spreads　further　from　the　boundaries　covering　other　areas　and　thus　resuits　．in　the

formation　of　pores　and　large　pits．

D五SCUSS量0】薩

　　　The　results　of　the　present　study　are　exteBded　to　the　chromium－depletion

theory　of　intergranular　corrosion　to　ferritic　stainless．　The　width　of　grain　bound－

aries　formed　as　a　result　of　corrosion　attack　varied　from　one　boundary　to　the

other．　This　may　be　due　to　the　differences　in　the　orieRtation　of　the　grains，

because　of　different　heat　treatment　procedures．　The　rnixture　of　HF／H，O，，　attacked

all　specimens　at　variable　rates．　The　morphoiogy　of　the　attack　of　Fe－Cr　alloys

by　HF／H，O，　is　much　dl．fferent　than　that　obtained　by　the　treatment　with　H，SQ，．

It　this　may　be　due　to　localized　corrosion，　which　was　inl．tiated　because　of　the

depletion　in　chromium　after　which　the　depleted　zones　were　dissoived．　ln　a　strong

oxidiziRg　solution，　the　failure　of　the　austenitic　stainless　steels　may　be　associated

with　continuous　grain　boundary　paths，　which　may　be　the　results　of　secondary
phase　or　of　solute　segregated　regioRsi5）．　Tlie　recovery　of　corrosion　resi．stance　by

annealing　at　8000C　is　due　to　the　removal　of　stresses　by　heat　treatment．　The

presence　of　visible　chromium　carbide　precipitates　in　the　microstructure　provides

evidence　of　the　presence　of　chromium　depleted　zones，　which　accounts　for　the

susceptibility　of　the　specimen　to　intergranular　attack　both　in　oxidizing　as　well，

as　1．n　reducing　environmentsi）．　lt　is　well　known　that　the　add．ition　of　Cr　to　Fe

e曲ances　the　s£abil呈ty　of　passive　film，　provided　thet　the　Cr　contents　is　not　less

than　12ttofi6）．　The　e｝ectron－diffraction　resuits　aiso　showed　that　the　substrate　planes
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either　exhibit　an　epitaxial　relationship　with　the　oxide　film　or　they　lack　tlte　oxide

dififraction　spot　patterRs，　or　they　show　only　diffraction　rings3）．　The　low　index

substrate　planes　lose　the　orientation　if　the　contents　of　Cr　are　low．　For　instaRce，

the　［1001　plane　no　longer　shows　an　epitaxially　oriented　oxide　by　the　time　the　Cr

coRtents　reach　12．0．Zof3）．　On　the　other　hand　the　high　index　planes，　namely　that　is，

the　lesser　atomic　density　planes，　show　greater　relation　of　oriented　oxide　for　high

Cr　contents，　e．　g．，　the　［3211　substrate　has　oriented　oxide　at　19．％　Cr．　Strong

diffraction　rings　were　found　only　for　the　［110］，　and　orientation　occured　in　the

a11oys　of　590／　or　12tto／　Cr　contents．　This　observation　described　that　the　passive

films　on　the　lllO］　plaRe　of　Fe　exhibited　a　greater　tendency　to　disintegrate．　The

［lIO］　，　unlike　the　other　orientations，　had　a　different　epitaxial　re｝ationship　between

the　oxide　and　substrate　depending　on　the　passive　or　active　state　of　the　sample．

McBee　and　Kruger3）　showed　that　the　ring　patterns　found　for　the　［110］　are　multipie

and　cannot　be　matched　to　the　d－spacings　for　any　of　the　Fe－Cr　oxides．　lt　was

concluded　that　the　addition　of　Cr　to　Fe　may　cause　the　polycrystaiization　of　oxide

films　under　natural　conditions，　and　this　accounts　for　their　different　behaviour．

The　passive　films　fofmed　upoR　high　Cr　content　alloys　tends　to　be　amorphous3）．

More　stable　passivity　or　better　corrosion　resistance　was　encountered　when　Cr　was

added　to　Fe，　which　may　be　due　to　the　presence　of　mixed　ox．ides　of　Fe　and　Cr．

Results　of　short　period　heating　at　1，0000C　and　through　various　cycles　support

this　view．

　　　IR　concuision，　the　present　study　of　morphology　of　thermally　formed　surface

films　revealed　that　there　is　uniformity　in　the　formation　oxides　with　，increasing

concentration　of　Cr．　For　pure　Fe　and　Cr　surface　modulations　were　observed
after　a　short　period　of　heating　for　30　sec．　at　1，0000C　followed　by　air　cooling

（AC）　in　four　cycles．　ln　as　much　as　pure　Cf　pitting　was　commoR　for　both　furnace

cooled　（FC）　and　rapid　cooling　（WQ）　specimens．　ln　case　of　Fe－Cr　alioys，　thermal

etclting　becomes　evident　and　grain　boundaries　develop．　The　intensity　of　graiR

boundary　oxidation　increases　with　the　increase　in　Cr　content　and　temperature．

　　　Exposure　of　thermally　formed　oxides　to　aif　for　8　months　showed　increased

corrosion　resistance　with　the　increase　of　chromium　content．　WQ　specimens　have

increased　additional　protective　film　compared　with　furnace　cooled　（FC）　specimens．

The　extent　of　cherr｝ical　attack　by　HNO，　or　by　HF／H，O，　mixture　shows　that　inter－

granular　corrosion　is　usual　for　FC　specimens．　Pore　formation　is　common　in　the
alloys　with　iow　Cr　contents　（e．　g．，　5．0．？o／　Cr）．　Crystallographic　dissolution　occurred

for　FC　pure　metals　at　higher　temperatures．

　　　OR　the　basis　of　above　findings　the　inain　conclusions　are　as　follows：

　　　1）　Current　decay　curves　are　of　similar　shape　and　a　regular　decrease　occurs

with　time．　Sorne　of　the　specimens　show　a　sharp　decrease　in　current　after　IOO

sec．　Reactivation　of　specimens　also　takes　place　after　passivation　due　to　pore
formation．

　　　2）　Current　decay　ratio　increases　with　the　increase　in　Cr　content．　Repetition

of　thermal　cycles　results　in　a　decrease　of　this　ratio，　especially　for　AC　specimens．

The　higher　the　temperature　of　heat　treatment　of　FC　specimens，　the　higher　the
value　of　this　ratio　（Fig．　2）．

　　　3）　The　current　density　as　well　as　the　grain　size　of　Fe－Cr　alloys　is　lower

than　that　of　individual　pure　metals．　The　alloy　with　10％　Cr　has　the　lowest　cd
va至ue．

　　　4）　The　amount　of　dissoived　iron　increases　with　the　illcrease　in　the　Cr　conte飢．

Alloys　with　5－10．0．？o（　Cr　have　the　lowest　dissolution　of　iron，　without　being　specific
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to　heat　treatment　cycles．

　　　5）　The　amount　of　dissolved　Cr　during　electrolysis　is　minimal　for　WQ　speci－

mens　with　10．％　Cr．　On　the　contrary　dissolution　of　Cr　is　independent　of　its

contents　in　case　of　FC　or　AC　specimens．　Repetition　of　heat　treatment　cycles

reduces　the　amount　of　disso1ved　Cr　from　AC　or　FC　specimens，　while　the　reverse　is

true　for　WQ　ones．　．

　　　6）　The　dissolved　metal　ratio，　Fe／Cr，　is　maximaium　for　WQ　specimens，　but

it　decreases　with　the　increase　in　Cr　contents　in　case　of　FC　specimens．
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