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ABSTRACT

The =ffect of vanadium, in the concentration range 1 to 4%, alone and
in cumbinstion with the pther specific alloying elements titanium,
nicbium, nickel, copper, molybdenum and silicon (maximum concentration
of 2% each) was examined in low-interstitial, 18% chromium ferritic
stainless steels (C + N = 84 to 168 ppm). Testing of the allays
jnvolved determinalion of their tensile and toughness properties,
pessivity, and pitting, general and inlergrenular cerrosion resistance.
Vanadium increased the tensile strength (except at the 2.6% level) and
markedly improved the toughness of the base 18% chromium alloy.
Stabilization with 0.1% titanium reversed ihe trend found for the
impact transition temperature in the LiCr-V alloys. The addition of

nickel and copper to the Cr-V-Ti alloys reduced the transitinon
temperature, while mulybdenum und silicon raised the temperature
slightly. Vanadium was found to have a variable effect on the

passivity in IN HZSUL;‘ produeing the detrimental effect of lowering

the breakdown potential. Most of the other zllpying elements,
particularly molybdenum, impruved the passivity of the base Cr-V-Ti{-Ni)
alloy. Vanadium Taised the pitting potential in 0.1N NaCl, but hud a
detrimental effect in increasing weight loss in the Felly test.
Molybdenum was the wost Leneficial element as regards pitting resistance.
The most favourable alloy combiruatien in resisting general corrosion

in H"JU;, HZSUA and oxalic acid was 1BCr-4V-Ti-1.3Ni-1Cu. None of the
alloying elements was found to induce susceptibility tointergranular
corresion in the Strauss test. The effect of the various alloying
elenents on the mechanical properties me intetpreted in terms of
participation and sulid selution strengthening phenamena. Their effect
on the corrosion resisiance jus delermined by the degree to -« hich they

participale in passive Film foTwation.
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1. INTRODUCTIOY

Most industrialized countries have been faced with the problem of
materials sul stitution at one time or another, and the subject is
reqularly discussed in Lhe literatuce because of the political
implications. There ave many reasons for expmining materials substi-
tukion with the emphusis depending on the problems and local rescurces
of the particalav counlry.

Molybdenum is well known For the beneficial eifeck it has on the

corrosion resistance of staink

ecls, in purticular the resistance

ta pitting corrosion aml ta sulphuric aeid. There are several factors

which favour the devolopament af a local substitute lor molybdenum,
these being the fact that South Africa must jmport all her requirements

of the metal. {he

ential role of Lhe metal os an alloying element
in corrosion-resisting steels and hig-strongth low-alloy steels, the
highly Fluctuating price of the melul, and lastly bul perhaps most
importantly, the abundance in South Africa of the metal vanadium which

is ane of the most prowmiuing subslitutes for melybdenum.

The literatu ontaing several references to the Fact that vanadium

improves the pitting rosistance of stainless steels (Tomashov st al.,
“olybdenuis Co., USAY. Anuther useful property of vanadium when

compared to molybdenum is the Improvesent in ispacl properties conferred

1964; Biefer, 1970; Liclovs, 19745 also unpublished work by The Climax i
on ferritic stainless steels (Aslund, 1977: Climax Molybdenum, l
i

unpublished work).

Some of the earlies

work: on the effect of vanadium in stainless steels
wis carried ok in Germsny o oboul 1929, In Lhe original Krupp patent
{1929) covering the use ab Litanius as s proventative for intergeanular

corrusian, vanndium was atso agsessml and was elaimed Lo have a similor

effect.  Latec research hy Riedeich and loch (1230), however, showed
Lhat. vanudium sers ool very offective in iahibiting tnteegeanular

T

on.  (Heconl wark hy Climax i {unpublished) indicates )
that a minimwm concenlealion of § w1 nrder to prevent

intergranulac corrosion).

g
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More recent rcsearch, since 1964, has examined other aspects of vanadium
in stainless steels, in particular pitting corrosion and, to a lesser
extent, impact propertiss. Temashov el al. (1964), in o detailed study,
showed that the pitting resistonce of an 18Cr-14Ni stainless steel in
0.5M FeCl} increased significantly at vanadium levels mbove 2%, to the
extent that corrosion was negligible at the 5% level {(as was the case
for molybdenum}. In anudic polarization experiments, vanadium was
found to increase the pitting potential in Nall and HCL solutions.
Vanadium also had a beneviclal effect on the anodic polarization

behaviour in HZEUI.‘

Biefer (1970) examined the eftect of vanadiom in o fervitie, Type 430,
stainless steel. Allheugh the masisum corcentration studied was only
.o%, the posilive effects of vanadiom in reducing eorrosion in HCL
and H,80,, and in increasing the pitbing potential at tha 2.2% level,
were noted. In FeCly the corrasius rute was reduced slightly, but in

HNO5 the rate inereased by spprovisately H0%.

Other workers have noted the bunet iciul effect of vanadivs. Aslund
{1977) Found a sy
inereasing the plitting potentialy  fu
the ductile-to-briltle s

tic-offect boetween vanadium and txtanium in

that vanadium lowered

alsue noted

siddng teeporature

ignificantly.

Unpublished work by Flimx Molyburen has shewn that vanadium improves

the corrosion o stance of V8 arel 24% chrowium stainless steels,

althougn not to Lhe same extent on o weighl-for

eight basis as
molybdenim. Climax Molyldetmm @ 5o repurted he beneficial effect of
vanadiue in reducing the tepact o ibion temperature, especially
after welding.

The pricary obj 3 to examine the

ive of the preseit aval gt ion w

effect of vanadium oo the mechanieal toopert ies and corrosion resistance
of Ferritic stainlea steel. At Lhe prencid Hinme the most widely used

matybdenum-bearing ferribie stainles steel st so-eal lod supee-

ferritie, fype 444, an 18Cr-2 Filaniom-stabiliced atloy. A low-
inter
the of

Litiat, % cheominm hasos ol loy s vsed in thin stuay so thal

Li ol vansediom conlid be compared by relerence to the detailed

results repurted in the Titerature (or the molybdenum-hearing Type 444.




In addition to the study of & straight Fe-Cr-V alloy, the effect of
combinguions with other elements such ag nickel, silicon, capper and
molybdenum, as well as stabilizabion with titanium and niobium, was

also examined in an attempt to i

ave on the mere deficient properties
of ferritic stainless

nnely, suseept ibility Lo weld decay,

poor resistance to reducing acids, and high duct ile-to-brittle
transition temperature. A total of sixleen vanudium-bearing alloys
were prepared and experimental testing involved determinotion of their

tensile, impact, pitting anu .. noral corrosion res

stance pruperties.




1n addition ta the study of a straight Fe-Cr-V nlloy, Lhe effect of
combinations with other eloments such as nickel, silicon, copper and
molybdenum, as well as stabilization with titonium and niobium, was
also examined in an attempt o isprove on the more doficisnt properties
of ferritic stainless steels, namely,susceptivility Lo weld decay,

poor rssistance to reducing acids, and high o elile-to-brittle
transition temperature. A botal uf sixteen vanndiun-bearing alloys
were prepared and experimental Lesting invelved delermination of their

tensile, impeet, pitting and general corresion resistance properties.
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2. SUME_METALLURGICAL_VARIABLES TN THE DES1GN
O_CERRITIC STAINLLSS STELLS
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Tt o A—————

steels do not undergo phase transformation, cold work ond annealing
are the anly means of cantrolling their strenglh and grain size.
Several metsllurgical reactions can embritble ferrilic stainless
steels with these being divided into those controlled by either

interstitial or substitutional elements.

Those reactions which involve inlerstitisl elements usually oteur

rapidly and influence short-Lerm prooe:

e

such as welding and
continuous annealing. Reactions involving the precipitation of
intermetallic phases, on the other hand, which oceur of lower
temperatures .nd over long periods are more important during hot-

working, coiling and elevated - remperature exposure.

2.1.  Carbon and Nitrogen

Many of the praperties of fesvitic stainless steels such as
ductility, toughness and interyranulur corrosion are determined to

a largs extent by the amaunt of carbune and nitregen present. The
phase diagram of the iron-chromium systes (Figure 2.1) shows that
ferrite which forms from the liquid in an J8% chromium steel does not
undergo a phase Lransformatinn on continued cuoting. The gamma
region in the iron-chromium syules g expanded by the addition of
elements such as carbon und nitrugen thus extending the range over
which austenite can Form ot hioh baperatures (Figure 2.25. It can

be seen that an 1% chromium staionless steel, such as Type 430 which

typically contains 0.1% combined carbon and nitrogen, is no longec
completely ferritin but transforms partislly to austenite at highesr

temperatures.

The foriation of austenite in fercitic stainle teels when expused

to high-temperatures thun depends on Lhe o

ition or the alloy
and Lillys (1954)

m thit the quenching al o 17% chromion alloy which contained

and ther ra which it is caoled.  Nehreober

have sh
auslenite resulled in the foreation of mactensite, but that this
transformation did ot avear when the ehromism level wos increased
to 25%.  in the cune ol welded 7% and 21% chronium alloys, Lena et
al. {(1954) fommd marlensile in the 17% ulloy and austenite in the

21% alloy.  these pesulls show Lhol uptempered martensite can cause
¥
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embrittlement in conventional ferritic stainless steels and hence
explains the apnealing proctice and the need For post-weld beat
treatment in these alloys. The retention of austenite in welds is
beneficial as regards duckilily but can incresse susceptibility to
intergranular corrosion. Ancther prublem ausoerabed with austenite
occurs when the alloy is heated to high temperatures and austenite

transforms to martensite by the rejection of curbon.

The toughness characteristics of 18% chromium

2.1.1. Foughness
ferritic stainless stoets depend lar

ly on the Lype und amount of
precipitate Formed and the grain size.  The effect of carbon and
nitrogen on the ductile - tuv - brittle transition Lemperature has been
examined in detail in may publicationa (Hinder and Spendelow, 19513
Semchysten et al., 1971; Plumbroe and Gullberg, 1974; Pollard

1974; Grubb ond Wright, 1979). tarly work (Krivebok, 1935) appeared
to show that notch sensilivity depended lucgely on the amount of

shio

subsequently {references above)

chromium present but it

that interstitial o7 -men part icolarly corhon, nitrogen und oxygen,

are the controlli The sigmficant effect of the inter-

stitia} level on . : behaviour of mwaled iran-chromium
alloys was only reve . . when vacoun celting lechniques were
developed and enabled oiloys with very low ainterstitial levels to be

produced.

Krivobok showed thal impiet stremglh decreased sharply when the
ehropium Jevel exvecded 16% in nic-melted alloys, whereas Binder
and Spundelow found that thiz decreaie in strength in the case of

vacuum-melted alloys occurred above a chroaiom level of 35%.  The

2eeny the aiv-and vacuum-melted

main reason for the difforones be!
unt of carbon and

alloys Ls naw komen Lo be celaled to the
L. Figuee 2.3, Crom Blader and Spendelow (1951),

nitrogen pro

shows thed the carbon and nitropn levels nece e secepbable

deepaase significantly above a

ronm temperalore imprct e ane
cheamit tevel of wwut 175, The bow iwpac) resistance Found by
Keivobok fur allays copbaining sore Than 6% chiromlum js not eaused
by chromius itself bt by U high inlerstidinl levels which are

characterialic of ar-melbed steels,
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Figure 2.3. The influence of curbon and nitrogen on the toughness
of irop-chromium alloys. The plotted points represent
alloys having an impact value of 100 Joules, those
with open circles belng below room temperature, those
with solad cireles being above roem temperature,

(Binder and Spemdelow, 1951).

Another variable sffecting the Loughness characteristics of ferritic
stuinless steels is heat {restment. The influence of heat-trestment
and the carbon andnitrogen level oo the impact properties of 17%
chromium alleys is shown in Figure 2.4, The transition tempersture is
found to decrease with the carbon content for both conventional
(8159C) and highetemporature (115000) bost <1 reatments slthaugh the
effect is more pronounced in the alloys that have reeeived the high-
ecatment..  When nitragen is the independent variable,

temperature
Lhe detrimetal offect is evident only in those alloys that have been
subjectod o the highor tempernlure.  This cffecl would be significant
in welding indicaling thal fercitic slaintess sleels require closer

interstitin' conlrol than Lhat sugges{ed by Siader and Spendelow (1951)

in grder L have good as-welded 1oughness properties.

—e p—




TEST TEMPERATURE, % TEST TEMPERATURE, °F ;0.

458 32 122 212__ s
2 58 2 vz 2 o,
0018%C
o 20F 0piz% € T T 0.002%C 150
E
3 0061% C 0.0BHC
2.l 0012%C
% (®) on L
z 815 + 1150°%C amneal for oo 0o 8
E 1hr, water-guenched. - o
B o) g
4 NSOOI0%
g
EH { o 50
E (8)15% apeal sor 1ur,
water-quenched. %
o i P . S
~50 ) 30 00 -50 o 50 100
TEST TEMPERATURE, °C TEST TEMPERATURL, °C
(@ )

Figure 2.4. Impact transition temperature curves for guarter-size
Charpy V-notch specimens of 17% chromium ferritic
stainless steels as a function of curbon-content and
heat treatment. (Semchystien et «l., 1971)

2.1.2, Yeldability. The largest single drawback to the more wide-
spread use of ferritic stainless stesls is the rediction in rorrosion
resistance and ductility that occurs following exposure to the high-
temperatures of welding. Other high-temperature effects such as 475°C
and 6-phase embrittlement are leas significent problems since they
only occur over relatively long periods and at moderats temperatures.
Unless a stainless steel has good ductility and strength (and
corrosion resistance) in the as-welded condition, its application as
a construckiosal material in the chemical process industry becomes

very limited.

As in the case for toughness, the interstitial element level has a
dominant effect in determining good as-welded ductility in ferritic
stainless steels. Semchyshen et al. (1971) examined the effect of
carbon snd nitrogen on the temsile properties of autogenously welded
18Cr-2Ho stainless steel and found that catbon and nitrogen {in the
combined range 50-400 ppm) had little effect on the tensile properties
of the parent alloy in the annenled condition (815°C). In the case of
the welded metal, hawever, it was Founa that weld ductility decreased
significantly when either the carbon or nitrogen level exceeded

100 ppm. Thielsch (1951) suggested that the incresse in as-welded

cated that carbon

strength with increasing interstitial contonl ind
and nitrogen were being taken into seiution at high temperatures
where they impeded plastic Flow in rapidly cooled weld metal. The




various mechanisms proposed Lo explain Lhe resistance to plastic
flow (Steigerwald et al., 1977} are all compatible with the fact that
ductility can be restored by annealing at temperatures (706-900°C)
which allow the agglomeration of carbides and nitrides.

Coarse grain size is only one of a pumber of Foctors contributing ta
the reduced toughness of ferritic stainless steels when exposed to
high temperatures. In an invesligation inte the effuct of composition
and heat treatment on the impact resistonce of 260r-1Mo alloys,
Dundas (1977) found that snnealing at 850"C (afler a 1205%Canneal
with helium cooling) Followed by water quenchiing lowered the transi-
tion temperature, even though the quain size did not change.
Presumably the second heat treatment caused procipitation of the
carbon and nitrogen trapped in solution when the alloy was rapidly
cooled from 120%°C,

Corra

2.1.3. Intergranulc
by carbon and nitrugen is res

Another property that is influenced
sistanee to intergranular corresion.

The mechanism of intergranular corrosion is the same in both ferritic
and sustenitic stainless stecls, namely, the precipitation of
chromium carbides and {in the case of ferritle stainless steel)
nitrides at the grain bounedavies leoding to lovel deplelion of

chromium and hence degreased corrosiun res

tance. Precipitation can
e caustd by a senoiticzing heal @ceatmenl, such as oceurs dueing the

welding praces

This type of corrasion is more of a prublem in frrritic than austenitic
stainless steels becase of the luw solubility of carbon and nitrogen
an the Ferrite latlice. The austenite lattice con retain carbon and
nitrogen in solution Lo relabively lus tesperatures su that easily
abteingble tooling rates con suppresa precipitation complotely.
Precipilation reactions in Ferritic allays oceur al higher
Lemperatures and provesd o tapifly that iU is very difficult to

abtain a Fack saough qrench Lo provent precipitat ton.

Intergranular corrosion can be minim

1o eldontad by rodueing

the interstitial elemsnt leval.

shown in Table 2.2, Lhe higher Lhe

chromicm level the highee Lhe pderstilial element lovel that con be

L




accepted without initisting intergranular corrosion. It should be
noted that tolerances for weld ductility and resistance to inter-
granular corrosion vary inveysely with respect to chromium ovel.
At low chromium levels, resistance to intergranular corrosion is the
facior determining acceplable weldability; al high chromium levels,
as-weided duckility is the limiting factor.

Tshle 2.2. Carbon and Nitroegen Levels Required to Produce Good

As-Welded Ductility and Corrosion Pesistance in Ferritic
Stainless Steels. {(Demo, 1974).

(€5 N} _ppm Level (T . )
Chromium (%) For Interqronuier Corrasion Hesistance .’ For DUCEIIibyC
19 60 - 80 700
26 106 - 130 200 ~ 500
30 130 - 200 80 ~ 100
35 250 20

{a) 2.54 mm thick sample.
(b) Intergranular corosion resistance in boiting Fe,(53,),-50% HoS0,.

(c) Mo cracking oburr

ed after bendina around b am rod.

From the cussion 3o frr, it is clear that the interstitial element

level is the single most important Factor to be considered in the

design of Ferritic stainless steels iF good toughness and weldability

is to be obtained.
2.2.  Stabilizabion

Since it is uneconomical,bearing in mind current stainless steel
refining technalony, to lower the catbon and nitrogen levels
sufficiently to prevent bhe harmful effects of carbide and nitride
precipitation (a1 maximom combined earbon and nitrogen level of
30 ppm would be required in 19% chromiom alloys),higher levels

musk be a pted in practice.  One method of conbrolling interstitial

precipitation is to wid clowots that ore slronger in Forming carbides
ond nilrides Fhan chromium, sueh s bilanium, niobiom, zivconium

and tanbalum.  Anolher mebhod is Looadd low concepleations of selected
elements wilh alowic rwdii within 19% of thal of the alpha matrix.

The effects of both these mebbods of stabilizetion will now be

considered.
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2.2.1. Jitanium and Niohium Stabilizalion, Titanium is most

frequent " used in the stabilization of stainless steels because it is
in plent:- .. supply and therefore cheaper than alternatives. Niobium
is sometim . sweverred, althaugh il is more expensive than titanium.

Early work by Lula of al. (1964) showed that titanium and niobium
were not completely effective in preventing sensitization in alloys
that had been heated to high Lemperatures. This was subsequently
found to oceur only during testing for intergranular corrusion in
highly oxidizing media, and when nitrogen was not considered in the
stabilization caleulations. Titanium corbonitride is now knawh Lo be
attacked in strongly oxidizing test solulions, such as beiling
concentrated nitric acid (Bond and Lizlovs, 1969). Nicbium -
stabilized alloys, in contrast, sre not atlacked under the same

conditions.

The amount of stabilization reguired to prevent intergranular
corrosion in stainless steels varies within narrow limits (e.g.
Semchyshsen et al., 1971; Wright, 1971; Pollard, 1974; Davis et al.,
1980). In general, titanium additions of 6-10(C+N) are required to
prevent intergranular corrosion, while For niobium the Figure is 8-10
{C+N).  Bond and Dundas (1973) have studied the effect of stebilization
in low-interstitial chromium-molybdeoum stainless steels and find that
the minimum level for alloys containing 106-200 ppm carbon and the

same level of nitrogen is: Ti = 0.15 + 3.7 (CaN).  This amount of
titenium is considervd by the authors to be in excess of that required
by stoichiomelrie relationships (Ti€), a fuet which they suggested is
related to the tendency of Litanium Lo combine with other elements in
the alloy, such as sulphur. A mere probuable explanation relates to

the faet thal Litanium is wsually present in excess in titanium
carbide (up Lo Ti 05 Shatyoski, 1979) and is Uherefore underestimated
e of niobium, the

in assessing the composilion of TiC.  In the o

amounl Tequited for stabilizatien is closer to stoichiomelric roquire-
ments :Nb = T(R4N).

Most studies tuport a linear relationship belween slabiliver and
carbon and nitrogen contenl. Alo ef al. (1977) fourd, however, that
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the normal amount of stabilizer required decreases shacply below a
comt -ed carben plus nitrogen level of 140 ppm. According te Davis
et z1. (1980), the Nb/C ratio in 26Cr-lMo allovs is not linear end
is largely o function of the carbun level: Nb/C = 7.7 + 0.034/C. The
same authors concluded that the use of a Nb/(C+N) ratio For stabili-
zation produces misleading results since nitrogen up to 175 ppm

is not ochserved to affeck susceptibility to intergranular corrosion.

Stabilization is necessary if interyranular  corrosion in specific
environments is to be prevented, but it can have a detrimental effect
on the mechanical properties of ferritic stainless stoels, especially
if present i excess of the limits noted above, Figures 2.5 and 2.6
show the offe
an 18 Cr - 2 Mo alloys containing 190 ppi vach of coarben and pitrogen
(Steigerwald et al.,1977}). The addition of the corcect amount
{0.27%) of titanium is found lo incres

of titunium and njobium on the impset properties of

s Lhe impact trunsition

temperature of the annealed alloy, as is found in the comnercial
processing of ferritic stainless steels. An excess of bitanium over
that required for stubilization leads tu u further, slight increase
in the transition temperature. Heat-treolment of the alloy at 1205°C
to simulate welding, shows thal titunium hao a beneficial effect in
comparison to the unstabilized alloy.

In the case of nishium, additior of the correct amount for stabili-

zation lowers the transition t

wrature by about 309C, but excesa

niabium leads to an increase i tha transition Lemperature with the
relative increase being larger than that Found For excess titanium.
Niobium and titantum therefure both improve the boughness of

fereitic stainless steels bhat have been healed to high temperatures.

A camgorison of Fiquees 2.5 amd 2o slhows bhat stabilizabion with
niobiun hus o moee bonefioial el foet on We tmpact propertios than
titanium. There 16 mo obvioms eplanation for Lhis difference but it
hats been suggusted Lhal 1L @5 doe Lo the difrorenl Corm and
distribution of the respeetive sarbide and nitride precipitates
(Steigorwatd ot al.,1977).  The precipitales found in niohium -

stabilized alloys ave relabively awall amd uniforely dispersed wherens
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those in the titaenium alloys are fairly coarse and angular.

The effect of stabilization on the properties of welded fercitic
stainless steels has been referred to briefly. Sawhill and Boar!
=]
18Cr-2Mo alloys and found that niobium produced a tougher weld i

(1976) studied the properties of autoyenovus welds in st

titanium, with an excess of either element leading tu an incrsass in
the tramsition temperature. Neither element uppearcd to affeek the
ductility of the parent alloy aver the range of sbebilizabion
studied, 0.34 - 0.78% titonium and 0.24-0.64% nioblum. It was
nuted that an excess of either eli,‘men.(, reduced weld ductility, «

the effect being more pronounced in the cuse of niohium,

In the same study L was Found that the poar weld ductility in fiv

alloy with excess titanium could be improved by increasing the

ecarbon level, indicating Lhat the effect is dependent on the relal

ship between titanium and the inter titial slesent level.
authors considered the reduction in ductility in the olloys wilk

excess titanium to b due to dispersion hard=ning by sub-microse

titanium-rich precipitates. A similar explanation has been prope

by Pollard (1974) for 26Cr-1i alleys and is supporlted by the fac

that a posteweld heat-treatment improves the ductility of the

alloys containing high titsnium levels, pousibly due ta s e

of the titanium-rich precipitates.

In the casc of the niobiuu-~stabilized 180r-2Hs aliays the peov
ductility found does notl appear to be caused by the nicbiuw-rich
precipitates. Sawhill and Hond (1976) found avidence of hot crac

which could account for the puor ductility, a conclusion which ig

roved by 2

supported by the fact that the duclility conout be i
pust-wald heat-treatment..

The structure of the welds in soperfervilie stainles culs varias
according to the type of slabilizabion with Litanioe peoducing
eqclaxed grains and slobium o colummr steoclure in the contre of

the weld. The lubter strue

ce iuousunlly ohuerved when hob-eracking

is found te oceur.
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The superferritic 18Cr-2Mo alloys are affecled by welding defects te
the same extent as austenitinr stainless steels, but their poorer
toughness makes any defects thal are present much more detrimental.
Special care must be taken to avoid undercutting or poor penetrztion
during welding. Gates ond Jago (1982) found thol marginally stabilized
18Cr-2Mo allays {Ti = 8(C+M))may undergo sensitization when autogenously
welded due to the fovmation of HL’Cﬁ particles. This was ascribed to
excess pitrogen combining with the titanium at high temperatures and
hence reducing the degree of stabilization in the weld metal.

Excess nitrogen could be introduced if the inert gas shielding is
interrupted in any way, or as a result of high nitragen levels in

the filler material.

Superimposed on the effects of stubilizalion end interstitial level
on the ductilily and impuct properties of ferritic stainless steels
is the marked effcct of thickness. particularly on the impact value.
The transition temperatuce is Fuurd to increase with material
thickness as shown in Table 2.3. High-purily alloys are known to
have higher trassition temperatures when compared to alloys of
conmercial purity which are stabilized with the same amount of
titanium (Steigerwald et al.,1977:. This result again suggests that
uncambined titanium has a detrinental affect on the toughness

propertice of ferritic stainless steclu.

The evidence presenled in the sreceding sections shows that titanium

and nisbium each have distinct advantages (and disadvantages) for the

welding of ferritic stainless steels. A combination of the two
elements therefore, somms the logical approach to producing the best
properties in a weld. Sleigerwald et al. (1977) report that the best
weld ductility in an 18Cr-3Ho alloy was obtained with a combination
of 0.22% niobivm and 1% titaniom, The addition of 0.1% titanium was
found to produce o beneficinl equiased grain structure in the centre
af the weld. However, the addition of eoly D.1% titanium inereased
the transition temproature of the woeld relative Lo thal of the base
alloy so thal in considering the vptimm niohivm-titanioe combination,
the titanium addition should Le liaited to the lowest level possible

in arder to provenl Lhe hob orackimg cauged by niobium.
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The superferritic 18Cr-2Me alloys are affected by welding defects to
the same extent us austenitic stainless steels, but their poorer
toughness makes any defects thet are present much more detrimental.
Special care must be taken to avoid undercutting or poor penetration
during welding. Gales and Jugo (1982) found thal maryinally stabilized
18Cr-2Ma alloys (Ti = 86(C+N))moy undergoe sensitizotion when autogencusly
welded due to the formation of PI2§56 particles. This wus sscribed to
excess nitrogen combining with the titanium at high tesmperatures and
hence reducing the degree of stabilisation in the weld metal.

Excess nitroger could be inlroduced if Lhe inert gas shielding is
interrupked in any way, or as o result of high nitrogen levels in

the filler material.

Superimposed on the effects of stobhilization and interstitial level
on the ductility and impact properties of ferritic stainless steels
is the marked effect of thickness, particularly on the impact value.
The transition temperature is found to increase with material
thickness as shown in Table 2.3. High-purity alloys are know to
have higher trensition temperatures vhen compared to alloys of
commercial purity which are stabilized with the same amount of
titanium {Steigerwald et al.,1977:. This result agsin suggests that

uncombined titanium has g detrirental affect on the toughness

stainless steels.

properties of ferrit

The evidence presented in the preceding seetions showe that titanium
and niobium each have distinet advuntages (and disadvantages) for the
welding of ferritic stainless steels. A combination of the two

elerants therefore, se

the logizal spproach to producing the best
properties in a weld. Steigorwald et al. (1977) report that the best
weld ductility in an 180340 nlloy was oblained with a combination
of 0.22% niobivm and 0. 1% Litaniuym,  The addition of 0.1% titanium was
found to praduce o beneficial equizsest geain streueture 1o the centre
of the weld.  However, the additios of only 0.1% {itanium increased
the tronsition Lemperalore of the weld relalive Lo that of the base
alloy so thal in considering Uhe optieom niobiva-titanium combination,
the bitanium addition should he liated to the lowest level possible

in order to prevent the hat

cking cased by niobiun.
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Table 2.3.  Impact fransition Temperature as & Funclion of Gauge
Thickness and Titanium Level for Annealed 26Cr-lMo
Alloys. (Wright, 1971).

Gauye Thickness {mm)

Charpy V-Notch, Trensition Temperature (GC)

N (%) 127 7 5 - 3560 1,52
0.0065 57 - 73
0.0310 149 54 73
0.0500 162 5 -18
0.300 + 0.22 Ti 121 -1 46
0.850 + 0.45 Ti w? 5 6

(e) Water-quenced afLer anneal

{b) Air-cooled after anncsl

For applications where weld ductility rather than toughness is the
controlling facter, titanium is the preferred stabilizing element in
ferritic stainless steels.  Such applications include most of those
involving light gouge products (dam or less) which covers the main

use of stainless steel.

Vhile titanium appears to be the preferred stabilizer in commercial
18Cr-2Mp superferritic sluinlews stesls either alone {c.q.Nyby ELI-T
18 and 18-2, MGNVIT and Comsterl 18-2), or in combination with niohium
(e.g.Type 444 ; Table 2.1), other element combinations are used, such

as niobium and tontalum in bhe equivaient Jopanese grades.

To summarize, the addilior of the optimem amwunt of o stabilizing
element Lo an alloy containing o moderate awoont of carban and
nitragen (e.qg. 400 ppi casbioal) dors nob improve the annealed impact

propertins bub will significantly improve the as-welded ductility and

nt difference between
shoun by Weight (1971),

won greater than 5 o

carrosion resistance.  This point is a0 inpor

stabilized and low-interstitial olloys and «

is particularly evident b seclion thickne
(fable 2.3). For thick plate seclions where high coom-Lempesatute

toughness is rvequired, the low-interstilial alloys, but not the
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stabilized alloys, would be acceptable. On the other hand for thin
material, as used in heat exchanger tubing, either alloy could be
used because both have similar toughness and welded properties.

2.2.2. Stabilizing Alloy Additions. An alternative mebthod of
reducing the deleterious offects of carbon and nitragen in Ferritic
stainlesa steels, apart from reducing carbon and nitroyen to very low
levels or adding titanium and niobium as stabilizers, iz the use of
low concentrations of elements having atomic radii within 15% of that
of the alpha matrix. Sipos et al. (1972) have shown that good as-
welded ductility and intergranular corrosion resistence can be
produced in 25-37% chromium ferritic steels containing 250 ppm
combined carbon and nitrogen by the addition of 0,1-1% of selected
elements such as aluminium or copper, or combinabtions of atuminium
and copper; aluminium and vanadium; and aluminium, capper and
vanadium., An alloy with a moderale interstitiol element level and
conteining thesc elements as stabilizers can be produced more
ecanomically than one of equivalent weldability containing a very
low interstibtial level.

Vanadium has been cony. cred us a stabilizer in sltoinless steel in

several publications und reports {(Adqlund 1977; Krupp patent;

Scurr, 1978) and this aspeet is discussed further in the section on
vanadium (3.1.3).

2.3, Embrittiing Effec

ferritic stainleus steels cannot be s’ rengthened or hordened by the

classical gamma-martensile transfurmation but are susceplible to

significant strengthening by heat treatmenl. A drawback Lo any heat

treaktmest is the sceurrence of embrittling phases which can cause a

loss of ductility and toughness at room Lemperalure.  Several

steels

embrittling phenomena lave been iderbified in stainlc
including sigma end chi phase precipitation, 4759C enbrittlement and
high-temperature abrittlement. The last of Uhwese is particularly
serious since Ferritic stainless stecls mst have gnod ductility,
toughness sand corrosion resistance after welding i they are to find

mure widespread application.
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2.3.1. Sigma and Chi Phase Precipitotion. The chromium concentration
and upper temperature range in which sigma phase occurs is shown in

the iron-chromium diagram (Figure 2.7). Pure sigma forms in the
chromium range 42-50% while a dupiex structure comprised of alphe and
gigma phases is found in alleys wilh an Little as 9.5% chromium when
they are exposed to temperutures us low e 482°C. Sigma phase is a
hard, brittie, inter-metallic campound that forms eongruently from
ferrite at 815°C, and has the pominal composition Felr. The relation-
ship between sigma and alpha prime (Figure 2.7) is not clear but there
is evidence to suggest that alpha prime is a precursor of sigma at

temperatyres below 560°C {Sleiyerwald et al.,1977).

°C

TEMPERATURE

Yoo Y S N OO A S
0O 02 04 06 0B 10

ATOMIC FRACTION OF Cr

Figure 2.7. Temperature range for stable sigus ond
molastable alpha prime phases in the

irpn-chromiom stem, (Witliams, 1958).

I
{
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The amount of sigma phase present in ferrilic alloys deperds on
factors such as cold work and the presence of cectain other elements.
Cold work is found to accelerate the procipitation of sigma phase.
ferrite stabilizing elements such as molybdenum, silicon, vanadium,
titsnium and picbium which dissolve in the sigma phase, lead to more
rapid formation and to an extension of the temperature range over

is stable. The effect of carbon is Lo decrease

which sigma phase
sigma formation, this being attributed to the removal of chromium
from solid-sulution by the formation of chromium carbide.

The most significant effect of sigma formation on the room temperature

properties of Ferpitic stalnless steels is to raise the impoct

transition temperature; the effect an other mechanical properties

is not so marked although hardo is increased and ductility

reduced. At high temperatures sigma could of course have a bereficial

effect by increasing the tensile strength. Au regards corrosion
resistance, large sigma particles are not found tn have much effect.
When sigma oceurs as a fine yrain-boundary precipitate, however, the

corrosion resistunce is adversply affected ss shown by tests in aqua

regea (Newell, 1946) and nitric and sulphuric acids (Cooke. 1950).

i
' The precipitabion of sigm) phase is very siow and it iu not normally
*" encountered in the processing of commercial Ferritic stainless steels.
1 Shortsleeve and Nichaolson (1951} have shown that sigma takes some
Lk 500 hours to form in 18% chromiuwm stoinless steels ab 595°C, so
1 that it is not expected to occeur in weld deposits. long isothermal
’ helds are therefore necessary for sigma phase te significantly

affect the duetility and boughness of Ferritic stainless steels.
b As regards ieation of ferritic stainless steel ss a

hoat resis raal, Glgma phase js only a limiting factor for
i use in the teapocsture caoge SO0-B1YC For luny periods. It is
i important therefore in developing pew stoinless steels to consider
i the effect of compusibion on siqen formalion in relalion Lo their
I Final appliculion. Ay sigma phier Ul does Form can be dissolved

by anmealing al over 8159C for ane hour.  Alloys containing elements k
y such as molybdenum, nickel and manganeue will require longer annealing ;
i

; -
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periods or higher temperatures Lo disgolve sigma phase.

Another intermetallic compound which is closely related to sigma and

is found in molybdenum-containing ferritic stuinless steels is the
chi-phase. It has the nominal compouition luZCrl'Iu. Research shaws
that chi appears Faster than eigmu, and that both generally oceur
together in molybdenum-containing steinless stecls (Steigerwald et
al.,1977). In an 18Cr-2Mo alluy with o combined carbon and nitrogen
content of 300 ppm, chi phase Forms in 300 hours at 750%C.  Increasing
the molybdenum content and the tumperstuee considerably reduces the
time for chi to form. As is to be expected, chi phase reduces the
notch toughness of mulybdenum-buaring, ferritic stainless steels.
Since chi is stable over o wider temperature range than sigma,
anpealing at around 980°C is necded to eliminate it in alloys with

18% choomium end aver 3.5% molybdenum (Schmidt and Jarlebery, 1974).

2.3.2. When ferritic stainless steels are

heated for extended periods in the temperalure range 320 - 550°C, they

undergo hardening and @ marked reduction in ductility and toughness.
This embrittlement effect oceurs most ropidly at 475°C and is caused
by the precipitation of very [ine chromium-rich particles called

alpha prime (Fiqure 2.7). Tiese p

ccipitates, which have g maxiwua

diameter of @ few hundred Angsiroms, appear te ause a reduction in

toughness and ductility by the immobilisation of dislocations. The

precipitation of alpha prime is, however, a reversible process and

can be remuvnd by annaaling al temperalures above 5509C.

4759C embrittlement in very sensitive to the amount of chromium
present and i alsu very temperaturce dependent. A 15% chromium
ferritie stainless steel 15 pmbritlled in 69000 hours, whereas a
15% chrominm allpy Tokes only 700 bours.  The mast marked effect of
alpha prime precipitation is refiected in an increase in the impact

transition temperatu for axanple, o U/% chromivm alloy (with

800 ppm cazhun} hus ils tapacl value reduced From 12 to 4 kg/em
after being exposed Lo a Lemperature of 49090 fue & hrs, At higher
chremium levels (25 - 30%) the wmbrilllomenl in further accentuated.

Although the embrittled alloy has very poor room-tempevature impact
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properties, it would probably have reasonable toughness at the

service temperature that coused the embrittlement initially and in
consequence 475°C embrittlemenl is only a problem as far as mechanical
properties are concerned when roonm temperature boughness is of
importance. When this is the case, ferritic stainless steels
containing more than 15% chromium should not be exposed to temperatures
above 320°C.

Apart from chromium, other elements such as bitanium, niobium,
molybdenum, carbon and aitrogen enhance the embrittling effect in
ferritic stainless sterls (Table 2.4). The effoet of interstitial
elements is probably related Lo the interaction betwecn alpha prime
and carbonitride precipilates and it has been suggested that they msy
even reduce embrittlement by immabilizing part of the chrumium
(Mediratta and Romaswamy,1976). Some elements such as aluminium,

nickel, silicon and manganese have been shown to slow down the

embrittlemant in 18Ce-2Mo stainless steels, with silicon and manganese
being the most promising in Lhiy respect {(Grebner, 1973).  The
addition of these alloying elements is nat, however, significant
enough to affect bho practical epplications of fervitic stainless
steels.

In addition to affecting the mechweiical properties, 475°C embrittle-
ment has a detrimental effect on eorrosion resistnce. Newsll (1946)
has shown that an ewbrittled 27% chromium alloy corrodes from 4 to
12 times more rapidly in boiling concentrated nitric acid, than does
the anncaled alloy. This aceelerated corrosion is probably a result
of selective attack of bhe iron-vich alpha prime phase or, as
suggected by Hodgea (1971), to altack of chromium-rich corbide
precipitules. Lizlovs and Band (1975) Tound that 475°C embrittlement
roduces the corrosinn resisbanee of 180r-Zo-11 slainless steels in
a variety ol environsents, ineludisg those which are oxidising fredue~

ing, and undir pilting condibior A75¢C eabribllement affects

eorrosion o stanee much more slogly thon i doos Lhe toughness

propertios so thal AT the steel is ualisfactory ns Far as mechanical
properties are eonouened, il will e mcoeplable From a corrosion

point of view.

L
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2.4. The Effect of Composition on 475°C Embrittlement
in Ferritic Stainless $

eels

£lement Effect on 475'C Embrittlement
Cr intensifies
P no effect Py intonsifies(®)
Ti, Nb intensifies
Mn lowers slightly
5i intensifivs
Al intensifiva
Ni low amounts intensify
lacge amounts decrense
N very shight @ futensifios ®)
P intensifies
ta intensifics
v variable ()
severe cold work inti*nsif’xou(d)

(a) Heger, 1951,
{b) Grobner, 1973
(c) Hiwa et al., 196H,
{d) Thielsch, 1951

The rate of formation of alpha prime is slow and does nob cause
problems in the processing of ferritie stainless stesls, Cold work
is known Lo increase the rate of eebrittlement. As with sigma phase,
welding or a high-temperature heot-Lreatment is unlikely to produce
475°C embrittlement., even in situations where relatively slow cooling
through the embritiliog tomperature minge oceurs. Hewever, ferritic
stainless steels with more thon 16% chromium should not be used for
extunded service belween 370 and 930°C, cupecially if the alloy is
cycled from room temperaluce Lo the pperabing Lemnerature during

proceus shul-downs ur Lomporalore exeureion.

2.3.3. High: Laintess

steels wilh more than shoul 6% chromium are bealed above 950°C and

Clemapt . When ferritic

> embrittled {show o loss of

cooled to room bempovators, they b
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toughness end duckility) and susceptible to intergranular corrosion.
These effects, which have been briefly referred to in a previous
sectivon on the rdle of earbon and nitrogen, can occcur during welding,
jsothermal heab-treatments above 950°C, and casting processes. As

a result, high-temperaturc embrittlement hos Limited the more

extensive use of eir-melted fercitic stainless steels.

It is generally agreed that this furm of embritllement is due to the
detrimental effects of chromium carbides and nitrldes, and is reloted
tec the chromium and interstitiol element levels present in the alloys,
as well as to the rate of cooling. Baerlecken et al. (1961} studied
the effect of chromium in vacuum-melled Ferritic stainless steels and
found that the loss of toughness due Lo a high-tumperature heat-
treatment in alloye subsequently air-cooled increased with chromium
level. The effect was found to be very small ab the 16% chromium
level. The oulnors ascribed the esbrittlement to the Fact thab
chromium levds to an increagse fa the amount af cacbides and nitrides
Formed. The same alloy, however, when rehested to 1050YC and water-
guenched showed good toughtess due te suppression of carbide and
nitride precipitation. Another important conclusion from the work

of Baerlecken et al. is that grain size has little effect on noteh
impact behaviour in high-purity alleys. Demo {1977) examined the
effect of cosling rate after a high-temperature heat-treatment (1100°C)
in conventional and high-parity combined corbon and nitrogen of

180 ppm) ferritic stainle sterls and Found that water quenching of

the commerclial stuinles: rel {Type 446) produced a narked loss of
ductility (elengation) although air cosling did not. No loss of
ductility was noted when the high-purity alloys were either air-or

water-cooled.

Demo (1977} and Bacrlecken el al. {1961), wnd Semehyshen et al. (1971)

interpret Lheir pesulbs in different ways, the First two authers

considering grain mateix precipikalicn Lo be Lthe major eause of the
embrittlement wherens Semebyschen et al. prelale it to grain boundary
precipitation. These Lhree aethors e, howev ¢, thal carbice ond
nitride precipitalion is Uw couse of Lhe embrilltement and that it

is very dependent on the levels of carbon and oitrogen present.

L
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1t would appear that the sume precipitation mechanism causing this
form of embrittlement is aiso responsible for the Tnss of corrasion
ccls are heatod to high

resistance found when Ferritic stainlesa g
temperatuves. The effocts of high-temporature cnbrittlement can be

reiwiad by heating the alloy in the tewperature range 750 to 850°C,

folloved by rapid cooling.
%4, Cogling Rty

The toughness and duckility ol ferritic stoinless steels can be
affected by the rate at which cusling veceurs from elevoled service
temperatures, as already diseutsed i connection with welding and high-
temperature embrittiement. [he rate at which conling occurs during
fabrication can alse significantly affect these propertiee.

fihw optimum Lough propertis in low interstitial ferrvitic stainless
are produced by rapld cocling from the annealing temperature

ateel
vangz of 750 - 0L, This is due Lo the foct that rapid cooling

auppresscs tho precipitation of carbides amd pitrides and delays the
onoeh of 475 "C oesbrithlament.  In stabilized alloys, work by
Climax Holybdenum (Stelyerwald vt al.,1977) on the post-weld heat-

treatwent of stabilized [d0r-2M0 alloys stuiniess steel indicates
that rapid cooling is wore beneficial than slow eooling.  Although

pitation of chromum curbides and nitrides is not expected
alloys, Grobnee (1973) ho

roactions and Lhis asy be Lw reason why rapid cooling is more

the pres

fouixl evidence for such

in the
henefieial.
Host of the roactions invalving bhe precipitation of debrimental

intormetaltic compounds ooeoe slowly nd are therefore nob expected

iy of ferritic staintess stoels under

te influence b proce
eonventionnd fubricalion conditions.  IL should be remenbuered,

ain atluying elements increase the tate of

huviever, bthal eer
presipitation reackions gl 18 presenl in sufficlent ssounts moy
bocome Joportant dueing fabricalion. A g readdl, (e slow

wooling of superforritic skainfess steels in the range 300 - 850°C

should be avoided and in Lhe reason why ropid eooling is prefesred

in contrast ta Lhe long isuihermal aoneal used for Type 436,




3. EFFECT DF VANADIUM AND OTHER ELEHENTS ON_Til
MECHANICAL PROPERTIES OF FERRITIC STAINLESS
STEELS

The effectsof thealloying elements molvbdenum, titanium and niobius
have been described in some detail in the previous section and will naf
be considered here. To summarize, molybdenum up to 2 Lo 3% haz ver

little influence on the mechanic ' properties of stainless steel ,
being present largely to improve the eorrosion rosiskance. In exces
of 3 to 4%, however, molybdenum reduces the toughness of ferritic
stainless steels due to the formation of embrittling phaves. Titanius
and niobium are present in low concentrations in stainless steels se
stabilizers to combine with carben and nitrogen, thus preventing the
precipitation of chromium carbides which lead te intergronulor
corrosion. Under normal proceasing conditions in 18Cr-2ilo alloys
(onneal at §159C following by water quenching), titanium raises the
impact transition temperature, but niob:um lowers this temperature.
Niobium has the detrimental effect of causing hot-cracking in stainlese
steels: Both elemenis, when present in the correct amounts, improve
the toughness of fecrritic stainless steels which have beer heated

to a high tempvrature, as in welding.

3.1, Vanadium

Vanadium has been considersd as an alloying element in 11-12% chromiun
steels and in austenitic stainless steels largely from the point of
view of improving the creep-ruplure praperties. A very limited amsunt
of resgarch has been carried out on ferritic slainless steelu where
the effect of vanadium on the tensile and ispact properties, en 475°C

embrittlement and as o stabilizer has been investigated.

The largesl uge of vanadium is e oan alloy ¢lemnl in high-slrength low-
alloy steerls where iL combines with cachon bt rorm hard, stable carbides.
These are alwa,s mnute and evenly dispersed and have a considarable
influener on the grain size of Lhe steel. JU has been shown that

small quantilics of vanadiom inhibit Lhe tendency of chromium carbides
to agglomerate. Vanadium Lhus bas o congiderable effect on the

ductiliby, Fatigue strength and noleh sensibtivity of high-tensile




chromium and cic.mium-tungsten steels which are very deficient in

those properties.

3.1.1. Carbides and Nitrides formed . The solubility of carbon and
nitrogen in ferrite is some ten times lower than in austenite at room
temperature. Because of this low solubility, almost all the carbon and
nitrogen in ferritic stainless steels are present in the form of
precipitates at room temperature in slowly cooled alloys. The
dominant carbide in conventional ferritic stainless steels is the

M, Co type, with M Tepresenting mostly chromium, and the remainder
being iron. In the presence of other carbide formors, MZ}CB is often
found in combinalion with other carbides, and chromium is partially
replaced by the incoming clements =.g. (Cr, Fe, Ho),,C.. Nitragen is
largely present as Cer in Fe-Cr stainless steels.

The carbides and nitrides formed in ferritic stainless steels can be
dissolved by heating above about 850%C, with nitride going into
solution faster than the carbide. On slow cooling from seluticn
temperatures the cerbide precipitates First, this precipitation
occurring preferentially at the grain boundarics. As & consequence,
intergranular corrcuion is closely related to grain boundary carbide
precipitation. The nitride precipitates occur along the grain
boundaries only  when Lhe carbon content is very low. Precipitation

of carbides and nitrides van be ed  in ferritic stainless steels

by rapid quenching only in the cauwe of very low carbon and nitrogen
contents.

Dther fotms of carbide precipitatisn in addilion o the M,.Co type

such as MC, ean occur when strone stabilizing clements are present

(e.g. Litanium, niobiua and vanadis HE eacbides usually precipitate

intragranvlarly, although under sore canditions preeipitetion at

grain boundaries ean occur. Vo i kiesn te aecur as V0 in

sustenilic stainless shee el

Aty precipitates o dislecations
sarbides fNavak, 1977).

and stackiong Gl wevdial e bar ko HC

An esseotial difference bobweeu molybdenum and vonadium js that
Tybdenum renaing Largely in aolnd-uolulion whereas vanadiun oceurs

both in solid-solution wxl as o precipibate.  Under conditions of
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s.ow cooling molybdenum can occeur es o precipitate, usually the keappa
carbide (FelrHo),,C, or can form intermetallic compaunds such as the
sigmo and chi phases under cerlain temperature conditions.
Vanadium is a stronger nitride and carbide former (han molybdenum
(molybdenum is a particularly weak nitride former) and therefore
precipitates as both carblde (usually V,C5) and nitride (W) under
suitable conditions. The mechanics of vanadium nitride furmation in
stainlese steels have not been diuscussed in as much detail in the
literature as for vanadium carbide, because carbide formation is the
required strengthening mechanism for creep resistance. The nitride
forming properties of vanadium, however, are used in low-alloy high-
strength steels where the nitride produces o fine ferrite grain size
and oceurs as a carbide or corbonilride precipitate in the ferrite
(Sage, 1976). In austenitic stainless s

eels, swall additions of
vanadium (0.5%) produce creep-induced precipitation of VNl~x in the
matrix and on dislocations.

The thermodynamic stability oi* varisus alloy’ -lement carbides an
nitrides has important consequences for thei.  iice as stabilizers
in stainless stecls {(Figure 3.1). The relative posilion of vanadium
in this figure is important in the interpretation of the diffecent

precipitotes to be expected in stai-less steels.

The suthor is not

ware of any wirk on phase-fizlds in the iron -
18% chromium-vanadium-curbon system. The Fe-Cr-V system has been
examined by Hartens and Duwes (1952) vho constructed a single iso-

thermal section at 7007C (Figure 3.2). Sigw phase is Found to be

continuous across the ligure.  The iron corner of the Fe-V-C system
is shown in Figure 3.3,  The proportion of Vls is geen Lo increase
as the earbon level drops,bo the extent thal helow about 0.03% carbon,

vanadium is complebely sotuble in Ferrite and no carbide is Formed.
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Figure 3.1 Enthalpies of formation of various
euarbidus and nitrides. (Schick, 1966).
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Fig 311 Tsuthermal sention at 706°C for the system V-Fe.Cr.

Figurc 3.2. Isothermal section at 700°C for the

WEeadm

fe~Cr-V system. (Martens and Duwez, 1952).

Figure 3.3.
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Consl ilution diagram for the Fe-V=C system at
7000C, (Mnodhead and Quaceell, 1965).
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Rostoeker (1958) considera thal yanadian does wob Taiet jon

fFormer in 10-12% cheomsan foreif 1o stoebs, being prosnt faegely o
the forrite with chromium Torming sheomiun cnebide,  Onlailed york by
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Publications which have examinud the effecl of vanodium on the ageing
behaviour of stainlese steels with carbon contents of 0.1 to 0.2% are
Qdesskii et al. (1978} and Argent et al. (1970) (ferritic alloys), and
Siloock (1973), Shinoda et al. (1973}, Irvine et al. (1961}, Irani and
Weiner (1965) and Borggreen and Tholen (1976) (austenitic alloys).
Odesskii et al. found thot the addition of titanium and vanadium
(1-1.5%) to a 17% chromium alloy containing 0.1% carbon completely
suppressed the alpha to gumma transformation ab the grain boundaries,
thus improving ductility. Microprobe examination revealed that
titanium occurs as stable carbides while vanadiom is found mainly in
alpha solid-solution. The anly jpublication which has examined low
carbon and nicrogen levels smore in line with those of the present study
is that of Iruni and Weiner (1965}, In the ageing al 600-90G°C of a
20Cr-25N1 stainless steel containing 4.%% vanadium and two carbon
levels, 0.02 and 0.15%, the equilibrium precipitate was a Cr-V-fe
sigma phase. In the alloy with the higher carbon level, sigma

phase was preceeded by the precipitation of vanndium carbide, V“C}.

To summarize, vonadium oceors bulh us a precipitate and i solid-

solution in stainless steels. In the ageing of stainless steels with
moderate carbon and high vanadium (over 2%) levels, vanadium is Found
to restrict the formation of the HZ)CE phase in addition to stabilizing
it in a finely divided fori presumably because vene jium retards the
ciffugion of chromium in the ferrite, a preceas whicn must kake place

if coarsening of the carbide is Lo ovcur. In Jow carbon (108 ppm)

ferritic stainless steels processed in the nurmal way (short anneal

at B50°C followed by waler quenching} much of the vanadium is expected

to remain in soplid-sulution nnd any vanmiiom Lhal does precipitate

would First do so as a nitride or cruebonitride and only subsequently

ases.

enter into the Cr-V-Fe sigma phasc, and other carbide phi

3.1.2. M

chanigal P

ropert ic Ihe authur is aware of only Four

sourees of informalion relating ta the ofTeet of vanadiom on the tensile
and Loughness properlies of ferril e stainless sleels, these being
unipublished dala by Climax tolybderm and Hiddelburg Steel and Alloys
South Africa) (Scurr, 1978), nad papers by Sipos ot al. (1972) and

Aalund (LY77). Climax Mulybdenum determined Lbe offect of up Lo 3%
vanadium in 18-24% chromium ¢

ainless steels with o combined carbon

g
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and nitrogen level of 300 ppm. The tensile propecties and impact
{ransition temperature for the alleys are shown in Table 3.1,and shown
for comparison in Table 3.2 are the same properties for the alloys
tables shows that
vanadium has two very buneficial offects when compared to molybdenums

containing molybdenum. A comparison of Lh

it lowers the impact transition temperature and produces goed ductility
in the as-welded condition. Climax Molybdenum have suggested that
these results are dus te the improved grain refining properties of
vanadium compared Lo molybdenum.  The tensile strengths for both

sets of alloys of the same alloy content ore similar, although the
values in the case of molybdenum are all slightly highet.

Aslund (1977) exemined the offect of 1.1% vanadium in Type 444 stain-
less steel mainly from the point of view of stabilizakion. Table 3.3
shows that vanadium lowers the impact transition temperature, thus

confirming the result of Climax Holybdenum.

Midd lburg Steel und Alloys (Scurr, 1978) havecarried out o

preliminary investigatiion inte the use of vanadium in 120r-0.03C olloys.
It wos coneluded that vonadium at o level of 6(C+N) has a beneficial
effect on the impoct strength of the annealed, titanium-free steel.
Vapadium was not found Lo be as effective as titanium in retarding

the loss of impact strength suffeiwd by the steel after a high-

temperature hest-treatment. There were indications, bowever, that

higher vanadium levels are more effecbive in bhis regard, and it was

suggested that a mixed stabilizalion consisling of low tilanium and

high vanadium levels may show promise.

Vanadium is Fourd to have o benefleial effect on the as-welded

ductility and enrrosion v ance ol 28-36% chromium stainless steels.

Sipns ek al. (1972) repnrk that the widition of up Lo 1.3% of vanadium

(or other clemmbs, such eoppur) had the same effect on these

proportics ns a low interstilial tevel of 15 ppn.

3.3.5. Stabilizalion. Vanadium can be used as o slabilizer because

it is a strong cacbide and nilride former.  Howeves, beenuse it occuts

both in solidesolubion and as a precipilate, o higher vanadium level
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Table 3.3, Lifuck of Stabilization with Vanadium and

other Elements on the Impact Properties of
18Cr-2Mg Ferritic Stainless Steels(a)(l\slund 19773.

Transition Shelf Energy

SLabili %
Stabilizer - romerature (o0) ) 3/cn®
Nb 3 + 20 200
e 2.5 + 95 120
Myl 0.3+0.2 + 5 280
. - 10 220
VTl + 6% 180

- sheet, hot rolled wxl water quonched, € + N = 250 ppm
ib)

Ninimu besperatore Far 35 3en®

240 |
a
T 4300 =
£ 200 Heat 12 »
» 38% Ni @
2 Heat 13 Joso &
u 5.8% Ni 0 2
Z 180 =
5 g
g 200 &
g K
2 120 z
8
z p
g Hear 1t |13 B
g 20% Ni i
% ool A/ i~ 3
> wo x>
£
2 o Heot 10 150 &
© 0% Ni
[ T i
400 ~300 %100 4200

o
o 0
TEST TEMPERATURE, °F

Figue: 3.5, The effeet of nickel on Lhe impacl toughness of
vacutmen 1hed 25% cheomium sbainless stecls containing

330 ppm earbon.  Full-size

. 10 am Charpy V-notch
specimeas used.  (Mlorcen and Hayden. 1968).




is required in give the same degree of stabilization as titanium or
niobium.  Tit nium and niobium precipitates are stable te higher
temperatures than those of vanadium which form in the temperature
range 650-800°C. Annealing an Fe-Cr-V alloy at 850°C For a short
period followed by woter quenching, would result in the dissolution of
a large percentage of the vanadium precipitates. Since titanium (and
niobium) precipitates are stable at high temperatuses (over 1000°C)
annealing an Fe-Cr-V-Ti alloy unler the same conditions would not
dissolve thes precipitates. A certain amount of vanadium may be
present in the high temperature precipitates because vanadium Forts &

continuous solid-solution serier with titanium or niobium.

Vanadiun is not present as o stabilizer in commercislly produced
stainles. stecls. Defilippi and Rulz (1976) patented a martepsitic
stainless steel utilizing vanw'ium instead of titanium as the carbide
former. Because the caorbides ard nitrides of vanadium are more
soluble in stainless steel than thoze of titanium,more carbon and
nitrogen is availabie during solidificution to prevent the rermation
of delta ferrite in turn reducing the amount of nickel necessary

for this purpase.

The use of vanadium as a stabilizer has been referred to in the previous
section (3.1.2.). Aczording to Aslund (1977) vanadium shows promiss
as a stadbilizer in an 18Cr-2Ma-1. 1Y standess steel but has the drave

Eack that it does not prevent imergranular corrosion.

7 .4, 475°C Embrittlement. Strong carbice formers (e.g. titanium
and pigbium) are known to increase the rate of 475°C embrittlement
{1a:le 2.4.). Vanadium, however. is reported to have a beneficial
e"fuit in decressing this embrittlement fMima et al.,1968). This
veuult hos been confirmed by Koutiniemi ot ol. (1974) in titanium-

stabilized 17% chromium stainle

tesls but enly above a vanadium

concbrabion of about 1.5%.  Up Lo 1.2%,vanadium actually inereased

the rate of age-hasdening ab 47%°C, an cffect which wos ascribed to

vanadium substitubing fur iron o cheomivm in the precipitating phose

or ircroauing the amount of Chis phose.
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3.2.  Nickel

3,2.1. Mechanical Properties ., Nickel is well known to have a

beneficial effect on the mechanical properties of ferritic stainless
steels (in particulor on the impact transition temperature) in
addition to improving general corrosion resistance. One of the reasons
it is not edded to ferritic stainless steels (in small amounts) is that
it ceuses susceptibility to stress-corrosion cracking, especially in

the presence of molybderum.

Research an the effect of nickel has concentrated on the high-chromium
ferritic steels (25% chromium) because they can diwsolve more nickel
in the matrix withouk forming austenite. Fhe presence of austenite,
howevr, can have a bencficial effect on the impact propeties as shown
by f.oreen ang Hayden (1968). Fiqure 3.5 illustrates the marked
effect of nickel in low-interstitial, 25% chromium ferritic stainless
steels. The impact transition temperature was found to be lowered ta

& greater degree than expectnd, a fealure which the authors suggested

might be caused by the offect of nickel in reducing the extent of the
embrittling reaction during cooling.

Qther publications which bave nuted the effect of nickel in iuproving
teughness are those by Okada et al. (1973), Brandis et al. (1977),
Bund et ai. (1977) and Aslund (1977). Okada et al. and Bond et al.
showed that the effect of nickel on Lhe impuct transition temperature o

2

25 to 28% chromium - molybdenum alloys depended on the rate of
ceoling, with rapid cooling producing a lower transition temperature.
In ihe work of Bond ot al., nickel was found to be beneficial above a
concentration of 2% in 25 Cr - flo ~ 0.01C alleys, with 4% nickel
lowering the impack trandition temperature by 100°C compared to the
nickel-Tree alloy.

Regurding the effect on the tensile properties, Aslund (1977) found
Lhat 4% nickel incieased the yield strength and decreased the
steel. Nickel

wnteal properiics after welding.

elongation (from 25 Lo 208) in o 2% chromjium stainles

alsy had a skrong influence an the mecl
Snape (1977) noted that 2.5% nicke] increased the yield strength
From 331 to 448 WPa in cleclron-b

e molbed r - 1Mo alloys .
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The use of nickel in prumoting intermetallic compound precipitation in
ferritic stainless steels, thus leading tu age-hardening, has been
referred to by Snape (1977). Intermetallic compound precipitation can
be avoided by annealing at temperatures above 1000°C.

3.2.2,  Weldability. According to Arness (1943), the addition of
0.3 to 3% nickel to alloys containing 8-15% chromium and less thar
0.07% carbon produces strong, tourgh welds characlerised by a Fine-
grained structure. For applications where stress-relieving is

impractical, Arness recommends an optimum pickel level of 1%.

Nickel is reporte] to reduce the toughness of 25% chromium alloys
slightly after prolenged exposure ab 704°C, a feature atlributed to
sigma formation (Eberle, in Snape, 1977).

3.3.  Silicon
Silicon is a ferrite-forming el nt i the iron-carbon system and

its effect on the mechanical proporties ot ©oritic stainless steels

is analagous bo chroimium: tencile sirength and yield values are

raised at thu expenge of dustility. It olso has Lhe somevhat detri-

mental effect of increasing the tendency for grain growth of elevated

temperatures. For applications whoere toughts and impact strength
are required, high silicen appears to be quite detrimental and should
not exco. 4 ohoul 0.8% in convendional feeritic stainless steels. The
net effect in - -ilized alloys is Lo caise the average impact
transition temperature by up 1 S0°C for eory 1% of silicon added
(Thum, 1935). The two mr.o benefits of addiog silicon to ferritic

stainless steels are in improve ! resistance tu pitting corrosien and

to high-temperature scaling and oxidotic.

The addition af silicen to shainlest steels bas the porticulorly

detrimental effect of ine sing bolh Lhe rate of formal ion ard upper

temperature Limil, o well o the range of formation,of sigma p
in alloyn conlaining 30 - 3% cheemium, nol more Lhan 1.9 - 2%

silienn should be addnd il adequasle dnelilily is bo bu relained in the

wrought condition, buk in tie re silicon can be
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adced. For applications where sigma Formation con have a detrimental
effect, for example in thick sections, the silicon level should not
excesd 0.5 to 0.75% (Bieber, 1975).

In the development of a more corrosion-resistant Type 316 stainless
steel, Streicher (1956) found that an upper limit of 2.5% silicon was
necessary because of problems encountered during processing of the

alloy.

3.4.  Copper

Copper does not farm carbides bul oceurs in solid-solution in stainless
steels, being soluble in ferrite to the extent of 1.4%. The presence
of copper affects the properties in three ways: corrosion resistance,
response to heat-treatment, and tensile properties. The optimum

level of copper with respeck to each of these properties is about 1%,
regardiess of the chromium content (Thum, 193%).

The most noticeable effect of a 1% copper addition to a 13% Cr-0.16%C
steel is to raise the elastic limit. It is alsc found that there is
a slight increase in elonyabion wiile tbe impact stre-gth is decreased
slightly (Thum, 1935).

Sandomirskii (1978) examined the eff~:t of ageing on the mechanical
properties of a 1°7r - 1Mo - 0.3V - L.oCu - 0.06C steel. Ajeing at
600°¢C for 100 hours improved both the tensice strength and fractuve
toughness values. The elffuct of copper was to reduce the amount of
carbide phase as well as promote the saturation (and stability) of
P423C6 carbides with chromium.

Copper is reported to eelnrd grain growth in ferriktic stainless steels
ot elevated Lemperatuce (Thom, 1955). A 1% copper addition requires
a 10 to 55%C Lemperature increase to produee bhe same hardness and

tensile steength compared Lo the aliny witlaut copper.
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4. THE EFFECT OF VANADIUM AND OTHER ELEMENTS ON THE CORROSION
ERRITIC STAINLESS STEELS

The base alloy employed in this study is one containing 18% chromium
since this Figure appears to be an optimum from an economic,fabrication
and porrosion resistance point of view, and il is the base composition
of ‘the most widely used superferritic stainless steel. Othor elements
apart From vanadium snd molybdenum, which are considered to have
potential beneficial effects on corresion resistance in fercitic
stainless steels are silicon, nickel and copper. The effects of these

various elements will be considered in detail in this section.

istance of a stainless steel is the

Fundamental te the corrusion re
ability to passivate in 2 particular environment, that is, to remain
chemically inactive as a result of the fornallon of a passive oxide
film. Although little

phenomenon is well documented and provides the basis for selecting an

kiwoun aboul the mechanism of passivity, the
element or alloy combinakion For use in @ corresive situation. Since
passivity is such an important aspect of corrosien resistance,it will

be discussed at length.

4.1, Passivation of Stainless Steely

4...1.  Anodie Pelaviration ar« Pussivation . The study of anodic

polarizotion is at present the most widely used approach for develop-
ing new stainless steels that are passive. As a general rule, the

introduction of an easily passiveted element inte an alloy causes the

alloy to adopt to a greater or lesser extent bhe possive properties
of the introduced element. The magnitude of this effect in a given
situation may depend additionally on the operabion of synergistic

PLDCEBsUS.

In discusning the influeace of alloying elements il is instructive to
consider the ideal pelavizalion cupve for stainiess steel (Figure 4.1).
This curve shows how curtent Jdonsily varies with electrochemical
potential in @ given cortosive medium, the cuprent donsity being

proportional to Lhe corrusion rale. At low potentiols (belaw Ep), the

A
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alloy is in the active ranygs and neneral corrosion takes place. At a
eritical potential (Ecp) the current density decreases sharply and

the elloy is passivated by a thin protective surface film. The current
density at the passivation potential (Imin) is important since a low
value implies a greater ability to passivate. At very noble potentials
(ahove the transpassive potential, Et), the protective film breaks

down completely. There is a risk of pitting at a lower potential,

the breakdown potential, where the protective film is penetrated at
different points and where the alloy is not completely passive.

The Fcllowing Factors therefore increase the corresion resistance of
a stainless steel by increasing its passivity:

(1) =& stronger passivating Lendency in the active zane due to
the formation of a partly protective film or insoluble
corrosion products

(2) reduction in the limiting passivation current densit, Icp)

{3) minimum snodic current density value in the passive state
{Imin}

(4) more negative critical passivation potential (Ecp)

(5) more negative passivation putential (Ep)

(6} more positive potential for breskdown {Eb) of passivity
by active anions, and

(7) more pasitive transpassive potential (Et).

4.1.2. Effect of Alloying Elements on the Passivity of Stainless
Steels . The influence of different alloying elements on

the characteristics of ihe ancdic polarization curve for stainless

steel in sulphuric scid 15 shown in Figure 4.1. Chromium has the
1 offect of all the alloying elements, but nickel,

most benefi
molybderum, «ilicon, copper, Litanium, vanadium and others also have

a beneficinl effect mn Lhe curve.  The corrosion potential of an atloy
depends on the envirenment, so Lhat it is pussible to choose elloying

stanee for a specific corrosive

elements giving maximus corrosion eeui

environment .

It will be inutruclive al this stoge Lo exawine the eftect of

different alloy combinotions on the polarisation curve. Chromivm on
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ivation than

its own has a lower critical potential for primary pas
iron, so that a mixture of the two elements will produce an inter-
mediate value. A reduction in this value sufficient to benefit
carrosion resistance in neutral aquesus solutions is only achieved

at a chromium level of 12%. Increasing chromium beyond this level
will yield stainless strels which can be passivated in more aggressive
solutions, such as dilule sulphuric acid. The addition of both
chromium and nickel ke the alley will markedly facilitate passivation
since nickel further reduces the critical current density for primary
passivation, thus contracting the active (current) range of the alloy.
The result is that chromium-nickel alloys are eusier to pessivate

than plain iron-chromium alloys and their corrosion rate in the
active region will bhe lower.

Alloying an sustenilic stainless steel with small amounts of molybdenum
will further reduve the critical current density and produce an alloy
that is very easily possivated, even in non-oxidizing acids.
Molybdenum-bearing, chromium-nickel stainless steels, however, have
poor propeties in the transpassive region und thus ave not suitable

for highlty oxidizing electrolytes such s nitric scid. Replacing
wolybdenum with silicon in these steels will imprave their properties
in the transpaseive region.

The alloyil d so far produse their effect by

i} elements <

shifting the anndic polarization curve in a favourable direction.
Adding a small amount of eopper will not affect the anedic polariza-
tion curve significanlly, but will distewd Facilitate the cathodic
process (reduction of Lhe axidiving mjent) and move the free-cerrosion
potentisl in bhe nnble direction,

Many fackors resull in o break-daan of the sive Film with one of

the most serious as Far as sbainl + are concerned being

pitting corrosion, Particalar attenlion is therefore being given in
this study tu the oflects of alloying fo resiatimg pilting corrosion.
The tendoncy of a wetal Lo underge pitting can be estimaled by:

(1) deternination of U pilling pelential,
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{2) determination of che minimum concentration of chloride ions
in solution causing pitting,

(3) measurement of the number and ultimately the depth and
width of pits in g suitable standard solution, and

(4) a knowledge of the criticel pitting patential of the alloy-

ing elements present in relation to temperature.

Many factors affect the pilting corrosion of alloys, such as solution
pH and temperature, heat-treatment and cold-working, but the most
important Factor from an alloy design point of view is alloying
elements. A considerable amounl of work has been published on the
effects of alloying elements, and is summarized by Szklarska-Smialowska
(1971} (Table 4.1).

In the present study, while the esphasis is on the replacement of
molybdenum with vanudium, additional alley combinations will be
examined in an attempt to improve on the properties of the molybdenum

superferritics.

ive Film. The passive film on stainless

4.2.3.  Noture of thy P
u
steels is essentially a very thin, 10 to 50A thick, hydrous oxide.

The farm of the film depends on the nature of the underlying metal,
and will therefore have different properties in areas where the
surface is inhomnoencous. Pagsivity is impaived over discrete
inclusions such os intermetallic compounds (e.g. chromium carbides)
and at grain-boundary precipitates. Other dofects may exist where
the metal lattice is exposed to mechanical stresses or where slip

bands reach the surface.

Passivation of' a metal surface requires that the entire surface be
reached by a sufficicat quantity of oxidizing agent. If any part of
the surface is shicided sueh as in a erevice ot by foreign material
on the supface, concentration gradients may avise. Tha eoncentration
cient to passivate the free-metal

af oxidiziog agent way than be sul

ee the paagivily will be broken

surface, but not the shiclded avea v

down.
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Table 4.1. Effpct gf Alloying Elements on the Pitting Potential
in Chioride Solutions al Roum Jemperabine. (fron Alleys).
_1971).

Pitting Potential Moved

Elemant to Hore +ve or -ve
Pateatials

or (+)
Mo ), ((lator C
Ni (+) or weak positive effect
¢ )

v, Re (+)
Ti )

Ce, Nb )

Zr, Ta, W without ef fect
Hn {+) or without effect
Si {+} or without effect

In some electralytic solutions, denerally thuse containing halogen
leng such as chlnrides, the stabilily of the passive Film may &
considerably ceducnd. Halogen ions reduce the polential tenge of the
passive region, particularly by lowering the breakdown potential as a
result of peneleation ared destruction of the passtve Film by the

halogen ions.

Rescarch curried oul by Frankenthal (1969) has elarilied cunsiderably
our undeestanding (0 Lhe passivily of iron-chrosium alloys. Llectro-

chemical studica, aceamganied by mictseopic ohaetvations, on a 24%
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chromium stainless stecl subjected Lo anodic polerization in sulphuric
acid, showed that the type of film varies according to the potential
applicd.  There arc twa types of film. The primary film is stable
anly within a few millivolls of the primary nctivation potential; its
formation or destruction ig a roversibl. .rocess. The thickness of

the primary Film at the primary activation potential is less than the
equivalent of one atom to each surface metal atom. The secondary film
which i formed slowly at more positive potuntials, grows to a thickness
greater than lﬂluA, and with increasing potential and sufficient time it

becomes very resistant to reduction.

In contrast to clarification on the way in which the film Farms, the
picture reyarding the extual composition and role of alloying elements
in the film is somewhal confused. The effect of molybdenum in improving
corrogion resistance is well known and molybdenum-containing stainless
steels have received particular atiention in altewpts to explain the
function of glements in the filw. Sevoral papers have been published
on the analysis of the film by Auger and X-ray photeelectron spectro-
scopy. Lumsden and Stachle {(1972) examined the film on molybdenum-
econtaining ferrilic stainless steels in sulptwric acid, sodium chloride
anyd sodium hydrozide amd found that the improved corrosion reevistance
obtained by the addition of molybdenum pould not be explained by ite
earichment in the protective Film.  Holybdenum was not found in the
film at the potentinls and pH values at which molybdenum oxide is the
stable species, The sulhurs suggested thal wolybdenum may exert a
beneficial effect by improving the quality of Lhe bording at the metal-
oxide interface and creating a barrier tayer.

In o study of a 26% chromium-malybdenum steel, Da Cunha Belo ot al.
(1977) feund that passivation in sodium chioride {» characterized by
the formation of a thin oxide Film and the dovelopment of a chromiume
depleted sone in Ue melallie subslrate near Lhe meloal-oxide interface.
Their resulbs are in elose agrecment with those of Lumsden and

Stachle (1972) and show Ehat the molybdenum conconteation in the
passive £ilm is very low and only doteelable in the imer part of the
Film. [t would Lherclore appeae thal molybdioum odditions increase

the stabilily of the inoer layoers of the Film mear the oxide-metal




|
|

intertace.

One of the most ent iduas on the passive ovide Film (on iren)

considers a scmiconductor modoel to

s function. Delnick and
Hackerman (197%) proposed that during pussivation, an electran donor
is incorporated into the oxide {ile by the formation and migration of
interstitial ions. The high elecbronic conductivity of the Film and
the unusual Tafel behaviour of passive jron is directly attributed to
the presence of this donor level. According to Stimming and Schullse
(1979) the passive Film hehaves

5 like a highly doped, n-type semi-
conductor at low potentials similar to most cther passive films. The
most important influernce of the onderlying metal, they conclude, is
due to stoichiometric changes ot Lhe metal-oxide interface since the
matal is a constant suurce or sink ol ferrous and Ferric iens in the
enodic and cathudie region.  This conelusion
of Da Cunha Bele et al. (1977) and others that

wmg to support the idea

malybdenum stabilizes

Lhe Film immediately next to the wotal. The semiconductor approach has,

ver, no' so Far boen used to cuplain the role of alleying elements

abilizing the film.

Ta Lhe prasent weiter, the use of semiconduector models and the
antaly.ie analogy {Uhlig, 1971) apoaar to be approaching the problem
from the right direction sinee they consider the more fundamental
agpeets. It is abundanbly clear that our understanding of the role of
slloying elements in stabilizing the passive Film depends totally on a
full appreciation off the nature aod funclion of the film; hence,

present approachen can be 1ittle olse bub rational guesses, albeit in

ool o

Varwdiom was show by Toseediov of by in Mad Do bave a bene(ieial

effect on the corrusion resislanee. eapecially ta pitting, of

shesly Thiy tact has nol boer

seriously Followed

np in subs l-qum\i publiral o, probabily sdue Fo the overshadowing

Tt of molybdenmn vhich has been fawmen for o teng Uime to signifi-

seably dmprove bhe corrosim resistanec of slainless steels,  Tomshoy

Liwin vanadium

shoal. (1964) Founnd modybdonus Lot moee bonef e




i
e

o

on a weight-for-weight basis, and other publications (Giefer, 1970;
Gsozawa et al.,1976; Climax i'slybdenua, unpublished data) have come to
the same conclusion. These publications, however, underscore the fact
that vapadium is beneficial and il is the purpose of thic study to
explore in full the degree to which vanadium can veplace molybdenum

while still maintaining, or improving cn, geod eovrosion resistance.

itnody (1979) and MeGueer (1979) hove carried out literature surveys to
examine the effect of vanadium and other alloying elements cn the
corrosion resistance of stainless steels. Moody concludes that
vanadium has a beneficial effect on the pitting resistance although not
to the extent as shown by molybdersm or rhenium. Mclueer corsiders
that the molybdenum in stainless steels can be partislly replaced with
silicen or vanadium.

A thorough literature survey by the present author has revealed some
13 publicstions and other svurces which have examined the effect of
vanadium on the corrusion reoistance of stainless steels. A summary

of the conclusions from these papers is presented in Table 4.2,

An anomalons sitvation with regard to vanadium is that the pure metal
can, according to ihe Pourbaix diaqram (Figure 4.2.), dissolve in acids
and alkalies. In practise, however, vanadium is resistant to attack

by HCL and dilute HZSUQ and to alks

ine selutions and improves tne
pagsivity when alioyed in stainless steels. Clearly,vanadium is able
to passivate more extensively in various media then is predicted by
the Pourbaix diageam.

Table 4.2. Effect of Vanadium on the Corrosion Resistant Properties

of Stainless Steels : Summary from Literature Survey

Type of Corrosien,
with Beference Alloy Effect of Vanadium

1. Pitting Corrosic
a) Tomashov et al. LHUr- 14N tmproves pitting

sistance by

(1964) 0-6. 755V inceeasing the pitting
potentisl. Corrosion rate
neqligible at 4.75% V in
iv[fly

. 5\
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with Reference Alloy Effect of Vanadium
b) Biefer (1970) 17cr Reduced ccrrosion rate in
H,80,, HCL and FeCly.
Increased rate in HND;.
Beneficial effect on critical
anudic polarizaticn curve.
¢) Osozawa et al. 17Cr-16Ni Corrosian rate in FeCly
(1976) 0-3.3%v reduced by 40%. Alloying V
with Mo incrsases corrosion
rate.
d) Climex Molybdenum 18Cr Increased pitting potential.
{unpublished data) 0-3%V Recucnd corrosion iste in
chloride solution, =nd formic
scid. Negligible corrosion in
0.IN HCL (0, saturated).
e) Agarwala and 17Cr Improves corrosion resistance
Biefer (1972) 1.axv in HZSUl' +NaCl when alloyed
with Pd, but not with Ge or Re.
In HC1 and Fe(ll3 corrosion
increased when alloyed with
Pd, Ge cr Re. Beneficial and
detrimental effects on anodic
polorization curve.
f) Truman (Data from 18Cr-15N1 Beneficial sffect on passiva-
Moody, 1979) 0-1.8%V tion potentia’ in k.80, and
pitting potential in NaCi.
g) Truman (1953) 18Cc-6Ni No pitting at 4%V in chloride
0 and 4% solubion. lupraves passive-
tion in “250
18Cr-12-1 Pitting potential decreases
5% slightly with increasing V.
h) Floreen (1980) 24Ni~2Cr Slight bencficial and detri-

mental effects when alloyed

wilh Cu ard 5i.

e e
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with Reference Alloy Effect of Vanadium
1) Aslund (1977) 1BCr-2Ho Detrimental effect when combined
1.1% synergistically with Ti to raise
pitting potential
2. Iniergranular
Corrosion
a) Lula et al.(1954) 1l8Cr a0 effect.
0.14-1.3%
b) Houdremont and 18Cr-BNi No effect.
Tofaute (1952) 2.02%)
c) Odesskii et al. 18Cr Resistant to intergranular
(1978) 1-1.5% corrosion {carbon level 0.08%).
. Dxidation Resistance
a} Truman and Pirt 11-12Cr Relatively little effect.
(1976) 0.1-0.2%v
) Truman and Pirt 18Cr- 15¥1 Adverse effect below, but
(1976) 0.9-1.8%V beneficial effect abave, 750°C

4. General Corrgsion
a) toady (1379)

b) Odesskii et al.
(1978)

c) Floreen (1980)

w

Stress-Corrgsion Cra

3

Truman (Data from
Moody, 1979}

11-32Ce-11Ni
1-6%¢ (plus
Cu, Mo, Cod

18Cr-1.5%y

24Ni-9Cr

2%V

ing
1RCr- 1N}
0-1. 6%V

Beneficiel effect on corrasion
ake i .
rake in HCl and “2504

Resistance to food acids equals
thet of Type 304.

Improves passivation character-
isties and reduces corrosion rate

in “25"5*

No failure in high-carben alloys
(0.11% carbon). However, reduces
failure time when carbon level
lovered (0.045%).
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b) Odesskii et al.
{1978)

c) Floreen (1980)

6. Atmospheric Currosie

a) Trumen (Data from
Moody, 1979)

b) Odesskii et al.
(1978)

18Ct
1-1.5

24Ni-9Cr

2%y

Resistant to cracking.

Reduces time to cracking.

-2 0

E(V)

o8l

18}
-2 L

18Ur-45N1 Variable results on exposure to
0-1.8%V almosphere for 18 monuhs.
l8Cr No trace of corrosion observed
1.1.5%v in salt spray tests or in
tropical climate.
2 4 5 8 10 12 14 18
T T T T T T T ] 2
-4 18
412
e
T~ 408
T~ 404
‘1
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~ corrosion
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passivatian A2
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] -
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Figure 4.2. Pourbuix diagrum for the system V-H,0 st 25°C.(Pourbaix,

1966).

The dashed lines delineate the zome of stability

al waler and represent equilibria between water and

oxygen (b) and water and hydrogen (a).
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4.2.1. Pitiing Corrosion. The most comprchensive publications examined
all deal with the effect of vanadium on pitting corrosion. Clearly,
this is the Field of corrasion where its most beneficial effects have

been noted to date.

Tomashov et al. (1964) studicd the effect of vanadium and other
elements on the pitting corrosion resistance of an 18Cr-14Ni stainless
steel containing 360 ppm carbon and prepared by solution annealing at
1150°C andwater guenching. The corrosion rate of the alloy in 0.5N
FeCl3 was found to increase when 2% vanpadium was added, but decreased
thereafter until at 4.75% corrosion was negligible (Figure 4.3; note
alse the beneficial effect of silicon and molybdenum, and the detri-
mental effect of titanium and niobium).

Vanadium increased the pitting potential in 0.IN NaCl with the result
that no breakdown was observed up to a potential of 1.5 volts
(relative to the hydrogen electrode) for a vanadium concentration of

5%.

In D.1IN HCl, allaying with 5% vanadium improved the pitting potential
of the base allay by 100 m¥Y (as did 5% silicon). OF the alloying
elements examined,molybdenum produced the best effect by rsising the
pitting potential of the base alloy by 800 aV (for a 5% concentration).

Biefer (1970) oxamined the effect of vanadium and other elements on

the corrosion resistance of Type 430 stainless steel using polarization
and corrosion rate measurtments. In the concentration range 0 to
2.18%, venadium was found to significantly reduce the coriosion rate

in IN HZSUA and N HCL (Figure 4.%), to reduce the rate only slightly
in FeClj, and to cause an increase of sboutb 100% in the rate in beiling
65% HNU}. It may be noted that an increase in the molybdenum con-
centration from 1.48 Lo 3.11% in the bage alloy resulted in a more than
200-fold increase in the corrosion rote in boiling 65% HNO 4, due to

intergranular corrusion

g2




TR ETET

Figure 4.3.

Figure 4.4.

56.

20
Nb
15
Ti

b
g 10¥= La._cﬁll{‘lvi_
<
-2
3
E 5
a

0

0 1 2 3 4 5
Alloying element (%)

Effect of vanadium and other alloying elemenis on the
corrosion rate of an 180r-146Ni alloy in 0.5N Fecly
Duration of test was 6B hours, at room temperature.
Potentials relative te normal hydrogen electrode.
(Tomaghov et al,, 1464).

4,9 et
@ V) Si' Mo
s
208
]

S

0,7

o

a 18Cr-16Ni
0.4

£

T

0.5 " "

PR R R
Alloying element (%)

Y
.

CFfect of venadiun and olhor alloying elements on the
pitting potential of an 18Cr-16Ni alley in 0.1V NaCl.
Tenperakure 259C.  Polentinls relative to normal hydrogen

clectrode, (Tomashov el al., 1964),

£




Relative carrosion rate

Figure 4.5.

180 (Type 430)

1,00

050,

1 2 3 4
Alloying element (%)

E£ffect of vancdiun and olher alloying elements in
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Anodic polarization measurements in IN “2504 and 0.5N NaCl showed that
vanadium had a beneficial effect on the potential and currenl density
for primary passivation as well as on olher points. The pitting
potentisl decreasnd somewhat in nitrogenated IN HoS0, as vanadium
increased from 0 to 1.3%, bui rose abruplly at a concentration of 2.18%
(+316 to +488 volts; relative to the salurated calomel electrode).
Biefer (1970) did nol remark on this significant trend, one which is
alsa chown by the FeCl | resulls of Tomashov et al. (19643

The most important deta as fur as the present study is concerned is
unpublished work from the Climax Molybdenum (U.5.A.). Varadium, in
concentrations of 1, 2 and 3%, was added to 18 and 24% chromium
superferritic stainless steels containing a combined carbon and
nitrogen level of 300 ppm. The results of polarization and corrosion
rate measurements for vanadium are shown in Table 4.3, as well as

those for molybdenum in Table 4.4 for direct comparison.

Vanadium additions to both the 18 and 24% chromium stecls are seen to
dmprove the pitting resistance of the slloy in various chloride—
containing soluticns, sithough not au much as found for molybdenum on
a weight-for-weight busis. A significant result from Table 4.3 is

the ability of 3% vanadium to confer resistance to intergranular
corrosion in the Fe-Cr-V alloy. This resuli has important consequences
regarding the level of vanadium needed as a stabilizer in ferritic

ctainless steels.

In the work of Osuzawa el al. (1976}, 2% vanadium was found to reduce
the corrosion rote of a 17Cr-16Ni alloy in ﬁ:tl3 by about 35%.
Increasing the vanadiom level Lo 3.3% hua very little effect on the
carrosion Tate. the pittiog polential incroased slightly over the
same concerd rolion range in an acidified ehloride solution. In marked
contrast, adding molybdenum and vanadium Loether produced an

inerease in the corrosion rate in tefl,. (Yhe same effecl was noted

when combining matybdern with Litanium, niohjum or copper).

Agarwala and Biofor (1972) carried ool wmine whelher
elaments affecling anodic potarizatio vanadium, molybdenum

and tungsten) could be combined oyner Ath clenents primarily
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arfecting cathodic pnlatizalion behaviour (palladium, germanium and

rienium) Lo produce Type 420 stoels having improved ccerosion behaviour.
Ooly the palladium-beaving siec.s showed some promise. Steels

camtaining 2% vanadium 4 1% palludium (also 2% molybdenum + 1%

palladiun) ve:dily passivaled in IN 11,50, containing 0.5 Nail,
vhereas in previous wock Biofar (1970) had shown that vanedium
alone did not produce passivation. Vanadium in combination with
getmanium or chenium did not show good corrasion Tesistence, failing

to pagsivale in IN H.S0,.

Liv 2 study on the use of vanadium as a slabilizer in a 18Cr~2.4Mo

(Tvpe 464) stainless stool, .alund (1977) found that the addition of
1. 1% vanadium eoducee the pittiny potentind in 0.5M MaCl (from 525 mV
for the 18Cr-2.4M0-0.35T1 alloy to 110 mv). Combining 0.1% vanadium

with 3.35% titanium, however, had o synergistic effect in raising

the o thing potential to 650 my.

wleshed d a by Truman (1955) shows that vanadium had a variable

effect on the pitting potentinl in a chloride medium, depending on the
ehromium level (Tmble 4.5}, The pitting potential decreased in the
17 aad 1B% chro. . sa alloys, but incie. sed significantly when chromivm

inereased to 25%.  This daerense in potential at betwsen 2.3 and

samewhat at vari,

5 vanad we with the results presented above,

sosaibly due be uiifering anterstitial levels. Weight loss experi-

in I8N S50, showed somewhiat variable results.

tula et al. (1954) examined the

ements on the intergranular corrosion of 18%

injess steels containing 320 - 580 ppm carbon.

aptes From alloy ntaining . 14% vanad.um

Fantim otobilicood) und 1.3% vanadium (unstobilized) showed severe

ant ta the weld and some intergranulor attack of

 boid acidified (‘nli[lA and hoiling 6% HN(]}. It was
cariudud Lol vaseadioe Hd nob remove susceplbibility to seositization.

il and dofmnle (1952) came fo Lhe same cooclusion in connec-

sieel alloymd with 2.02% vonadium.

e

L 2
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Table 4.5. The Effect of Vanadium and Molybdeneum on the Pitting
Potenti ' of Austenitic Stainless Steels in 0.6N
NaCl + 0.IN NaHCO,. (Trymen, 1953). ‘
Alloy Compositicn
Pitting Potential
cr Ni i v ™ (aV, SCE)
7 135 - - - +374
7 135 - 1.0 - +368
17 135 - 5.0 - +322
25 a1 0.4 - - 4320
25 40 0.4 4.0 - £1026]  No pitting - !
25 &8 0.4 - 3.9 +1004]  transpassive regian.
18 - 0.4 - - +192
18 - 0.4 L3 - +112
18 - G.4 - 2.3 +356
' Note: Carbon content not specificd but probably in the range 0.06-0.1%

According to Aslund (1977}, vanadium shows promise as a stabilizirg
element but does not inhibit intergranular corrosion. Odesskii et
al. (1978) reported that an 18Cr-1 to 1.5V alloy with 0.08% carbon is

resistant to intergranular corrosion. i

4.2.3. QOxidation Resistance. The effect of various alloyang :iements
on the resistance to oxidation at cievated temperatures of an 18Cr-15Ni
austenitic stainless steel was considered by Trur.w ant Pirt (1978).

R B R P P S L




Vanadium additiens up to 0.91% appeared to have an adverse effect
on oxidabion resistance ab some temperature below 750°C and a
beneficial effect above this value.

In a similar study carried out by the same authors on 10-120r-0.2Y
alloys (Truman and Pirt, 1976), vanadium had relatively little
effect on oxidation resistance, as was also the case for

molybdenum.

4.2.4. General Corrosion. In unpubiished work (Moody, 1979)
carried out by Edenleanu (Brown-firth Research Laboratories) on
the development of a stainless steel resistant to HCL, vanadium
was added to an 11 to 12Cr-1INi alloy in amounts Frem 1 to 6%,
alone and in combination with copper and molybdenum. Weight loss
nessurements on the alloys in HCI and M50 showed that 6%
vanadiur increased the corrosion rate up to 7 times compared

to the base alloy.

In the work of Odesskii et al.,(1978), an 18Cr-1-1.5%V alloy
was found to have the came resistance to Food acids as Type 304

stainless steel.

4.2.5. Stress-furrosion Cragking. Vanadium, in concentraticns
from 0.9 to 1.8%,has been found to confer immunity to stress-
corresion cracking (testing to 500 hours) on an 18Cc-15Ni
austenitic alloy in boiling Mquz when combined with a relatively
high cerbon content (D.11%}(Hoody, 1979). When the carbon

content was lowered to 400-500 ppm the time to cracking

decreased in comparison to the vonadium-free steel (Table 4.6).
This fact has mportant ronsequences for austenitic stainless
steels which normally urlergo str
MaCl,,.

~corrosion cracking in

(18
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Table 4.6. The Effect of Vapadium on Stress-Corrasion Cracking
in_18Cr-15Ni Stainless Steel. (toody, 19793,

vanadium (Carbon) Time to Rupture (Hours)
Level

Boiling 42% Mgl’.‘lz % NaCl at 250°C and 103 MPa

0.91%V  (0.04%C) 63

1.79%v  (0.05%C) 150

0.91%0 (0. 11%C) Sﬂlﬂ No cracks 200 No eracke found
L.67%  (D.11%C) 500 faund 5004

4.3, Molybdenum

The principal functions of molybdenum as an alloying element in
stainless steels are: improvement of corrosion resistance, improvement
of elevaterd temperature properties of austenitic stainless steels, and
improvement of the strength and renistence to tempering of martensitic
stainless steels. Molybdenum is well known for the beneficial elfect
it has on corrosion resistance, being present in ferritic Types 434 and
. 436 (1%), austenitic Type 316 (2%) and the superferritic stainless

steels. Its main purpose is to resist pitting corrosion but it is also
beneficial in sea~water, dilyte reducing acids and organie acid \
envaronments.

Although the abject of the present study is to replace melyhdenum
totally, it may be possible to obtoin a better result by cambining
some molybdenum with vanadium, so that the effects of the element
sfiould be appreciated.

4.3.1.  Pitting and Crevice Corrosion. The metal molybdenum is very
resistant to pitting in various aqueous media end this fact is
reflected in the offect it has as an alloying element in stain.ess
steels.

The effect of molybdenum in incremiing the pitting potential end

hence resistance to pitting corrosion of an 18% chronium stainless

poriren tc e T B o ST o A N TN TP P L .1 BT R R
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steel is shown in Tables 4.7 and 4.4 . Lizlovs and Bond (1971)
slao found that molybdenun improved the resistance to crevice
corrosion in chloride media although it did not confer immunity
to this form of corrosion.

Correct heat-treatment and stabilization are necessary in
stainless steels containing more than 2% molybdenum in order

to avoid the formation of chi phase and & consequent reduction
in corrosion resistance.  Bond (1973)found that annealing at
815C and water-qusnching led to the formation of chi phase

in 18Cr-Mo alloye. In on atbempt to remove the chi-phase,
ennesling was carried out abt 980YC but this lowered the

pitting potential considerably in IN NeCl.  Stabilizatioen,
resulting in the immobilization of carbon and nitrogen, was found
to be the only means of reducing thbe precipitation of the

chi-phase.

The effect of molybdecum 1is dependent to ¢ ~t on the
smount aof chromium present. tizlovs anc ¥79)
Found that complete passivity did not oceur in i chromium

steel in JN HCl, even with the eddition of 5% walybdenum.
Increasing the chromium content to 18%, however, resulted in
complete passivation thus showing that molybdenum and chromium
are acting synergistically. In the same study it was found
that the pitting pntential increased linearly with molybdenum
content, and more rapidly for the 18 than 13% chromium
steels, ALl allioys underwent pitting corrosion in 10% FeCl,
(up to 5% malybdenum) although thuse with o higher chromium-
molybdenum contenk pitted the least and showed the smallest
weight losses,  Interestingly, the addition of 1% molybdenum
to both 13 and 18% chromium alloys iocressed rather thon
decreased the corrosion in F()Cl.5 relative to the malybdeoum~

free alloy.
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Table 4.7. Average Pitting Poteptials of Some Ferritic Stainless
Steels in 8.1 N HCL. (Lizlovs and Bond, 1969).

Steel Averags Pitting Potential
e, SCE (¥olts)
Type 430 0.8
Type 434 0.19
17es 0.26
17Cr-1Mo .32
17Cr-3Ho >0.80
18Cr-2Ma-0. 1IN 0.31
18Cs-2Ho-0. 6243 0.35
18Cs-2Ho-1.DBNE 0.34
18Cr-2Mo-0. 4774 »0.80
18Cr-2Mo-1. 8674 0.63
18Cz-2Mo-0. 91Ti-0. STNL >0.88
18Cp-2Mo-1., 75Ti-2508Ni.. 0.62

Note. Test temperalure was 30°C, except for 18Cr-2Mo allays
where it wss 26°C.

4.3.2,  Stress-Cerrosion Cracking . The behaviour of molybdenum is

ill-defined but on balance it oppears to have z detrimental effect on
stress-corrosion cracking in stainless steels. It is definitely
deleterious at the lower concentration range in boiling HgClz
solukions, pramating interyranular stress-corrosion cracking in
austenitic stainless steels (Hanninen, 1979).

The addition of small amounts of molybdenum to Fe-Cr stainless steels
{e.g. 1BCr-2Mo) does not produce susceptibility to sktress-corrosion
cracking. In larger smounis (in exceds of & ko 6%) depending on the
chromium level, molybdonum leads ta eracking in Fe-Cr stainless steels
exposed to boiling Mg(}l2 (Streicher, 1874). When present together

with nicksl, however, walyklonum proves to be deteimental in Fe-Cr

ferritic stainless stecl. Bond wnd Dundas (1968) Found that whereas
a 17Cr-1,5Ni alloy did not crack in Hgtly, on 18Cr-0.5Ni-1Ho alloy
did. It has been sugyusted that fuilure i, Cr-Ni-Mo stoels is due to

-
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the formation of intermetallic NigMo, analogous to the formation of
NigTi in maraging stee.. (Thompsan and Bernstein, 1979).

Desestret and Wagner (1969} studied the effects of molybdenum (and
silicon) on the stress-corrosion cracking of duplex stainless steels
in boiling MgCl,, CaCl,, NaCl, water (150 and 200°C) and hot steam
at 500°C. Molybderum cwused cracking in boiling MCly, bub not in the
other media.

Table 4.8. Corrosion Rates for Stwinless Steels in Boiling Acids

and Alkali showing the Effect of Adding Molybdenum.

(Streicher, 1977).

Cerrosion Rate (mm per year)

Type 304 Type 316 Type 430 Type 44

65% HNU3 0.2 0.3 0.5 5.8
50% H2504 + Fn.éSDA)} 0.6 0.6 7.9 4.1
45% Formic Acid bo 13 2200 10
10% Oxadic Acid 15 2.4 160 250
20% Acetic Acid 0.1 0.1 80 a
10% Sodium Bisulfate 70 4.3 2300 930
10% HZSBH 400 22 6400 2400
1% HC1 a1 71 1500 asn
60% NaOH (1os°C) 118 106 - 945

4.3.3.  Gepersl Corres A comparison of the corrosion rates for

Types 304 and 316 olloys in various media (Jable 4.8) shows that
molybdenum has @ beneficial effect an corrosion resistance.
Molybdenum at. Lhe 2.%% level is found te reduce hydrogen evolution in

s but has litlle effect on corrosion in the

most of the reducing ae

wo oxidizing sululjons. Holybdenum acls in a similar way to nickel
in combining with chromium to improve the currosion resistance in
reducing wcids, Tigure 4.6, shows that smoll additions of molybdenum
{1 to 2%) have the greatest effect in reducing the critiea) current

density for primary passivation in H,80,.
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3

CRITICAL CURRENT DENSITY, mAfem®

Figure 4.6. The effect af molybderun (and chremium) on the ease of
passivation of low-interstitial ferritic stainless
steels in % H,S0, (30°C). A - 15Cr; B - 16Cr;

C ~ 25Cr. (Steigerwald et al., 1977).

The esse af passivstion in chromium-molybdenum ferritic alloys is
promoted not only by a reduction in the critical current density but
also by a shift in the primary passivation potentia: to more active
values (Greene, 1962). In addition to reducing the eritical current
for iron, bolh chromium and molybdenum shift the primary passivation
potential to more active values. The reduced critical current density
and active passivation potential sccount for the good resistance of
the Fe-Cr-to cowbination to organic acids.

4.4 Nickel
fFerritie slainless steels do net normally cootain nickel as a
deliberate alloying clement because il can increase susceptibility to

st

ss-corrosion eruacking.  In Lhe more recently developed low-inter-
3 -

stitial high-chromium ferrilic alloys, however, nickel is added to

L aF
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improve corrosion resistance to sea water and in other aggressive
environments such as found in the pulp and paper indusizy {e.g. the
Swerish Nyby AB Monit alloy - 25Cr-4Mo-4Ni.)

fwo of the main drawbacks to the use of ferritic stainless steels are
poor impact strength and corrosion resistance, sspecially in inorganic
reducing acids. Nickel has a beneficial effect on both these
properties and should therefore be considered as an alleying addition
to ohtain improved types of fercitic stainless steels. Tne only
problem is the susceptibility af low nickel-bearing ferritic stainless
stecls to stress-corrosion cracking in Mq[:}.z, especially in the presence
of molybdenum. This is a further motivating ooint for examining the

effect of vanadium-nickel combinatiuns in stuinless steels.

4.4.1.  Geoeral Corrosion . Nickel has a beneficial effect on the
corrosion resistance of stainless steels in most environments as can
be seen by comparing the results For Types 304 and 43C alloys in
Table 4.8. OF particuluc interest in the present study ars smali
additions of nicke! (up to 2-3%) bocause of the possibility of stress-
corrosion oracking ab a higher lee As was the case for molybdenum,
the First few percent of nickel has the greatest effect in lowering
corrosion in reducing acids {Figure 4.7). The beneficial effect of
nickel on passivation characteristics in ferritic stainless steels
has been noted in the litersture (Chernova and Tomashov, 1965;
Binder, 196%; Lizlovs and Hond, 1971). Lizlovs and Bond Found that
an increase in aickel from 1 to 2.%% decreascd the critical current
density of a 25Cr~3.5Ho alloy in 1N HZSUq te the extent that critical
ed completely, The same authors (1969) noted

a synergistic effect between nickel and molybdenum in ferritic stain-

behaviour w

suppres

less steels in thal an 18Cr-Ni alloy did not complelely passivate in
IN HCL, except in the prosence of malybdenum.

A particular dravback of Lhe 180r-2h alloy is that it possesses a
high carcosion tate in the aclive stote, and it dopends on passivity
A

active to passive behavieur dupendiing on the acid concentration and

For resistance to aried a resull it shows oharp Lransitions from

steelr have low corrosion rates in

temperature.  Austenitic stainles

.



improve corrasion resistance to gsea water and in other aggressive
environments such as and in the pulp and paper industry {e.g. the
Swedish Nyby AB Monit .. ov - 25Cr-&ho-&Ni.)

Two of the mair drawbachs (o the use of fercitic stalnless steels are
poor impact strength and corrusinn resisltance, especially in inorganic
ial effect on both these
properties and should therefore be considered as an alloying addition
steels. The only

reducing acids. Nickel has & boneti

ta obtain impreved types of ferritic stainles
problem is the susceptibility of low nickel-bearing feeritic stainless
ecially in the presence

stoels tostress-cortasion cracking in MoCl,,
of molybdenum, This is a further malivaking point for examining the

effect of vanadium-nickel combinal ions in stainless steels.

4.4.1.  General Corrosion Nick ] hou a beneficial effect on the

istance of stainless sleels in moy' rovironments as can

corpasion res
be seen by comparing the results fur Types 304 anw 430 alloys in
Table 4.8. Of particular interost in the present study are small
additions of nickel {up te 2-3%) because of the possibility of stress-
corrasion cracking at & higher level. As was the case for molybdenum,
the Fipst few percent of nickel has the greatest effect in lowering
(Figure 4.7}, The beneficial effect of

corrosion in reducing ac
nickel on passivation characteristics in ferritic stuinless steels
has been noted in the literature (Chernova and Tomashov, 1965;
Binder, 19 Lizlovs ang Hond, 1971). Lizlovs and Bond found that
an inerease in nickel from 1 Lo 2.5% decreased the critical current
density of a 25Cr-3.%He al vy in I4 "2504 to the extent that critical
behaviour was suppressed campletuly.  The same authors (1969) noted

a synergistic effecl beteeen nickel and molybdenum in ferritic stain-
-Ni alloy did not. complebely passivate in

less siesls in thal an 180

IN HCL, exeopt in bhe presence of welybdenun,

A porticular drawback of the 180r-2Hg alloy 15 that it possesses a

high corrusian rate in the aclive stale, ad il dupends on passivity

tions frum

As i resolt il shows shavp Leg

for resistance Lo aeid

active to passive buhaviour depetding on the acid concentration and

steels have low corrosion rates in

temperature.  Auslenitie sbainless
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the sctive state due to the presence of nickel and they therefore show
substantially iw.soved rorrosion resistance in inorganic acids such

as HZSOA,

Nickel does not appear to have any effect on the intergranular corrosion
resistance of ferritic stainless steels in the range 2 to 5% nickel
(8serlecker et al., 1961). When nickel promoted austenite formation,
however, resistance to intergranulur corrosion was found to be

greatly improved.

7200
% Ni Stest
5 5000 03 AISI430
k3 05  1BCr-15.5Mn-D,5Ni
2 4000 10 15Cr-17Ma-1.0Ni
£ 44 17.6Cr-5.6Mn-4.4Ni
E 105 AISI304
£
[:4
s
$
&
e
S
o
o 12

4 8 8
Nickel, %
Figure 4.7. The influence of nickel on the corrosion of stainless
sterls in boiling acids (10%). Active stete.

{Streicher, 1977).

4.4.2.  Stress-Corrosion Cracking . The role of nickel in the stress-

cerrosion cracking of ferritic stainless steels is complex, aad depends
in addition te the nickel level, on the presence of other alloying
elements, cold-working, inlerstilial level and micro-structure. The
Copson curve relating the nickel contenl to the time of cracking of
stainless utoels in M, i widely referred to (Copson, 2959).

Poulson and Parkins (1973), bave shown Lhat the addilien of nickel to

a convenlipnal ferritic stainless steel oo 'uining D.06-~0.1% carbon
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caused stress-corrosion cracking in boiling Hgtl,. The time to
failure decreased up to 2% nickel, then increased gradually to 6%
(the maximum nickel content studied). On the ather hand, Bond and
wundas (1968) showed that vacuum- und air-melted 18% chromium ferritic
alloys with carbon levels of 40 and 350 ppm respectively and contain-
ing up to 1.5% nickel did not cra 1 the same solution {Table 4.9).
The authors found that cracking only ecurred when about 1% or more
nickel was present tcgebher with mo’yboenum in the alloy. In tests
less severe than boiling MgElz, for ex mple the sodium chloride wick
test which is often considered to be more representative of the work
situation, the combination of nickel and molybdenum dues not lead to

cracking.

Cold-working is another factor enhanging the stress-corrosion effect
of niekel in Ferritic stainless steels. Bond and Dundas (1968)
found that a 17% chromium alloy containing 1.5% nickel became
ausceptible to cracking when cold-worked, but was resistant when
correctly annealed (Table 4.9). Interstitial element level is
found to affect cracking susceptibility, more particularly in high~
purity alloys. Snape (1977) reports that an electron~beam melted
26C1 1Mo-2.6N1 alloy did not crack in boiling HgClZ. No apparent
relationship between interstitial element content and nickel is
evident in the results of Bond and Dundas (1968) for ferritic alloys

conlaining From 20 to 690 ppm carbon.

Microstructure appears to bave on important influence on the stress-
corrosion eracking of stainless steels. Wylie (1962) patented a
martensitic-ferritic stainless steel containing both nickel and
molybdenum which did nat underge cracking in various chloride media
{Table 4.10). The allay shoued good impact strenmth at low
temperatures, good weldability amd excellent mechanical properties at
moderately elevated temperatures. A similar duplex-type alloy has
been described by Truman (1968) which shuwed gnod stress-corrosion
eracking resistance. In contrast te these rusults, Matsushimia and
Ishihara (1975) report that the formation of ather phases, such as
el addition increased the

martensite and austenite, due to the n
susceptibility to stress-corrnsion cracking of an 18% chromium olloy
with up to 1.5% nickel.
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Table 4.9, Stress-Coreosion Cracking af U-bend Speeimens  of
Fersitic Steinless Steels in Boiling (160°C) MgCl,.
(Band and Dundas, 1968)
Aoy (&) Time to
¢.1lure (hr)
Air Cast Allgys {(a)
19Cr-1Ni 146 NF
18Ce-1Ni~1Me 4-22
1BCr~1Ni-5Ma G443
Vacuum-Melted Allays (b)
18Cr-0.6N1 620 NF
18Cr-1.5Ni 722 NF
18Cr-1.5Ni (eold-rolled) 2§-92
25€r-3.5Mo 475 NF
25Cr-1Ni-3.3Mo 22
25Cr-4Mi~3. 5o 5.5
{a) 350 ppm carbon NF - no failure
{5) 40 ppm carbon
Teble 4.10 Stress-Corrosion Cracking Resistance of Smooth Tension
wns_ of 15, 70r-2, 5% 1Ho-0, 5Nb-0.03C--0, 581-0. 6Hn
Stainiess Steel Exposed to Various Chloride Solutions.
{Hylie, 1962).
Time to
Chloride Solution Failure (hr)
42% boiling HQC12 500 NF
3% Mall at 250°C 500 NF
Specimen coated with NaCl and 5290 Nt
held at 330¢C in steam
Specimon from simulated croviee
in heat-transier surfoce. Tdater
contaired 1000 ppm Nall and metal
erature was 33090)
N~ no failuee

N

et e ad




4.4.3.  Pitting Corrasian . Nickel doss nov have a strong effect on

the pitting resistance of ferritic stainless steels, but on balance

it appesrs to be beneficial (compare the 18Cr-2Mo alloys in Table 4.7).
Nickel is reported to increase the pitting resistance of a 21%
chromium alloy in 0.5N FaCly and potentiostatic polarizetion measure-
ments show that nickel increases the potential at which the passive

film undergoes breakdown in 3% NaCl{Langer et al., 1966).

The high-chromium superferritic stainless steels (e.g. 280r-4Ni-Zho)
contain nickel in order to improve general corrosion resistance and
toughness for very aggressive environments, although it does reduce
the stress-corrosicn cracking resistance of the alloye.

4.5, Silicon, Silicon is present as a residual element in all
stainless steels, including superferritics, to the extent of about 0.5%.
The chief advantage of deliberately alloying ferritic stainless steels
with silicen is in resistance to sealing and oxidation at elevated
temperatures, with levels as low as 1% raising the temperature at
which free scaling commences. With respect to corrusicn resistance,
silicon alone has little effect uniess in amounts greater than 1%,

at which level there is increased resistance to cold scids, such as
nitrie, sulphurie, eitric and oxalic. Resistance to hydrochlerie,
acetic or concentrated hot nitric acids does nobt appear to be improved.
Silicon cannot be added to stuinless steels in anounts exceeding about

% because of it jncreasas the susceptibility to sigma phase formation.

4.5.1. Pitting Corrosion. The effect of silicon on the pitting
resistance (and passivation) of stainless steels has been mentioned

briefly in previous sections.

Silicon sppears to have been one of the first elements considered in
early attempts to improve the pitting resistonce of austenitic and
ferritic stainless steels. Slreicher (1956) reported the development

of an sustenitic Type 3160 alluy containing 2.5% silicon ond 0.23%

nitcogen. This alloy {code mamad 50-2) was found to be resistant to

aggressive pitting solutions such as Kinl,/NaCl up to 50°C (Table 4.11).

The removal af nicke! from the alloy in order to improve resistance to

stress-corresion cracking lead to fabrication prablems although the
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resulting alloy was still as resistant to pitting in KMnUa/NaEl as
the SP-2 alloy. Because of these problems molybdenum was used in
place of silicon in ferritic type alloys.

Table 4.11. Comparisvn of Pitting Resistance of Silicon-containing
Alloy with Stainless Steels. (Streicher, 1977},

Pitting Corrosion

KHnDa/NaCl(h) FeClj.éHZO(D)

RT(d) s0°C 75°C 90°C RT 500C

sp-p(@} r(e) 2 £(F) R F
Types 304, 316 and 316 ~ - - 3 -
18Cr-2Mo(T1) - - - F ~
28Cr-2Mo R F F R F
2BCr-2Mo-&Ni(Nb) R F F R 3
25Cr-4Mo R R R R R
29Cr-4Mo -2Ni. R R R R R

(a) Type 316L allay with 2.5% silicon, 0.23% nitrogen and 0.033%
carbon

(b) 25 Kinl, - 2% NaCl, no crevices (pH = 7.5)
{c) 10% Fetlysto, with crevices (pH = 1.6)
{d) Room temperature

{e) No Pitting

{f) Failed by pitting and/or crevice corrosion.

In the development of the SP-2 alloy, Streicher found that silicon
provided the greatest resistance to pit initiation in 0.IN NaCl,
being better than molybdenum. While silicon improved resistance to
pit initiakion, it could not be used alone to decrease pit propagation
because it did not have mich effect on passivation. The best combi-
nation was chtained by adding mulybdenum since this element had a
very beneficial effect on the passivation charvacteristics of the
alloy. Sca-wator exposure tests confiemed the results of the

wrsion tests in that additiens

accelerated laboratery and feCly i
of silicon improve the pitting re

stance of Type 316,
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The susceptibility of lhese silicon-bearing sustenitics to inter-
granular corrosion in beiling 65% HNO} was Found to incrense when
silican was present in excess of 1%. The corresion race was 0.082
m/month conpared to 0.020 mm/month for [ypes 304 and 316 stainless
steels.

Lizlovs (1966) examined the effect of siticon (snd molybdenum and
copper) on the anodic behaviour of a 17% chromium ferritic stainless
steel. The addition of 1% sil-con to 417% chromium-molybdenum steel
did not produce a sigoificant change in the critieal current density,
but it did lower the primary passivation potentisl relative to the
siligrn-free slloys. Silicon, therefore, appears to participate in
the formatian and stabilization of the passive-film, an effect which
is more pronounced For the 3% than the 1% molybdenum alloy. On the
other hand, the addition of silicon to the 3% molybdenum alley is
detrimental as far as the active carrosien rate is concerned,

although na such effect was found for the 1% wolybdenum alloy.

The publications of Tumashov et al. (1964) and Biefer (1970) both
showed that silicon had a beneficial effect on resistance to pitting.
According to Tomashav et al., increasing silicon decreased the
corrosion rate of an 18Cr-14Ni allay in F(:Cl} (Figure 4.3). The
pitting potential in NaCl increased above that for the base alloy
when the silicon content exceeded about 4% (Figure 4.4). Polariza-
tion measurements by Biefer on a Type 430 steel showed that silicon
increased the pitting potential in §.5M NaCl, in Fact producing a
somewhat better effect than vanadium (+531 mV for 1.78% silicon
compared to +488 &Y for 2.18% vanadium). Brigham and Tezer (1974)
eonfirmed this effect of silicon ot the 1.5% level in increasing the

pitting potential of an ld% chromium austenitic stainless steel.

Corrasion Cracking.  Silicon appeors to improve the

resistance nf high-

rength steels and austenitic stainless steels

to stress-gorrosion cracking, but little in known regarding its

effect in Ferritic stainless steels. Bond and Dundas (1968) Found

that silicon did not change the Lime to cracking (or no cracking)

of vorious Ferritic stalaless steels din boiling l-lgClZ, and concluded

-




that its effect was negligible in amounts up to 1%.

The effect of silicon in austenitic stainless steels is better
doaumented, end summarized in the paper by Hanninen (1979). Silicon
up to about 0.8% has little effect but higher levels (1.5 to ZX¥)
markedly improved the cracking resistsnce. One way in which it
influences cracking is to act synergistically with phosphorous he
reduce the detrimental effects of the latter. It hes been cancluded
tlust Tesistance to cracking of 2% silicon austenitic stainless
steels is not obtained by the addition of silicon alene, because
silicon does not sustain the resistance to cracking unlose it
coexists with 0.045% or more sojute carbon. Thus, silicon may lose
its positive effect resulting from sensitization when carbon
precipitates as a carbide, e.g. during welding.

4.6, Copper

Copper itself has good resistance to corrosion by cold, dilute, non-
oxidizing and non-gerated acids but not to the hot acids. Copper is
added to nickel-based alloys (e.g. Monel) and has been considered as
an allaying element in stainless steels (e.g. Carpenter 20Cb-3)
specifically to improve resistance to HZSD4'

The tvo limitations to the amount of copper that can be added to
stainless steels are Fabrication problems (hot-shortness above about
2%) and susceptibility to stress-corrosion cracking. Copper has a
limited solubility in ferrite (1.4%) compared to wustenite (8%).

In passivation experiments in “25% (Lizlovs, 1966), the addition of
2% copper to a 17Cr-1Me alloy decreased the critical current density
for primary passivation significantly, but proved detrimental to

, 2% copper added to a 17Cc-3Ho
alloy produced only a small decrease in the critical current density,

passive Film stability. In contras

but greatly enhanced the passivity of the allay.

The effect of copper has bean examined in high~chromium superferritic

stainless steels in on attempt Lo ebtain improved cosrosion resistunce




{Lennartz and Kiesheyer, 1971). At the 0.5% level, copper did not
induce susceptibility to stress-corrosion cracking in 28Cr-2Mo-Ni
alloys. Bond and Dundas (196B) found that copper up to 2% caused
cracking in both commercially~and vacuum-melted 17Cr-Mo alloys in
MgClZ. For combinations of copper and nickel in 1BCr-2Mo-Ti alloys,
only those alloys which showed the following relationship were Found
to be immune to stress-corrasion cracking in MgCl,: #Ni + 3(% Cu)<p.9%
(Steigerwald et al., 1977).

One of the few commercially aveilable copper-containing stainless
steels is Carpenter 20Cb-3 a 200r-34Ni-2.5Mo-3 alloy. Originally
this alloy contained 29% nickel but was found to undergo stress-
corrosion cracking in HZSUII in the concentration range 20 to 80%.
This cracking was attributed to the cathodic action of copper, and
the problem was solved by inecreasing the nickel level from 29 to 34%.

4.7, Titanium and Nicbium
These elements are added to ferritic stainless steels as stabilizers

to combine with carbu. and go prevent the precipitation of chromivm
eerbide which leads te chromium dep .tion wdjacent to the grain

boundaries and hence susceptibility to intergranular corrosion.
Titanium-stabilized alloys arc not immune to intergranular corrosion
in very strong oxidizing solutions due to dissolution of titanium
carbide or an "invisible” sigma phase cuch as that encountered in

Type 316L stainless sleel  (Demo and Bo-~d, 1975).

Titanium and niobium are scmewhat detrimental to the pitting
resistance of stainless steels, especially when either element is
present in excess of stabilization requirements (Szklarska-Smialowska,
1971; Tomashov ct al., 1964; see also Table 4.7). When in the

eorrece amount for stabilization, however, both elements may hove

o —

a beneficial effeet on pitting {Lizlovs and Bond, 1969). Both
elements have little effect on the passivalion of slainless steels,
cini (Tomastiov ond Chornove, 1967) or detrimental.

being slightly Gunef)

7\—k‘Ld_________*n‘3
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5. EXPERIMENTAL PROCEDURE

5.1, Selection of Experimental Ailoys

The main advantage in adding molybdenum to a Ferritic stainless steel,
such as Type 444, is to improve the resistance to pitting corrosion;
molybdenum at the 2% level has very little influence on the mechanical
propertiss. The carbon and nitrogen contents of Type 444 are low in
comparison to conventional ferritic stainless steels such as Type 430
in order to improve the mechanical properties, but the allay neverthe-
less hes limitaticns as far as welding and toughness, especially in
thick sections, are concernzd. As a resuli, the commercial application
af Type 444 stainless steel is restricted to sections less than 2 mm
thick.

In the present study, while the emphasis is on replacing molybdenum
with vanadium meinly from the point of view of pitting corrosion
resistance, combinations with various other elements are examined in
an gttempt to improve on the other inferior properties of ferritic
stainless steels, nomely poor resistance to reducing acids,
susceptibility to weld decay and poor toughness. The literature
survey in the preceeding sections has revealed thet vanadium has

a beneficial effect on the pitting resistance of stainless steels,
although it is not as effective as molybdenum. As regards carrasion
in general, it would appear that about 4% venadium is capable of
replacing 2% molybdenum in stainless steels. This figure may be
reduced by some 2% if a Ffavoursble combination can be found with an
element such as silicon which is also known to improve the pitting
resistance of stainless steels. The silicon level would need ta be
kept to less than 1.5% due to the pussibility of embrittlement
oceurring. Mickel has bensficial offects on both the mechanical snd
cortosion resistance propertics of ferritic sbtainless steels and is
therefore a wacthwhile alloyimg sirment to comsider. An upper limit
of 2% on the addition of nickel is necessary in order not to increase
susceptibiliby to stress-corrosion eracking and the tendency to form
austenite, Another element that has a beacFicial effect in
atmogpheric and reducing conditions is copper.  Again, due to problems

such as hot-shortness and tie possibility of stress-corrosion cracking,
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the amount of copper should not exceed 1-2%.

Another factor te be considered in the development of a vanadium-
bearing ferritic stainless steel is that of stahilization. Vanadium is
a strong nitride and carbide former but would appear not to prevent
sensitization unless present in excess of about 3%. The degree to
which additional stabilization is required to obtain optimum benefits
therefore needs to be investigated. It has been reported that a
cambined stebilizer addition, such as titanium plus nicbium, provides
the best results, but in keeping with the philosophy of the praject,
that ie, anly using materiale that are not strategically limited in
South Africa, titanium is the preferred choice. The use of a single
stabilizer (apert from vanadium) is preferred, eince the effect of its
addition is move amenable to interpretation compsred to multiple
additions. Regarding the amount of stahilizer to be added, the
general literature relaticship of stabilizer = 7(C+N) was used {(Demo,
1977). For a specified carkon plus nitrogen level of 125 ppm, the
amount. of stabilizer needed would be 0.09%.

The development uof rerritic stainless steels containing vanadium was
therefore examined from three viewpnints in this study:

1. Vanadium replacement of molybdenum.
2. Effect of stabilization with titsnium (and niobium).
3. Nickel, silicon and topper sdditions.

The levels of carbon and nitrogen have a significant effect on both
the mechanical and corrosion resistant properties of stainless steels.
In order to reduce the delrimental cffects of their presence ta a
minimum, as well as aid in ths interpretation of the effects of the
alloying elements, n maximum combined carben plus nitrogen lovel of
125 ppm was specified in the preparation of the test alloys.

After careful eonsideralion of the above factors, and bearing in mind
costs and. the saximising of useful information to be obtained, some
15 different alloy compositions were decided on.  The compositions

of the sctunl cxperimentul alloys are given in Table 5.1.
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Jable 5.1. Chemical Composition of the Experimental Alloys

% ppm %
Cr 1% Ni Ti c N 0 Other
W 8.0 112 - - 50 44 181 _
IV-Ti 18.0 1.09 - 0.97 50 87 41 -
1V-Ti-INi 17.9  1.0% 0.99 0.09 50 45 &4 -
2.6V 17,7 267 - - 06 57 125 -
2.60-T3 17.7 247 - 0.07 30 88 147 -
2.6V-Ti-INi 18.1 2.6 0.95 0.10 40 84 133 -
4V 18.8  4.00 - - 80 &% pr3 -
4V-Nb 17.8  4.10 - - 70 80 24 6.09 Nb
4¥-Ti 17.5 3.95 - 0.11 40 9N 87 -
GV-Ti-IND 18,2 4.9 1.2 012 80 & 91 -
AV-Ti-1.5N4 18.0 4.05 1.5) 0.11 90 56 94 -
WY-Ti-2N1 161 4.5 2.03 D12 60 52 85

4V-Ti-1.5Ni-5i 18,8 4.09 1.50 0.12 100 68 93 1.48 Si
4V-Ti-1.5Ni-Cu 17.6 4.1 1,52 0.12 48 44 91 1.05 Cu
4V-Ti-Ma 17.9 4,7 - 0.11 60 61 92 0.86 Mo

Note: Maximum concenfration of residual elements is as foluows (%):
Si - 0.06, P-0.02, 5-0.008, Mo-D3, others .02 (A1,Cu.Ca,Ni, etc.)

5.2, Preparation of Lxperimental Alloys

The experimental alloys were prepared from pure materials by vacuum
induction melting in Lthe Deporimeni of Metollurgy at Sheffield
University in the Uniled Ringdum. The chemical compositions given in
Table 5.1 are all within the Jimils speeified by the author. After
casting as 75 mm square billels woighing 9 kg, the alioys were hot-
relled in specessive passes from 1050°C Lo a Final thickness of 12 mm.
The five minute reerystallisolion temperalare was determined using
smell specimens meaguring 1% x 11 x 10 ma in size, which were heat-

trested for 10 minules (5 minutes Lo reach specified temperature,
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5 minutes at temperature}. An average hardness value For thesc
specimens was plotted against temperature,and the recrystallisation
tempersture determined (Table 5.Z). The rolled plate material was
then annealed at the respective temperature for 30 minutes and water
quenched, and the specimens userd for mechanical and porrpsion testing
were cut directly from the plate meterial.

Table 5.2. Annealing (= Recrystallisation) Tempersture for
Experimental Ailoys

Alloy Annealing Temperature (°C)

¥ 825
1V-Ti 825
IV-Ti-INi 850
2.6Y 825
2.6V-Ti 850
2.6V-Ti-INL 875
4y 823
4Y-Nb 825
4y-Ti

4V-Ti-INE

4V-Ti-1.5NL a0
4Y-Ti-2Ni

4V-Ti~1,5Ni-81
4V~Ti~1.508i-Cu
4V-Ti~to

5.3, Jest Programme

The test programme inclurded dolailed examination of the mechenical
and corresion reuistant properties of the alleys. Hechanical testing
invalved determinakion of the lensile properties and impact ductile-
to-brittle transition temperature, Corrosion testing covered ancdic
polarization «n IN HZSUA and 0.IN Ralll, total impersion tests in




FsClB, HNO 5 and acetic acid sclutions to determine corrosion rates,
and intergranuler corresion testing using the Strauss test.

5.3.1. Mechanical Yesting Procedures . The tensile properties of
the alloys were determined by the Department of Metallurgy, University

of Sheffield, according t{o BS18: Fart Z: 1971 using 5.6 mm diemeter
specimens. The gauge length for extensometiy was 25 mm. Impact
tests were performed by the author on a Korl Frank Type 580 Charpy
tester with a maximum breaking encegy of 294 Joules, using full-size
(10 mm square) V-notched specimens ho 8S 131: Part 2: 1972, The
specimens were eut with their length perallel to the rolling direction
and the V-noteh in the thraugh-thickness side, and were heated in an
oil container immersed in a thermostatically controlled water-bath
for testing at various temperatures.

Vickers diamond hardness tests were carried out with a 30 ky load,
with each resuit reported being the average of four determinations.

The Fracturs surfaces of the impact specimens were examined by
scanning electron microscopy and the compositions of precipitates

determined by X-ray analysis (EDAX).

5.3.2.  Corrosion Testing Procedures. Passivity Studies.

Potentiodynamic pelarizakion experiments were carried out im IN HZSD4
using the same apparatus deseribed in ASTH Stendord G5-72. The
electrochemical measuring equipment compriced an Amel todel 551
potentiostat and anciliinry modules, together with a Hewlett-Packard
40608, X-Y recorder. The test solution was prepared from analytical
grade HZSDA made up in distilled water, and deaerated during the
entire test with bubbling argon. The tesl cell of one litre capacity
was immersed in o thermostatically controlled waler-bath maintained
at 31 £ 0,39C. A1l the potentials reporbed in this study are relative
to the suturated calomel electrode (5CE).

The warking slectrode was in the Form of o rod with an area of approxi-
mately 5 om® and was secured, vin o threaded rod, agoinst a rubber
hing to a 1000 grit

O-ring. The test specimens were prepared by poli
Finish with silicon carbide paper, cleaned ulbrascnically in acetane

g~
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and alcohol, and then immersed immediately in the test electralyte.
They were then cathodically activated at -560 mV for 5 min. in order
to remove any rassive film that may have formed on thz surface, and
subsequently allowed te stabilize for one hour. Polucization was
begun in the anodic directien at a scan rate of ZOU/A//S@C, from a
position 20 mV below the free-corrosion potential so that the
linear polarization technique could be used to determine the corrosion
rate. A slow scanniny rate was chosen in ordes to more closely
approximate electrochemical equilibrium conditions during the
experiment. Scanning rates in the literature vary from M444M/s
{Bond et al., 1977) to a suggested 1GUD/LV/S (Man and Gabe, 1981).
All the experimental alloys were tested in duplicate.

Pitting Jests ., Anodic polavization and immersion tests were carried
out to determine the susceptibility of the alloys to pitting corrosion.
The pitting potentisl was determined by anodic polarization in a

0.IN NaCl solution dearated with argon, st three temperatures: 31,

59 and B1°C. The NaCl sulution was prepared by dissolving analybieal
grade NaCl in distilled water. The same apparatus and running procedure
as used for the passivity studies, with the except noted below, was
folloved here. No attempt was made to mask off the arvea betwsen the
specimen and the O-ring with the result that slight crevieing to
varying degrees was fuund durino the experiments. The results should
therefore be regarded as absolute within this study only, but relative
with respect bo otber published results. The pitting potential was
taken at a value corresponding to a current density of 104A/cm?, as
suggested by Truman (1978). Because of the peor reproducibility of the
results, From two to four polacization runs were necessacvy For pach
alloy at a given temperature in order to obtain move realistic average
values. Statisticw reloting to reproducibilily of Lhe data arc
recorded In the pelovant Lable of roaults.

The proteclion potentinal was also dotermiv d i most of the runs

by reversing the soatning direction at a cureent dunsity of 140UAJon®,
and the point nobed b which the snodic curve wag intergeelod.

However, because af the extreme variability of the results (probably
enhanced by the oceuvrence of crevieing at the specimen/0-ring



interface}, the protection poutential was not considered worth

vecording.  Following determination of the protection potential, one
specimen of cach alloy was anodically polarized at a fast scan of

% m¥/sec to a current density varying from 10 - SO/LA/cm’ in order to
A pitting. these specimens were subsequently examined

induce signific
under the scsnning electron micreseope to dotermine the nature of the

pitting.

In determining tha anwtdic polarization characteristics in NaCl it was
found that the fres-corrosion potentiol varied widely in replicate
doteemingtions. Initially,cathodic activation was not carried out
but later, in an attempt to ohtain a more reproducible free~corrosion
potential, activation at -850 mV was performed (no hydrogen was
evalved at this potential). About 30% of all runs were cathodically
activated and the ressults indicated that this led to more repraducible
{and more cathodic) values. Cathodic activation did not appear to
have any systematic effect on the pitting potential. In two cases
specimens were cathodically activated so that hydrogen evolution
occurred  (~1000 and -1400 mV respectively),and this resulted in the
free-corrosion potential being raised (made mure noble) to the extent
thal it was not possible to determine the protection potential. For
this reason,a value of -850 mV was used for cathodic activation in

the exper lments.

Resistance to pitting was also assessed using the ASTH Standard G48~76,
involving immersion in a 6% EeC], solution at room temperature (23°C)
For 72 hours. The test solution was prepared from analytical grade
chl;.éHZf) dissplved in distilled water. Spet ns for the test
measured approximately 30 x 40 x 3 mm in size and were used in the as-
ground eondition. They were cleaned ultrasonically in acctane and
ethunnl, air-dried, weighed, end stoved in a desiceator for subsequent

the sane cloaning proceduse was follmnxl after Lhe inmersion test.

Susenpbibitity bo piliing corvosion uae sl by measuring the

it
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boiling solutions of cancentrated HNO3 (65%) and 3% oxalic acid. The
test solutions were prepared from snalytical grade reagents dissolved
in distilled water. Flat specimens of the same size and prepered in
the same way as for the Felly pitking tests were used. The immersion
apparatus comprised @ one litre round-bottomed flask seated in a
heating mantle, with a double-walled condensor connected to a2 wide—
mouthed cround-glass joint at the top of the flask. The specimen
was placed in the fest solution on a rluss eredle with only ane
specimen tested in each flask.

The tests were run until the specimen appeared to have undsr one
significant corrosion, as indicated by discolouration of the test
solution. This period varied from one co 16 days (recorded in the
table of results). ~Frer removal From the test solution the samples
were brush~d under flowing water, then ultrasonically cleaned in
acetone and ethanel, dried, and finmally weighed to determine the
weight loss.

A ...ative assessment of the corrosion rate in IN “2504. was also made
using the method of lingsr polarization. The slope of the
polarization curve within 10 mV of the free-corrusion potential was
determired and using average literature values for the cathodic and
anodic Tafel slopes of 110 and 80 mV/decade (ASTM G55-78, and Lizlovs,
1966}, the corrosion rate wes obtnined by substilution inthe Stern-

Geary “ormula:

; Az
teorr T (elope) (Ba + Be)

whese  fa= anodic Tafel slope

ﬁc = talhodic Tafel sluope-
Intexgranular Corrosion Testing . Heat-treated ond as-annealed
specimens werc tested in a Fu/[‘,nfiﬂf‘/l-lz‘.‘yﬂb solution aceording to the
Strauss test (ASTM, A262-75, Praclice £), The test solution was
preparcd by dissolving analybicnl reagent grade CuS0,.5H,0 and H,50,in

distilled water. Electrolytic grade copper wire piecos covered the
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test specimens completely during the experiment. Heat-treatment to
sensitize the alloys involved heating at 1150°C for one hour,
followed by water quenching. The Lest speci.ens measured
approximately 2.6 x 8.4 x 66 mm in size and were prepared in the

same way as for the immersion tests, Both sensitized and as-annesled
specimens of the same alloy were tested in the same flask (apparatus
ag for immersion tests). After immersion in the boiling test
splytion For 24 hours, the specimons were removed and cleaned as

for the immersion tests. Following cleaning, the specimens were

bent through 179°C over @ 3 mm diameter shaft using a hydraulic press
and the apparatus designed by the suthor {(see Appendix for details).
They were then examined under the electron microscape for evidence

of intergranular eracking.

The Strauss test is recommended by Streicher (1978) for the testing
of low - interstitial ferritir stainless steels. Time did not permit
the use of the ovther recommended method for these types of alloys,
namely the ferric sulphate and sulphuric scid test.




&8.

6. RESULTS AND DISCUSSION
6.1.  Migrostructure

Optical microscopic examination of the experimental nlloys showed that
they were composed of ferrite oaly. Etching in Bersha's sclution
{Beraha, 1966) vevealed the nature of the prain bounderies and the form
and distribution of the precipitates. Table 6.1 shows that the Fe~Cr-V
alleys have the largest and most varisble grain size. (It is pussible
that the 1BCr~-4¥ alloy, which has the largest grain size, is rot fully re-
crystallised). Stabilization of the atloys with titenium is found to
decrease the grain size in all cases, but interestingly this doss not

oceur for nicbium stabilization.

The precipitates visible under the aptical microscope vary from small,
irreguler tn largish square-shaped types up to 0.005 mn across. The
last, which are present in all the alloys except th- 1°Ci-4V and 18Cr
18Cz-4V-Nb alloys, typically show a darker core an’ ::+ondsry precipi-
tation arcund the esdge. {(Figures 6.1 and 6.2). Congs.ison of these
precipitstes with those illustrated in other publications (e.g.
Pollard, 1974), indicates them to be nitrides or carbonitrides. The
amount of precipitetion Is Found to vary wocording to the presence of
titenium and the degree of alloying. Skabilization with titanium
increases the amount of precipitation and the addition of alloying
elements increases this precipitation even further.

Optical microscopic examination has not revealed unambiguously whether
or not grain boundary precipitation is present,and transmission
elecbron microscopy seems necessary to clarify this point. Photographs
in publicaticns {e.q. Aba et al., 1977) showing the presence or absence
of grain-boundary precipitates in low-interstitial ferritic stainless

steels are not always cenvincing Lo the author.

6.2.  Mechonical Propecti

6.2.1. Tensile Propor, The tensile properties of the experimental

alloys are listed in Table 6.2. Shown for comparison in the same Toble

ace some values for the commercial stainless stenls, Types 316L, 436

and 444,
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Table 6.1. The Variation of Grain Size and Precipitate Content
with Composition in the Experimental Alloys

ASTM
Alley Grain Size Precipitate Content (elative)™®)
v 1-4 Very few
W-Ti 3-4 Few
1V-Ti-INi 4 More than previous two
2.6V 14 Few (more than 1V}
2.6V-Ti & Few (mare than 2.6V)
2.67-Ti-INi 3-4 Fair number (= 1V-Ti-INi)
4V 1 Very FPew
4V-Nb 1-4 Very few
' 4y-1i 34 Fair number
AY-Ti-IN 3-4 Fair numper (<4V-7i)
AV-Ti-1.5N0 34 u
4Y-Ti-1Ni 4 "
4V-Ti-1.5N8-51 3 n !
4V-Ti~1.5Mi-Cu 3 o
49-Ti~Mo

w

{a) Data from optical microscopy




Figure 6.1.

Figure 6.2.
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L » E "

Typical large, square-shaped precipitate found in all the
experimental alloys (except 4V ard 4V-Nb alloys) showing
secondary precipitation around the edge. FProbably a
nitride ur cerbonitride. (Etched, %600 )

Rarcr type of precipitale, propably titanium nitride.
{Etched, x600 )

.o



Table 4.2. Jensile Properties of the Experimental Alloys Compared
to Other Stainless Steels.

%

.

AL Vield oo @ %,  fRed Hardness
oy Strength uTS Elongation in Area  (VPN)
v 288.6 324.0 35 85 150
ITE 229.8 376.1 24 8l 132
LV-Ti-INL 292.5 413.1 23 85 150
2.6v 268.9 419.2 20 83 151
2.6V-Ti 261 402.6 27.5 75 143
2.6V-Ti-INL 305.6 420.7 24 81 154
4V 339.3 469.1 22 58 159
&¥-Nb 31z.4 462.6 25 83 164
Wty 280.0 419.2 2 83.5 150
4V-Ti-1INi 342.5 463.2 21.5 82 156
av-Ti-L.s ) 383.4 4743 20.5 82 168
4Y-Ti-2Ni 371.7 482.5 29 83 171
w-tienoni-si® ase.s 571.4 17 75 a1
aTionsni-ce® 21 501.4 28 80 181
w130 3112 458.7 22 78 7
Type 436 365 531 23 - -
Type 444'S 360 515 29 - ~
Type 316() 234 558 55 - -

(@ MPa.Vanadium-bearing alloys accurate to ¥ 0.1 Mpa. Yield strength
®) corresponds to 0.2% proif sfress.
Specimens broke outside gauge length.
(€} From Climax Molybdenun and NACE Corrosion Engincers Reference
Book (1980).
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The tensile strength and percentage elongstion values of the vanadium-
besring alloys are lower than for the austenitic Types 304 and 316,
while the yield strength is higher. These trends, which are due to the
work-hardening effect of nicke! in the sustenitic stainless steels,

are similar to those found for ferritic steinless steels in general.
The following general conclusions regarding the effect of obher
alloying elements can be inferred from Téble 6.2:

(i) stabilization reduces the strength and has a variable
effect on ductility which is lowered at rhe 1% vanadium
level, but raised at the 4% level. Niobium is more
beneficial tho titenium, producing higher strength values
and improving the ductility.

(i1} nickel raises the strongth (in the stabilized condition)
but reduces the ultimate tensile strength - yield strength
ratio.

{iii) incressing nickel at & constant vanadium level, increases
the strength and the ductility.

(iv)  silicon increases the strength considerably but reduses
the ductility.

(v) copper and molybdenum increase the strength. Molybdenum
reduces the ductility slightly, but copper has a negligible
effect.

The data do not show any dramatic or unexpected trends. Since the
carbon and nitrogen lerels vary within a narrow range, the trends
shown can be ascribed lorgely to the effect of alloy elements.

The introduction of substitutional elements such as molybdenum, silicon,
copper, nickel ond vanadium into the ferrite phase is known to increase
the strength, with the intensity of this solid-snlution strengthening
effect being dependent on the solute atom size. OF these elements,
vanadium is closest ta iron in atumic size snd is the only ona of these
elements forming a continuwus series of solld solutions with forrite.
Many substitutional elements react with interstitial solubes to form
pricipitates, such as TiC and TiN, which tend to decrease the overall
salid-solution strongthening offect, but Lhis may be offset by the
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introduction of precipitation hardening.

The microscopic data da not reveol excessive precipitation in any of
the Fe-Ce-V alloys. Nunes (1966) has ctudied the effect of vanadium
on the tensile properties of pure iren (C + N + 0 = 100 ppm) and finds
an inversion in the strength at o vanadium concentrstion of 1%. In the
allays here, this dip in strength appears to be pushed to the 2.6%
level. These results could be explained either by the partial removal
of nitrogen from solution by precipitation {the 2.6V alloy in fact
shows more precipitates than the 1V and 4V alloys; Table 6.1) or by
the association of vanadium ard nitrogen atoms in solid-solution with
a consequent decrease in the rate of migration of nitregen to
dislocations. Vanadium is known to form nitrides much more easily
than chromium in steels. It seems probuble that the effect of
vanadium is first to remove nitrogen and then carbon from solid-
solution. Dijkstra and Sladek (1953) found internal friction evidence
for the association of vanadium and nitrogen atoms in solid~sclution,
so it is possible that venadium in solution could also have some
effect in retarding the strengthening effect at the 2.6% level. It
should be noted that sclid-usolution interactions between vanadium (and
molybdenum and chromium) and carban have not been obs:rved in iron
(Wert, 1952). An alternative oxplanation for the dip in strength at
the 2.6% vanadium level could he that (detrimental) precipitation
phenomena reach a maximum at this level whereas at the 1 and 4%
vanadium levels solid-solution hardening is dominant.

In contrast to the decrease in strength at the 2.6% vanadium level
reported here, the data of Climax Molybdenum show that strength increases
continuously with increasing vanadium at the 1, 2 and 3% vanadium

levels (Table 3.1). Variation in the propoction of different
precipitate types such as WN, VAC} and EPZ}CG probably also influence
the relative variation in strength with vonadium conecentration.

The addition of a strong stabilizer, such as titanium ot niobium,
appears to reduce skrength as a resull of uxeessive precipitation.
Ddesskii et al. (1978) examined the effsct of vanadium in a stabilized
17% chromium stainless steel (BUDppm carbun) and Found that titanium
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was present as stable carbides, while vanadium occurred mainly in the

alpha~solid soluktion. It wes also found that venadium improved
ductility by reducing the amount of brittle transformation products,

such as martensite.

Titanium and nicbium are the strongest cerbide and nitride formers of
the various elements considercd hece. Their carbides end nitrides
form & continuous series of solid- solutions bub, because of the
greater stability of the nitride, there is probably e tendency for

1 titanium nitride to precipitate first from the steel. In this respect
it is similar to varadium. While titanium (and niobium) are grain
refiners and could thus be expected to increase strength, precipitation
phenomena in most cases obscure and override this sffect in stainless
1 steels. The greater strengthening effect of nicbium compared to

| titanium is probably related to the different shape of precipitates
these two slements form, rather than to a difference in grain

b refining properties. As pointed out by Steigerwald et al. (1977) the
precipitates in niobium-stabilized, ferritic stainless steels are

i relatively small and finely dispersed, while thase in titanium stesls

are fairly coarse and angular. A similar conclusion is reparted by
Pollard (1974) who considers that precipitate morphology rather than

chemical composition is the impertant factor in determining ductility.
Scanning alectron microscopy examination of impact fracture surfaces
(Section 6.3) in fact show that precipitates are much smaller in the
nisbium-stabilized alloy than in the case for titanium-stabilizatiocn.

Tensile properties are influenced by grain size ss well as alloy
content. Decreasing grain size should lead to increased strength but
this effsot can be obscured by precipilstion phenomena. The data

in Table 6.1 indicate o general decrcase in qrain size with increase

N in combined alluy content related mainly, however, ta titanium-

stabilization. Plumtree and Gullberq (1974) have examined the effect
of interstitinl elemnnts on the mechanicul propertiss of 25% chromium
Forritic ailoys and Find no dotectuhle dependency of yiald strength

on grain size.

e
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6.2.2. Impact Properties. Charpy V-natch impact transition
temperature curves For the experimental alloys are shown in Figures
6.3-6.5. Table 6.3 lists the transition temperature corresponding to
an impact energy of 100 Joules, as well as the room temperature
(20°C) impact values found for transverse scctions ubtained by the
University of Sheffield. Single curves have been drawn as a best fit
to the experimental points in Figures 6.3 - 6.5,but meny more poirts
would probsbly show a spread as is found by other authors for low-
interstitial alloys (Steigerwald et al., 1977). This spread would
account for the higher impact values found by Sheffield University
for allays &V and 4V-Nb. Nevertheless, the curves are interpreted
as means with an estimated errar of ¥ 4°C and differences exceeding
the error are regarded as indicating alloying trends.

In none of the alloys was it possible to obkain an upper shelf energy
value beceuse of the limited capacity of the Charpy tester. lpper
shelf values are mot reportwd in the literature for Full-size Charpy
V-notch determinations of low-interstitial ferritics, but are known to
exceed 320 Joules as shown for Type 444 alloys (Steigerwald et al.,
19773,

Examination of the impact data shows some very interesting trends.

The most important factors influencing the results are alloy composition
and stabilization, with other factors such as grain size and inter-
stitial cootent appearing to be less important.

Vanadium, An inerease in venadium decreases the impact transition
temperature significantly, Lo the extent that at a level of 4% the alloy
is ductile within a few degrees of rcom temperature. (In fact, as
noted, the 4V and 4V-Nb alloys testud by the University of Sheffield
were ductile at room temperature , 20°C; Table 6.3). The beneficial
effect of vanadium in low-interstitial 18% chromium ferritic stainless
steels has been noted by Aslund (1977) and Climax Molybdenum (Tables
3.1 and 3.3). In contrast, however, btley found thot a low vanadium
level of 1% wos alao very benefi

inl, giving a transillon temperature
of below zero.
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Table 6.3. Impact Trengition Tewpersture and Energy Values for
the Experimental Alloys
Transition Temp(°C} Impact Energy
Allay at 100 Joules'® at 20°C (Joules)
1y 85.5 12.2
W-Ti 46.5 3.6
W-Ti-ING 38 23.0
2.6V 0.5 9.1
2.6¥-Ti 1.5 9.5
J
2.6V-Ti-INd 7.5 1.0
av 27 233.2
! 4Y-No 32.5 252.2
! w-Ti 92 10.8
X( AV-Ti-INi 98 9.5
WY-Tio1.5Ni 75 14.9
| WeTioZN a0 10.8
(AR 84 10.8
&-Ti- 1.5Ni-Cu 76.5 13.6
4y-Ti-to 98 8.1
;[ . @Naiues From Figures £.3-6.5. Fur comparison,ihe transition
| temperature for Type 316 is -3169C and Type 444, +25 to +75°C  (FATT).

1 (bag determined by Lhe University of Shefficld on 10 mm transverse

specifiens (V-noteh in through-thickness side).
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SEM-EDAX analysis of the ductile fracture surface shows that the
alloys contain a fair number of very small precipitates ranging in
size up to Alum. Their shepes vary from irregular to rounded and
rectangular. EDAX analysis of five of the largest precipitstes gave
the following vesults: Al-V-Cr rich (1% vanadium alley}; Ti-V-Cr and
Al-P-C1 rich, the latter twice (2.6% vrnudium alloy); Al-rich (4%
vanadium alloy)}. Titonium in the 2.6% vanadium alloy is a contaminant,
since the alloys were not titanjum-stabilized. SFM micrographs
illustrating general surface features and the mature of precipitates
are shown in Figures 6.6 to 6.10 (Figure 6.8 shaws the EDAX
determined composition of the precipitate in Figure 6.7). A
characteristic of the Fe-Cr-V allays is the absence of sizeable
precipitates (compared to their titamium-stabilized counterparts,
Figures 6.1Z to 6.14) although closer examination shows many very
small precipitates, 0.5/«.m or less across. The 4V alloy shows a
characteristic vellular struckure very sipilar to the 4V-Nb alloy
(Figure 6.11) which alsc has a very low impact trimsition temperature.

The optical and electron microscopy data are insuFficient to dras
conelusions regarding just how vonadium scts tu lower the transition
temperature. Cenjecturely, considering the data of Shaw and Quarrell
(1957), Cr,4C, moy be the dowinant precipitating phase in the law

{1%) vanadium alloy vhereas VAC} is predominent at high vansdium

levels and is proving bers ficial. A low vanadiua concentration of

1% is probably sufficient to e-hine all the nitrogen in vanadium
pitride, but is insufficient to combine with all the carbon. As noted
previously,  vanadium occurs both in solid-seluiion and as a precipitate
in stainless steels. Any uncombined carbon would then be free to com-
bine with chromium to foem grain boundary CrﬂC6 which can prove detri-
mental fo the impsck properties. At higher vanadium levels progressively
more of the carbon is combined as vanadium carbide {probably VAC}) ar a
Cr-V-Fe sigma phase, which ocours withia the alpha matrix and fs bene-
ficial to toughness (compared to [:’:25(:6)‘ In eonjunation with this
effeet is the setion of vanadium in reducing the coarseness of any
[11"23(36 precipitates thal moy be present which would imprave the impack
propertics Ffurther. In his study on the offect af vanadium in an
austeniti. stainiess skeel, Sileock (1973) purposely kepk the V/C ratio




Figure 6.6. SEM micrograph of ductile fracture surface of 1V alloy
showing absence of premipitutes (many very small

precipitates are visible).

Figure 6.7. SUM micragraph showing detail of a procipitate from
Guelile fracture surface of the 1V alloy,
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Al ¥ Cr Fe

Figure 6.8, SEM-EDAX analysis of precipitate shown in Figure 6.7.
(Ce-V-AL rich).

Figure 6.9. SEM micrograph of ductile fracture surface of 2.6V alloy

shuwing very wmoll seatiered procipitates.




103.

Figure 6.10. SEM micrograph of ductile fracture surface of 4V alloy
showing cellular structure and very small precipitates.

tigure 6.11, SEM micrograph of durtile fencturs surface of 4V-Nb alloy

showing celluler structure.

g
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high (greater than thot in V(}C3) to restrist M23cé gain houndary
formation. The precipitates. in the present alloys sre not
pure phases end contain a mixture of the elements iren,chromium and
venadium, thus (Cr, Fe, V)23 Cgs to varying degrees. Shaw and
Quarrell {1937) have noted thst chromium and iron are virtually inter-
changeable in the carbides formed in austenitic stainless steels.
Transmission eiectran microscopy would seem necessary ko determine

the extent of yrain boundary and matrix precipibation and hence its
relation to impact properties.

Stabilization, The effect of stabilization with titanium is to
exsctly reverse the trend found for vhe Fe-Cr-V alloys, with the V-Ti

alloy showing & much lower transition temperature (47°C) than the 4V-Ti
alloy {92°C)(Table 6.3). Siymificantly, ninbiumhas anly a slightly

detrimental effect in raising o ‘ransition termpergture f the 4V

5 allay by some 5°C. Stabile vikanium, especially vhen the
element is present in exces + to increase the transition
3 temperature of stainless steels « fable 2.3),but niobium in con-

f trast actually lowers the {ransition temperature when present in the
correct proportion {(Figure 2.6).

Scanning electron microscopy confirms the optical microscopy result
that titenium-skabilizobion leads to an increase in the mumber of

precipitates found in Lhe alloys. The precipitules showed the same
shapes as found in the wns.abilized alloys, but were much larger on
average {(about Z/w:.) with a slightly laraer mximum size, up to Epem.
EDAX analysis showed a precipitete in a 1V alloy to be Ti-V rich, and
another in & 4¥ alloy to be Al-1i-V rich. In conteest to the
titanium-stabilized allovs, the elloy containing niabivin showed much
smaller precipitaten, leas thon l/u.m in size, which were not amenable
to identificabion by X-ray onalysis. Ulgures 6.11 to 56.16 show SEM
Features of the ductile fracture surfages and includes the EDAX
determined ecomposition of two precipitabes. From a comparison of the
SEM micrograp' s for the titaniom-stabilized and unstobilized alloys,
the following oboservotion carn be made:  in all the alloys titaoium-
stabilization incrcases the amount of precipitation bub wherecas this

produces o drop in the impuct lrarilion temperaturs of the 1V alloy,
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Figure 6.12 SEM microqraph of ductile Fracture surface of 1V-Ti allay
showing many scattered precipitates. (Compare to Figure 6.6),

i
]

[
=

Figuee 6.13. SEM micrograph of duetile fracture surface of 2.69-Tx

allay showing wany seabtored preeipitates.  (Compare to

i figure 6.9).
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Figure 6.14.

SEM microgeaph of ductils fracture surface of 4¥-Ti-INi
alloy showing many scattered procipitates. (Contrast

with Figure 6.10).

Figure £.15.

SEM-EDAX analysis of teav-drop precipitale near centre of
Figure 6.14. Dols represent. the base alloy, and the

grey area the procipitate (TieV rich).
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.

Ti VOr Fe

Figure 6.16. SEM-EDAX analysis of precipitate in 4V-Ti-1.5Ni-Cu
alloy. Dots represent the bose alloy, the gray
area the precipitate (Ti-V rich).

e !
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it results in a considerable increase in the transition temperature

of the 4V alloy. Inthe 2.6V alloy, stabilization has little sffect on
the transition temperature. Clearly,the amount of precipitation is not
a controlling factor in determining the impact properties of the alloys.

Regarding the composition of the precipitates, £DAX date indicate that
those in che Fe-Cr-% alloys are chromium- and vanadium-rich, while
those in the titapium-stabilized alloys are titanium- and vanadium-rich.
Thoge in the former alloys are probably carbides and nitrides, and in
the latter alloys nitrides and carbonitrides.

The different impact results found For the titanium- and nicbium-
containing alloys appesr to be related ta precipitate morphology: those
in the case of niobium are very smell and have little effect, whereas
thase in the titsnium elloys ere larger and thus detrimental. This
difference has been noted by Steigerwald et al. (1977) who also Found
that the titenium-containing precipitates were more angular. Abo et
al. (1977) studied the different cffects of niobium and titanium in
low-interstitial ferritic stainless steels, and found that niobium
improved toughness properties when in the correct proportion in
relation to carbon and nitrogen (Nb = 8-10(C+N)). Excess {(or too
1ittle) niobium proved detrimental to tcughness. According to the
authors, the effect of niobium was tu decrease the amount of grain
pitate. In the sume study titarivm was found to increase

beurdary pres.
the transition temperature merkedly and, in contrast to niobium, con-
tinuously. Titanium was considered to inhibibt grain boundary precipi-
tation of carbonitrides but nevertheless bad a detrimental effect in
that precipitates in the matrix were acting es crack inistion sites in
the same way that grain bounc .y precipitates would, The titanium-
staoilized alloys contained more precipitates than in the case for

nicbium, ardd Lhoy were considerably lurqer and more anguler.  Their
composition was shown to be mainly titanium nitride. A comparison of
the results obtained here with those found by Abo et ai. (1977) and
Stelgerwald et al. (1977) show many sinilarities, and the same
concluslons appear applicable. The aununt of tilanium and niobium in
iy within the limiks speeified for low-inter-

the experimental alloys
stitial alloys, the stabilizer/(Us\) ratios being 6-9 and 6
rospectively (Table 6.1) (Dems, 1977). Some aubhors report that an

|
1
|
)
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of titenium is needed for effective stubilization (ko prevent
anular corresion) in ferritic alloys,but Abo et ai. (1977) find

thab the requirement is equal to or even less than stoichiometric

yraputtions for 19% chromium-2% wolybdenum alloys containing less than
140 ppm combined earbon plus nitrogen. Clearly, excess titanium here is
nol the reason for the Litanium-stabilized alley having poorer impant
wroperties than the alloy stabilized with nicbium.

ihe trend in the impact data for the Litanium-stubilized alloys is the
roverse of that for the unstabilized allays. The reason why titanium
is beneficial below, but delrimental above, a vansdium concentration
of 2.6% is nob clear. A synergistic effect appears to be present at
the lower vanadiom level. Titanium is a strong carbide former and
would be expected to combine all the carbon and nitrogen in the

titar ium carbonitrides and nitrides. IF this was the case, then
vanadium would not be expected tu form significant precipitation at
aiy cancentration and is largely confined in solid-solution, apart
from a small amount present »ith titanium in the nitrides or
carbonilrides. It iy possible that supersaturation of the alpha

satrix with vanadium has coused titanium to be excluded and to form an
increasing amount of grain boudary precipitation as the vanadium
level increases. In aloost all cases of reduced toughness in ferritic
anc other stainless steels,grain boundary or matrix precipitation is
found to be the cause and it pust therefore be concluded in the

ot study that some precipitating phase is responsible for the

‘zleriorating toughness which oceurs with an inerease in vanadium

ration, Theru is no evidenco of intergranular cleavage in

tho brittle Charpy specimens and Lransmivtion electron microscopy

v neeessary o Tesolve the problen.

Allaying Elerents, Regardion bhe offecl of adding 1-2% of other

on the impacl propertics, nickel was Found to be

criying elemenl
inite bul on balance lowered bhe Lransilion temps.alure, copper
20 khe transition Lemperatore by 490, amd silicon and malybdenum

<

sl the Lransition temporature by 6 wd 2090 respeetively.

wiiay electron microseopie camination of the ductile fracture

o
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surface of the alloys containing these elements showed them to have e=
many precipitates as Une Fe~Cr-V-Ti alloys, with 2 similar morphology
and size range. OF the 14 precipitates analysed by EDAX, 11 contained
the titanium-vanadium combination and 6 contained aluminium. The
brittle fracture surfaces showed a dominant transgranuler mode of
failure. (It should be mentioned thet the preeipitates on the fracturs
surfaces of all the experimental al oys do rit appear to be repressnia-
tive of the total precipitate population since 12 out of a total of 26
precipitates analysed from surfaces pitted in NaCl contained the
chromium-vanadium combination.)

The general improvement in toughness that nickel confers on ferritic
stainless steels has been reported in various sublications. Bond et
al, (1977) examined the effect of nickel, molyhdenum and copper on L
toughness of 25% chromium alloys and found nickel to be most effective
above a concentration of 2%, while variations in malybdenum from 2 tc
% and copper from 0.5 to 1% had a small effect only. The effect of
silicon in reducing the toughness in the present study is expected in
view of the tendency of the element to csuse embrittlement in iron-
chromium aliovs. In low-alloy steels, however, silicon is known to
improve the coughness (Taielman and HMeEvily, 1967)

It zppears that titenium stobilization has the dominant influence on
the impact properties of the experimental alloys, and other elerents
such as tickel, silicon, copper and molybdenum are acting in
proportion to their concentration.

Grain Size, The grain size can have an impertant influence on the

mechanical proparties of ferritic stainless steels but, as menticned
in the section on tensile properties, precipitation phenomena can have
an overriding effect. This is also the case For the impact
properties. Increasing grain size should lead to decressing toughness
for a given cum.osition. In this stud , most of the alloys with the
smallest grain size have the highest bransition temperatures and
there is no discernable effect of grain size on boughness even
considering the varying composition of the alloys. Clearly, alloying
elements and particularly stabilizing clements are playing a more

impartant role.
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Interstitial Elements. In preparing the alloys an attempt was
made to keep the interstitiel element level as constant as possible;
nevertheless, the totel combined carbon, nitrogen and oxygen content
renged from 158 to 282 ppm with carbon varying from 30 to 100 ppm.
These ranges are not lerge but peobably contribite in some measure to
the variations found in the mechanical properties. The greatest range
was shown by oxygen, from 16 ppm in the 4V alloy to 181 ppm in the 1V
slloy. Abo et al. (1977) have shown that an increase in oxygen from
100 to 200 ppm in 25Cr-3Mo alloys {C+N = 100-400 ppm) ircreaced the
impact transition temperature by 40°C. High oxygen levels could
therefore be considerad es contributing Lo the poor impact properties
found For same of the slloys, e.g. 1V, 2.6V, 2.6V-Ti and Z.6V-Ti-Ni.

Carbon and nitTogen are well known to huse a ceirimentzl effect on the
toughness of ferritic stainless steels. These elemente by a

factor of 3 and 2 respectively in the experimental alloys, with the

combined carbon and nitroyen content ranging from 64 to 168 ppm. The
variation in carbon content probably has more significance as far es
the alloys are concerned since it is found thot resistance to inter-
granular corrosion at carbon plus nitrogen levels below 250 ppm is
essentially independent of nitrogen. Davis et al. (1980) report that
nitrogen in the range 35-176 ppm did not affect susceptibility teo
intergranular corresicn in niobitwm-stabilized 26Cr-1Mg allays. The
highest carhon contents of 100 ppm were found in the 2.6V and
4V-Ti-1.5Ni-Si alloys, but apart from having rather poor impact
properties, neither alloy showed anomalous results compared to same OF
the other alloys.

6.3. Corrosion Properties

6.3.1. teooivity in Hzﬁﬂa. The pagsive characteristics of the
experimental alloys were examined by anudic pularization in deserated
IN stua. Polential and current density values for various points on
the polarization curve are given in Tables 6.4 and 6.5 respectively,
being choven to illustrate trends such as the active, possive and
transpassive ranges of the alloys. Entry and exit from the passive
region is arbitrarily taken ab a current density of lUU,AAI\/r:mz to

g
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facilitate some measure of comparison with the results of other
research workers. It should be noted that the enodic polarizatien
results relate only to th- alloys tested and comparison with published
date must consider the exact experimental procedures adopted. A more
absolute comparison can be made with the published literature by
comparing the respective data For two standard stainless steels,

Jypes 430 and 316, the results for which are reported in Tables 6.4
and 6.5. Polarization curves illustrating the various alloying
trends are shown in Figures 6.17 to 6.21,and Figure 6.22 summarizes
the effects of the varioys slements.

Vanadium. An increase in venadium from 1 Lo 4% in the 18% chromium
base alloy gencrally had @ beneficial sffect on pessivation in

N HZSDA' The primary passivation characteristics were improved
(e.g. critical current density lewered) and the potentizl range at a
curcent density of lOU/AA/cm‘ increased (Figure 6.17) However,
vanadivm was detrimental in that it significantly lowered the break-
down potential due to incipient breakaway of the transpassive region

" (nat to be confused with the normal transpassive transition that

ocours at high current densities, 4000MA/cn® in the results of
Biefer (1970) for Type 430 stainless steel). Biefer (1970) found that
the addition of up to 2.18% vonadium had a variable effect on the
passivation of Type 430 stainless steel : vanadium raised the critical
passivation potential, but lowered the criticul current density and

the minimum cucrent in the passive region.

The reason for vanadium lowering the breakdown potential could be
related to precipitation phencmena, although this is not evident in
the examination by optical and scanning electron micrescopy. In
discussing the mechanical properties, it was sujgested that vanadium

at the 2.6%VY level would probobly have combined all the nitrogen and
carbon in precipitate form, thus leaving more free vanadium in solid—
solution at the 4% level. This should have a generally beneflcial
effect i passivity. Secondary peaks have been noted in the litevature
in the passive region of austenitic stainless steels and are usually
related to dissolubion-of titantum carbide at the extremes of the

passive range where the passive file is least stable.

&«
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" Table 6.4, Results of Anodic Polarization Measurements in
.
Deserated IN H,S0, at 31°C.
Patential (nV) versus Sce()

Alloy Ecorr _Ecp tp Ea b f100®)
w 498 423 263 +3B 4720 -338/+B95
W-Ti 492 420 =300 4+ 51  +BOB  -340/4+966
1-TimiNg 533 -440 243 - 4781 -3us/av82
2.6v%% 496 435 274+ 24 4587 -344/+929
2.6v-Tt 493 436 <286+ 42 4790 -345/4942
2.6V-Ti-INi 535 -449 280 - 4754 -333/2980
o) 51z 451 292 4+ 6 4451 -360/+966
e -S05  -450 <300+ 10 +452  -360/4960
WV-Ti 498 440 -293 438 4719 -368/4958
AY-TinING 538 -4sa 328 S 4750 -383/4997
AN-Tie1L 5N 540 459 ~327 - W -377/+1006
WV-Ti-ING 525 -461 345 ~302 4770 -387/+iC18
4V-Tim1.5Ni-Si 523 470 =353 38 770 -390/4960
poeriopmiee’® g5l ane o156 290 ®a7m0 (3)/m977
W-Ti-Mo -547 472 ~324 -103 4788 -382/+1004
Type 430 -505 -4l 178 +53 4713 -220/4978
Type 445 501 438 <326 - 54 4824 -371/-%89
Type 3169 -311 -266 - 98 '} o
(@) 5ee Figure 6.22 for abbreviations
(6 E100 are the potentials correspending to MJU/L Afem?
(€) fronspassive calues, Eta/Etb : 2.6v, B3L/4877; 4V

+703/4813;  4Y-Nb, + 753/4813
{9) yien cathodic activation. Values without cathodic activation

ere : Ecorr = -292; Ecpp = -228; Eb = 4855,
IR secondary anodic poaks present. Neither present, however,

without cathodic aclivation.
(f [mery-polished, cold-rolled and anncaled sheet. 18Cr-2Mo-Nb/Ta.
W) composition (¥):Cr = 16.5, Ni = 10.31, Ho = 2.06, Ti = 0.2

C = 0.033, N = 0.0135.

Statistics: The percentage deviation from the mean for selected

potentials is as Follows: Ecorr = £ 0.36% (range O - 2.04%),

Ep =

* 2.06%




Table 6.5. Results of Anodic Polarizution Measurements in
o
Deaerated IN H,S0, at 31°C.
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Current Density (,wl/cm’)(a)

Ailoy Tep p Ia 1 1 min.
w 36621 19.4 14.8 7.8 7.1
W-Ti 21109 15.8 6.8 4.9 3.2
W-Ti-IM 10087 15.5 - 2.9 1.6
2.6v%0) 19549 17.6 17.3 7.9 7.2
2.6V-Ti 17136 19.3 12.4 6.9 5.0
2.69-Ti-1Ni 7405 8.3 - 3.2 17
w® 10351 1.7 15.4 6.3 5.9
s 11021 1.7 1 5.8 5.2
W-Ti 11287 1.7 12.9 6.5 5.0
W-Ti-lN 4139 16.9 - 3.2 2.0
W-TICLSNE 3211 7.9 - 3.4 1.4
4V-Tie 2Ny 2423 6.6 7.3 3.1 2.0
4V-Ti-1.5Ni-81 2306 1.9 .2 3.5 1.7
PIRTRR LY 85 2.3 s.4/12909) 2.8 1.5
W-Ti-Mo 3035 1.3 5.0 3.0 1.6
Type 430 18766 23.6 % 3.9 2.5
Type 4u4(e) 2314 16.7 13.9 43 2.0
Type 316 2.6 4.2 - 3.0 1.4

(a)

See Figure 6.22 fur gbbreviations

(b) Transpassive values, Tta/Ith @ 2.6V, 67.6/56.8; 4V,48/238;

WV-Nb, 21.4/16.1

{2) 4ith cathodic activation. Valuos without cathodic activation
are : Iopp = 4.4; Ib = 4.4,

(@) 1y gecondary anodic poaks present. Neither present, however,
without cathodic activation.

(e) Polished, cold-rolled and anncaled shect.

Statistics: Tha percentsge deviation from the mean for Icp is

* 2.63% (range 0.51 - 7.83%).
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Figure 6.18. Anodic pelsrization curve of 1BCr-4V stoinloss steel in 1IN HZSOA’ at,
319C, showing the effect of stabilization with titanium and
nicbium.
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Figure 4.19. Anodic polarization curve of 18Cr-4V-Ti stainlwss steel in IN HZSDA'
at 31°C, showing the effect of adding nickel.
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Figure 6.21. Anodic polarization cuzve of 188 4V-Ti-1.5 Ni in 1N HZSUA’ at 31°C,

showing the affect of adding copper (1%) and silicon

(1.5%). ke large anodic pesk al zero potential in the copper-
containing alloy disappenrs when cathodic activation is not
carried ouk prior tu determination of the anodic polarization
curve.
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Log current density

Generalized effect of slloying elements on
the anodic polacvization »F 18Cr-V steinless
steels ip IN HZSDA' {From this study).
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A base alloy without vanadium was not examined in this study, but is
expected to h-ve poorer passivation characturistics compared to the
vanadium-bearing alloy. 'he resson for the Type 430 allay having a
lower critical current density compared to the low-interstitial
18Cr~1V alloy is largely related to carben content. Wilde and Green
(1969) have shown that an increase in the carbon content significantly
reduced the critical current censity in Types 304 and 316 stainless

steels.

The Fe-Cr-V allays (and most of the other elloys in this study) show a
siall second anodic polarization curient maxima in the lower partiom
of the passive region, approximately in the zero potential position
(Figure 6.17) A more pronounced peek in the same pesition is
frequently ohserved in commercially made stainless steels (e.g.

Type 430 ond £F-8) and is ascribed to such Factors as grain boundary
diesolutic., the time delay between immersion and polarization, and
hydragen oxidation for specimens pretreated at cathodic potentials for
significant periods. Cigada et al. (1978) anu France and Greene
(1968) have shown that the size of this secordary peak depends on the
pre-polarization immersion period and the slloy composition. In the
present alloys, immersion period and cathod.c activation are prabably
the rain factors accounting for the anadic peak. France and Greene
(1968) consider that nickel enrichment on the electrode surface,
enhanced by long pre-polarization exposure, high alloy corrosicn rate
and high nickel content are the cause of the secordary pesk. This
cxplanation is probably not a significant factor for the alloys
containing nickel in this study becsuse they showed very small or nen-
existent secondary peaks (Figure 6.21). In addition,the Fe-Cre-V alloys
contain negligible nickel (<0.02%).

Titanium and Niobium. The most significant effect of adding 0.1%
titanium to the Fe-Cr-V alloy is to resse the breakdown potential and
thus eliminate Incipient breakaway of Lhe transpassive region

(Figure 6.18). Titanium ond vanadium sppear to combine synergistically
beecause the breakdown potential derrsases only slightly with en
increasing vanedium level. Titanium hed very iittle effect on the
rematnder of the anodic polarization curve except to cause a slight

dip in the passive region.
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In centrast to titsnium, niobium only slightly improved the transpassive
characteristive by lowering the current density for the transpassive
breakaway; it <1'd not change the breakdown potential of ihe base
Fe-Cr-V alloy.

The literature does not contain much information an the effect of
titanium and nicbium on the passive characteristics of stainless sceels.
A comparison of the polarization curves far Types 304 and 321 alloys in
HZSDA shows that titanium is slightly detrimental in causing a few

dips in the passive regian (Payer and Staehle,1975). Titanium ard
niobium are present in precipitates and not in solid-solution so that
they are not expected to promote passivation; on the contrary,
precipitates are likely sites for initisting corrosion. Titanium is

a stronger carbide and nitride former than vanadium and the effect of
titanium in raising the breakdewn potential indicates that it is
forming more steble precipitates than vanadium. Thus, dissolution of
a vanadium precipita..: may be the reason for the drop in the break-
down potential in the Fe-Cr-V alloy.

Nickel, This element has a particularly beneficial effect on the
passive characteristics of the Fe-Cr—V-Ti alloys. The most imporient
effects of a 1% nickel additien are a lowering of the critical current
density and the minimum current density in the passive region, and 2
brosdening of the passive poteniiul range (Figure 6.19). The beneficial
effects of nickel are more apparent at the higher vanadium level: at
the 1 and 2.6% vanadium levels nickel actually lowers the breakdown
potential. The elloys containing nickel sometimes show up to two dips
in the uppsr half of the passive region (Figure 6.19).

Incressing the nickel content from 1 to 2% impreved the passive
characteristics of the alloys even Further, particularly in lowering

the critical current density for primary passivation

Nickel is well known for the effect (U has in improving the passive

characteristics of stainless stecls in HyS0, and other acids (data

summarized by Snape, 1977), and the results pere confirm this trend.

Holybdenum, Silicon and Copper. The addition of 1% molybdenum improved
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the passivity of the 18Cr- 4V-Ti alley by lowering the critical current
density and the minimum current density in the passive region, and
broadening the passive range, particularly in the breakdown region.
Compared ta the Type 444 alloy (Figure 6.20), the &V-1lo-Ti alloy
produced a better effect in the lower portion of the passive reglon
which may indicate some synergistic effect between molybdenum and
vanadium. Although the main reason for adding molybdenum te stainiess
steels is to improve the pitting resistance, o subsidiary benefit is in

impraved resistance to reducing scids.

Silicon at the 1% level had very little effect on the passivation of
an 18Cr-4V-1.5Ni alloy, the critical eurrent density and passivation
potentiel being lowered slight’, and the current density in the
passive range being increased somewhat (Figure £.21). Wilde and
Armijo (1968) also found that silicon (up to 4.2%) had little effect on
the active and passive regions of o 14Cr~14NL alloy in IN HZSUQ’ but
they did note that silicon was detrimental in the transpassive region
where it raised the current density for the trenspassive transition
(Eta, Figure 6.22). Lizlovs (1966) found a synergistic effect between
molybdenum and silicon in improving the stability of the passive film

in a 17% chromium alloy.

Copper had a gencrally beneficial effect on the passivity of the
18Cr-4Y-1.5N1 base alloy, particularly in reducing the critical currvent
density, but its effect depended largely en whether or not cathodic
activation was carried out prior to anodic polarization. The eurve for
the copper-bearing al... in Figure 6.21 was obatined on a sample which
was cathodically activated. The large snodic peak in the region of
zeTo potentinl, as well as the smaller one at sbout -300 mV, were not
found when the allay wos not cathodically activated. This result
confirms che hydrogen oxidotion explanation put Forward by Rockel
(1971) to account For the presence of secondary anodic peaks in

anodic polarization eurves. Other effects of not cathodically
polarizipg were a taising of thy frececorrosion and broakdown

potentials.

The pitting resistance of the alloys,

6.3.2.  Pitting Resistone
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determined both potentiodynemically in 0.IN NaCl and by weight loss in
FeCl3Y are shown by the results in Table 6.6 (Table 6.7 summarizes the
results). In order to provide some measure of varisbility of the
pitting potentials, the overall percentage deviation from the mean

is recorded for each of the test temperatures (Table 6.6). Trends
in the resuits are interpreted in terms of the actual valuss recorded
for each alloy, but a finer assessment must consider the precentage
deviations,

Pitting Potential. A plat of the pitting potentials in ;igure 6.23
shows that an increase ir vanadium has a beneficial effect on the
pitting patential (and hence resistance to pitting) in all the Fe-Cr-V
) allovs. As expected, the pitting potential decreases wikth an increase
: in temperature. The effect Found for vanadium confirms the results

: of Tomashay et al. (1964) and Climax Molybdenum (unpublished data).
8iefer (1970) found that vanadium at the 1.13% level decreased the

; pitting potential in IN M,S0, + 0.5N NaCl, but increased the valus

%\ considerably when the vanadica level was raised to 2.18%. Aslund

{19/7) also reported that a 1.1% vancdium level gave a very low
; pitting potential in an 18Cr-2.440 ailoy. An alluy without vanadium
} was not examined in this study so that it is not possible to say

i whether small additions of vanadium are deterimental as found by

Biefer and Aslund. There is a suggestion in the results of Tomashov
et al. (Figures 4.3 and 4.4 here} that small aduitions of vanadium

{up to 1.5%) are not as effective as higher additions.

Stabilization of the alloys with titanium and niobium proved detri-
mental at the lowest test temperature (319C) but was bemeficial at
the higher temperatures. The effect of titanium on the pitting

potentials of stainless stecls is poorly recorded in the litevature

with some studies showing it ko be sdetrimental (Table 4.8) while others
note beneficial effectu (Figure &4.4; Aslund, 1977 - synergistic effect

between vanadium and titanium). The results here indiccte that

e

titanium may produce its most beneficial effect at above ambient

temperatures. Stabiliation with nivbium was found ta produce higher

pitting potentials vhen compared to Litaniom.

=
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Table 6.6. Pitting Resistance of the Experimental Alloys
Compared to Other Stainless Steels.

pitting  Potontials Weight
in G.IN Nacd () @) toss

Alloy T3ieC . sgec 8I°C (mdd)®?
w 200 71 20 1764
T3 129 105 36 1824
W-TieING 85 % 76 1965
2.6V 285 87 52 2607
2.6-Ti 193 155 83 670
2.6V-Ti~INi 157 183 120 2137
w S04 192 1942
4V-Nb 442 254 620
WeTi 327 227 170 135
W-Tio 341 2350 193 665
4Y-Ti-1.5Ni 408 216 163 390
WeTie2Ni 279 224 154 316

4Y-Ti-1.5N-51 466 230 164 42.9
WV-Tiel.SWi-Cu 292 228 176 1381

AV=Ti-Hg 595 335 272 2.3

Type 430 58 -1 -320 4528 s

Type 316 56 ~100 o7 97125
Type 444 431 - - 1250

(63
(b)

oV versus SCC
Height loss in 10% I'c(flj. 6”2(7 ab 23"C

() From Steigorual (1974)

Statistics: Percontage deviation from the wean for the pitting

potential: at 31°C was ¥ 10%; al 599, ¥ 1a%; at 81oF,
¥
¥ o0z

L



Table 5.7. Summary of the Effect of Varicus Allaying Elements

on the Pitting Resistance of the Experimental
Alloys
Alloying Pitting Potentials FeCl;
Element 31°Cc 59°C  8l°C Yieight Loss .
i Vanadium + + + -
Titanium - - + "
Niobium - " . .
i Nickel {variable vanadium) - + + -
Nickel (constant vanadium) v v + +
Silicon + + . "
; Copper + . . "
Molybdenum - + + -
:
< + = beneficial effrct; - = detrimental effect;
1! V = varisble effect.
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Figure 6.23. The effect o temperature an the pitting potential
of verious experimental alloys compared to Types 316
and 430 stainless steel.

Regarding the effect of other elements, wolybdenum was very beneficial
at all the test temperatures, nickel produced s variable effect, copper
was beneficial only at the higher temperatures (59 and 81¢C), and
silicon was detrimental at 81°C. A 1% molybdenum sdditicn to the

4V~Ti alloy raised the pitting potential by 268 mv. This increase

is much greater than the 50 to 100 mV incresse found i a in
molybdenum addition to a titanium-free 18% chromium alloy with varisble
carbor levels (20 to SO ppm, Lizlovs and Bond, 1975; 300 ppm, Bond,
1973) even considering the IN NaCl solutions in which they were
teated, and suggests a synergistic interaction between molyhdenum,
vanadium and titanium. Aslund (1977) reported a similar effect in
that 0.1% vanadium wdded to en MCr-2.4Mo-Ti allay raised the pitling
potential by 125 mV in 0.5M NaCl.

The addition of 1% nickel Lo an Fo-Cr-V-Ti alloy was detrimental at
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31°C but bepeficial at 59 and 81°C, Increasing the nickel level

from 1 to 2% in a 4Y-Ti alloy had a variable effect on the pitting
potential. Horvath snd Unlig{1968) found that nickel increased the
pitting potential of a 15% chromium stainless steel in O.IN NaCl at
25°C, and Bond (1973) reparted thet an 1BCr-14Ni-2Mo alloy had @

higher pitting poteniial than a 17Cr-2Mo alloy in NaCl at 25°C,

except at temperatures above 40°C. The effect of nickel on the pitting
potential of stainless steels thercfore appears to depend to some extent
on the presence of other alloying elements,and the same conclusion

probably epplics in this study.

The effect of copper on the pitting potential is not well documented.
Copper was found to be quite detrimental at 319C but was beneficial
at the higher tenperatures. This feature,which was also found for

titanium and nickel, may indicate some interaction with other elemente.

Silicon is vonsidered Lo have a beneficisl effect on the pitting
resistance of stainless steels and while this is the case for the
lowsst temperature studied, 1.5% silicon appeared detrirental at the
higher temperatures. A higher level of silicon is probaibly needed to
ohtain a consistent effect in stainless steels but this can lead to
processing and embrittlement problems.

Examination of the surface of the potentiostat specimens after
deliberate, accelerated pitting showed clearly that precipitates and
surface defects {¢.q. polishing scratches, Figure 6.24) were the main
sites for the initiation of pitling. Despite the apparent cleanliness
of the experimental siloys, some larye mon-metallic precipitates were
found in the pits {Figure 6.25).X-ray analysis of 26 precipitates
vevealed the prescnce of silicon, chromium, vanadium and aluminium
with cach element being caunted 12 times (Figures 6,26 and 6.27).
Chromium and vanadium wore always noted togethoe. Other elements
detected in Lho precipilates were caleium, polassium und sulphor.

FeCl The resulls obtained from woight loss measurements

Pitting i 3
in FeCly did nol alwoys correlale with the pitting potential trend
(Table 6.7). From Table 6.6 il can be sven thal the Fe Cr-Y alloys

showed the greateul weighl loss for al) Lhe esperi.ental alloys, with

t-\

S ——
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Figure 6.24. Hode of pitting of 18Cr-4V elloy in C.IN NaCl shewing

initistion of some pits along palishing scralches.

At

Figure 6.25. Nature of larqe elongstcod precipitale in
3BCr~4V-Ti-1.5N1-1.58i alluy.

129.
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Figure 6.26. EDAX dutermined composition of precipitate in 180r-4V
alloy avound which pitting sppears to have been
initiated. Dots represent the base allay, and the

grey area the previpitate (Si-K rich).

ano ver Fe
Fiqure 6.27. LOAX dolermined compaition of procipitate in pit in
WEr-dY-Ti nlloy. Dals repr

Whe geey arca bhe peeeipitale (CeV-AL rich),

it the bae

» alloy and
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incress. - vanadium generally being detrimental (Figure 6.28)., In
contrast, the 4V alloy produced the second highest pitting potential
in this study. Both Tomashov et al. (1964) and Biefer (1970) showed
that vanadium produced a low weight loss in I'el:l} and that increasing
venadium (above 1.5% in Lhe results of Tomsshov et al.) decressed the
weight loss. Biefer found that vanadium reduced the weight loss
conpared to the base alloy, Type 430. (The experimental Fe-Cr-V
alloy in this study showed less weight loss than iype 430).

Stabilizetion of the Fe-Cr-V alloys with titanium was beneficial at
the 2.6%, and particularly 4%, vanadium level and produced a better
result than niobium {Figure 6.29). Titanium has been shown to be
detrimental to pitting corrosion in FeCl, (Huskowitz et al., 1967
Figure 4.3) and the result here may irdicate some synergistic effect
between vanadium and titanium 8% was noted in discussing the pitting

potentials.

The addition of 1% nickel Lo the Fo-Cr-V-Ti alloys had a detrimental
effect, although only slightly so at the 1% vanadium level (Figure
£.30). Incressing the nickel level from 1 to 2% clearly dectsased the
weight loss in the alloys. As discussed earlier, the effect of nickel
in stainless steels is variable and depends on the presence of other
alloying elements, and the results here indicate that nickel may be
beneFicial in Fe-Cr-Y~Ti alloys sbove a threshold level of 1%

The most beneficial elements as regurds weight loss in FeCly were
silicon and molybdenum, and these results correlate well with the
trend found for the pitting patentials (Figure 6.31). The very low
weight loss for the molybdenum ~containing alloy compared to

Type 444 provides some confirmation of & synergistic effect belween

molyhdenum, vanadium and tilanivm,referred to earlier in discussing

the pitting polentialu.
Coppur was found Lo have o delrimental offecl in that a 1% eddition
lgad to a more lhan Lhreefold inerease in Lhe weight Joss of the

base, 4V-Ti~-1.5Ni, alloy.

An overall assossment of the effec of alloying on the pitting

.“-w.
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Capter 6.9, Resulls of pitting test in FeCly, at 23°C,

showing the effect of stabilization with
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Results of pitting test in FeCl}, at 23°C,

Figure 6.3
showing the effect of silicon, copper and

e 6.30 Results of pitting test in feCl,, at 23°C,
shawing the effent of nickel. Allays are:

Type 430; 31 = 1v; 35 = lv-Ti; 38 = Iv-Ti-INi. molyodenum,  Alloys are: 37 =4V-Ti;

76 = 4Y-Ti-1.,5Ni-Si; 79 = 4V-Ti-1.5Ni-1Cu;

78 = 4V-Ti-1Ma,
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resistance of the experimental alloys must consider the relative merits
of pitting potentials versus weight loss in FeCl,. Since some doubt
still surrounds the use of pitting potentials in practice {although
they uially correlate positively with pitting resistence), the Fefly
weight loss test must be regarded as more zbsolute. Vanadium must
therefore be considered as having a variable to somewhat detrimental
effect on pitting corrosion in the 18% chromium alloys studied. The
mest promising alloy combinations in this study were 4V-Ti-Mo,.
4V-Ti-5i and 4V-Ti. 4n important cesult is the suggestion of a
synergistic eifect between molybdenum, vanadium and titanium or

between vanadium and titanium.

6.3.3.  General Corrosion. The corrosion rotes for the alloys in

HNOZ, oxalic and HZSDA acids are presented in Table 6.8.

ﬁ’ﬂ;. The 1V and 2.6V alloys showed the highest corrosion rates in
boiling 65% HND;, while the 4V alloy had ore of the lowest corrosion
rates. Stabilization with titanium was very beneficial at the 1 and
2.6% vanadium levels,but slightly detrimentsl (as was niobium) in
the 4V alloy. The addition of 1% nickel to tie alloys had a
detrimental effect as did silicon, copper and molybdenum, and
increasing nickel from 1 to 2% had a variable effect. The corrosion
rates shown by the experimental alloys are greater than found for the
austenitic and Type 444 stainless steels.

Vanadium appears to have a detrimental effect in HNU} at a concentra-
tion below some level between 2.6 and 4%, which may be related to
intergranular corresion. The fact that the addition of titanium
considerably reduced the corrosion rale indicates that titanium is
removing carbon from some other detrimental precipitate to form a

more corrosion resistant precipitate.

Oxalic Acid. Vanadium had o detrimental effect on the corresion rate
in boiling 3% oxalic acid, particularly at the 2.6 and 4% levels.
Stabilization with bitanium end nicbium had a beneficial effect as
did the addition of 1% nickel to a V-Ti allay. Increasing nickel
from 1 to 2% was beneficial as was the addition of 1.5% silican to the
base 4V-Ti~1.5Ni alloy, producing the lowest corrosion rate found,

AR5 arir.... RN - o
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Table 6.8. Corrosion Retes for the Experimental Alloys in HNUE.
Oxalic end H,S0, Acids Comparcd to Other Stainless
Steels.
Corrosion Rate (mpy) Immersion Period{days)
3%
Alloy a5 w0, oxaric®) 1,50, w0, oxalic
v 164 769 4302 B 2
W-Ti 19 1 466k 9 5.2
W-Ti-ING 22 509 816 10 3
2.6v 292 3232 3914 10 1.25
2.60-T1 25 as6 4043 9 5.21
2.6V-Ti-INL a0 s4 778 1 16
w 25 3031 2780 9 1.25
=N 113 761 3043 1 5.2
-t 34 846 3786 1 5.2
AV-TieINE 83 54 688 1w 16
W-Tin1SNE 99 30 553 1 16
W-Ti-2Ni 26 36 632 10 16
V-Tin1,SNE-SE 121 o 07 10 13
V-Ti-1.SNi-Cu 120 70 50 10 8
4V-Ti-Mo 126 36 429 1 16
Type 430 28 1147 2267 1 2
Type 304(9) P 110 - - -
Type 316(@ 1 57 15() - -
Type 444 18 57 a22’®) - -
(a)

Boiling solution

(b)

Boiling solution. Active/passive behaviour exhibited by all
alloys except V-5i and Types 304 and 316 allays.

(c}

Lincar polarization result, at 31°C. Anodic and cathodic TaFel
slopes of 80 and 110 m V/decade respectively, assumed

(@ Results from Climax Molybdenum publicetion on Type 444 alloy. '

() Results from this study. Type 444 alloy was emery-polished,

enld-rolled cheet.
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20 mpy. Molybdenum was particularly beneficial, but copper was
somewhat detrimental.

The corrosion rates found for the experimental alloys containing
nickel (except the iV-Ti-INi alloy) were lower than for the
austenitic and Type 444 alloys, a fact which tan be ascribed solely
to the nickel addition.

As indicated in Table 6.8, most of the alloys shiowed active/passive
behaviour, a feature which is also shown by the Type 444 alloy. ALL
the alloys were covered by a greenish-yellew erust after immersion
testing which was shawn by X-ray analysis to be hydrated iron
oxalate (FeCZU[’.ZHZU).
ﬂES—DA' Ferritic stainless steels in general do not have good
resistance to HZSUA and this is confirmed by the high corrosion

rates found for the experimentsl alloys. Vanadium appeared to have a
detrimental effect but increasing vanadium lowered the corrosion rate
slightly (this correlates with the current density data); stebiliza-
tion with titanium and nicbium proved detrimental; nickel was
particularly beneficial at uil levels; eand copper and molybdenum were
beneficial with the copper alloy (4V-Ti-1.5Ni-1Cu) showing the lowest
corrosien rate (50 mpy). These trends correlate fairly well with the
effect of alloying on the passivation of tihe alloys in HZSDA'

In an assessment of the overall effect of alloying on corrosion in the

three scids, vanadium appears to have a variable effect in the Cr-Valloy
(4% vanadium was particularly beneficial ir HNOJ). Stabilization with
titanium was beneficial in HNO3 and oxalic acid, but detrimental in
HZSDA' The most favourable general alloy combination in terms of
rTesistance toall three acids was V-Ti-Ni, with tne sddition of copper
and silicon {and molybdenum) improving corrosion resistance even

Further in specific environments. Overall, thc best ulloy composition
wag 4V~Ti-1.5Ni-1Cu.

6.3.4.  Intergranular Copgosion. Intergranular corrosion was not
detected in the alloys in the modified Strouss test (Cu~CuSGb—H250b)




in either the ennealed (825-B50°C, water guenched) or sensitized
(1150°C, water guenched) condition. No aracking was abserved at
the apexes of the hend at a magnification of 30X in the vanadium-
bearing specimens bent through 170°C, but the sersitized Type 430
alloy broke in half on being bent. It can be concluded thst none
of the alloying elements induce susceptibility to intergranular
corrosion and that significant chromium carbide precipitation
does not ccour at the grain boundaries.

Intergranuler corrosion can be prevented in 18% chromium stainless
steels by lowering the combined carbon and nitrogen level to

below 100-80 ppm (Table 2.2) {(Demo and Bond, 1975), or stebilizing
with eiements such es titanium and micbium, vr having high vanadium
levels. The combined carbor and nitrogen level of the Cr-V alloys
varied from 94 to 157 which is on the borderline of susceptibility
to intergranular corrosion. Climax Molybdenum found that inter-
granular corrosion occurred in 1BCr-V stainless steels with a
combined carbon and nitrogen level of 300 ppm, when the vanadium
level was decreased from 3 to 2% (Table 4.3).

137.
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7. SupARY

10.1. Tensile Properties. The addition of up to 4% vanadium to an
18% chromium ferritic stainless steel containing a combined carbon and
nitrogen content in the range 94 to 117 ppm had a variable effect on
the tensile properties: relative to the 18Cr-1V alloy, the tensile
and ultimate strength values were greater in the 4V alloy but lower in
the 2.6V alley. Increasing vanadium generally decressed the ductility
of the alloys.

Stabilization of the 18Cr~V slloy with 0.1% titanium reduced the
strength and bad a variable effect on the ductility. Niocbium had a more
beneficial effect then titanium. The addition of up te 2% nickel to an
18Cr-V-Ti alloy raised the strength and generally improved the ductility.
The separate addition of from 1 to 1.5% of silicon, copper and
molybdenum to an 1BCr-V-Ti slloy (with 1.5% nickel in the case of the
silicon and copper alloys) raised the strength, particularly in the

case of silicon.

The effect of alloying on the tensile properties of an 18Cr stainless
steel is interprsted largely in terms of precipitation phencmena; the
alloys are all single phase ferritic.

10.2.  Toughness. Vanadium was found to have a very beneficial
effect on the impact (ductile-to-brittle) properties of an 18% chromium
stainless steel. Full-size Charpy V-notch specimens showed a transition
temperature of 85.5°C for a 1% vanadium addition (measured at 100
Joules), compared to 70.5 and 279C for 2.6 and 4% vanadium additions
respectively. Scanning electron microscopy shaws very fine
precipitates in all the alloys and the results probably reflect the
tendency for detrimental chromium carbide precipitates to form at low
vanadium levels,thereby reducing the toughness of the alloy, or to some

solid-solution strengthening effect of vanadium.

Stabilization of the L8Cr-V olloy wikh titenium had the opposite effect
in thet the 4V alloy showed the highor Eransition temperature (92°C)
compared to the 1V alloy (46.5°C). Niobium only slightly raised the
transitinn temperature in the 4V alloy (32.5°C). Considerably larger
size precipitstes are prosent in the titanium-stabilized alloys (but
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not in the case of niobium) compared to the unstabilized alloys, and
the resuits can be interpreted in terms of titanium carbonitride pre-

cipitation associated with an increasing vanadium content.

Regarding the effect of other clements in an 18Cc-V-Ti alloy, nickel
was generally beneficial, as was copper. Silicon and molybdenum were
slightly detrimental.

10.3.  Pngsivity. The passive charvacteristics of the 18% chromum
stainless stesl in IN stul; was found to be little improved by
alloying with vanadium. Although the critical current density and
potential for primary passivationwere lowered, vanadium reduced the
breakdown potential due to incipient breakaway of the transpassive
potential.

The most significant effect of stabilization with titanium was to
raise the breakdown potential in the 18Cr-V alloy, thus eliminating
early breskaway of the transpassive region. Titanium and vanadium
appeared to combine synergistically. Stabilization with nicbium only
slightly raised the breakdown potential.

Nickel had a particularly beneficial effect on the passive characteristics
of the 18Cr-V-Ti alloy, the mast notable effects bei g a lowering of
the critical current densicy and the minimum curient density in the
passive region, and a broadening of the passive potential range.
Adding 1% molybdenum o an 18Cr~4Y~Ti alloy considerably improved the
passive characteristics and there was an indication of a synergistic
effect between malybdenum and venadium. Silicon had little effect on
the passivation characteristics, but copper was very bencficial when
cathodic activebion was not performed prior to anodic polarization.
The 18Cr-4Y-Ti-1.5Ni-1Cu alloy shawed a very luw eritical current
density value.

10.4.  Pilting. Published dato on the effect of vanadium in stainless
steels emphesize the beneficial eff gt of vanadium in reducing pitting
corrosion. While vanadium, in this study, increased the pitting
potential of the 18% chromium alloy in 0.IN NaCl, it had a variable

to detrimental effect in an ossesswent of pitting in a FeCl; solution.
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On balance, therefore, vanadium must be regavded es varisble in its
effect on the pitting resistance of low-interstitial 18% ch

stainless steels.

Stabilization with titanium and nicbium had a varinble effect on the
pitting potential and the weight loss tests in FeClz. Howsver, in
both tests the 18Cr-4V-Ti alloy showed increased resistance ta pitting
relative to the 18Cr-IV-Ti alloy. The results may ind. cate a
synergistic effect between vanadium and titanium.

Regarding the effect of other alloying elements, molybdenum was very
beneficial (as expected), as was silicon, while nickel and copper had
variable effects. To summarize, the most promising alloy combinations
as regards pitting were: &V-Ti-Mo, 4V-Ti-S5i and 4V~Ti.

10.5.  General Corrosion. In an sssessment of the overall effect of
alloyiny on corrosion in concentrated MOy, 3% oxalic scid and IN
HZSDa,vanadium appears to have a variable effsct in the 18Cr-V stainless
steels (4% vanadium wes particularly beneFicial in HNU}). Stabilization
with titanium was beneficial in H,\m3 and oxalic acid, but detrimental e .
in HZSUA. The most favourable general allay combination in Lerms of re-
sistance to all three acids was Cr-V-Ti-Ni, with the sddition of copper
and silicon(and molybdenum) improving corrosian resistance even further

in specific acids. Gverall, the best alluy composition was
18Ce-6¥=Ti-1.5Ni-10u. )

10.6. Intergranular Corrosion Resistance. Testing of both sensitized
{1150°C) and annesled (850°C) alloys showed thet neither vanadium nor
any of thie other alloying elements lead to intergranular corrosion in
the modified Strauss test. The experimental alloys have very low
interstitial element levels ond this is the main reason they are
resistant to this form of corrosion.

10.7. Future Research. The most important result to come out of this

study has been the effect of vanadium in improving the toughness of
the 18% chremium ferritie stainless steel. The way in which venadium
acts to improve toughness, however, remains unanswered, and Ffubure
research should goncentrale firslly on solving this problem and thus
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providing some quantitative bssis for the chaice of future alloying

combinations.

Unfortunately, the alloy combinations showing the best toughness,
4V,4V-Nb and 1V-Ti-Ni have their limitations as regards corrosion
resistance. Since poor toughness is the main drawback to the more
general wse of ferritic stalnlese steels, future research should
examine alloying combinations from the point of view of good corrosion
Tesistance while at the same time retaining the improved toughness
conferred by the vanadium addition. Nickel and molyhdenhm were found
to be the most Favourable elements ss regards corrosion resistance, and
alloying combinations that may show promise in 18% chromium ferritic
stainless steels from the viewpoints of toughness and corrosion
resistance are V-Ni-Mo or V-Ni-Nb-Mo. Stabilization with titanium works
against an increasing venadium content in improving toughness, but the
1V-Ti-Ni-Mo combination may be a promising line for research. This
study has shown some indication of » synergistic effect between
vanadium and titenium (and mnlybdenum) and future research should aim
to clarify this point.

The present study has examined alloys with a low interstitial element
level varying within fairly narrow limits. Future resesrch should
therefore consider the effect of vanadium at verious interstitial
levels. Above @ concentraticn of 3%,vanadium may act sv a stabilizer

in the same way as titanium and nicbium do in small amounts.

One important aspect to consider is the effect of the venadium and
nickel combination on the suscoptibility of Ferritic stainless steel
to stress-corrosion cracking. A particular advantage of the present
campereially avollable ferritic stainless steels is their resistance
to stress-corrosion cracking, and future venadium-bearing derivatives
of thise alloys should thersfore also retain this property. The
necesudly Lo retain resistance to cracking may limit the full sdvantage
to be geined from the nickel addilion.

Precipitates (and solid-solution effects in some cases) play a major
rale in dJelermining the mechenical and corrosion properties of stainless

steels, It is pysential therefare that detailed optical and scanning

4
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transmission electron microscopy be carrie¢ out in conjunction with
the research suggested above. Lack of such date is one of the

limitations on conclusions that have been drawn in the present thesis.
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dusbility, The addition of titantum
Vination ALleys Feduees the ienside atesngi and
1y dotwinental effaet on
nax. Holybdensn
21y

ardnass

guetinity,
oty

Senerioian I

unstabtlized Auny) " 1o pasaisla that axcens

tifentun 1o doading So the Cormasion o
[ v ar mhoritrldn phase uthuu(h the
.x/(c + n) Tatde nr 6 in the V=14 allsys fa well
Sthin 4 Ugit speeified fur ouon low
vt b Nope al, W77 Sholwnatd
ot nl, ‘917) ot {1974), boy un in & otudy
of a 26% chror low—inlurutulnl alloy, found

= significant docronoe in ductility
sonpared to an alloy with a ratdo of 5. Undoubi-
edly vanadiun, 3loo o carbida focuer, is & compli-
cating factor.

In contrast to Yitanium, niobius hau very little

ombun mcenzr

risgtion » 47

- 18,2,
(0. ‘Mlln’z). Specizena 33, 34, 76, 17, 78 sud

Brror i1 the

offact on the tensile properties althou.a improving
the ductility s1
sserdbed o -

xe ~ipitates (Stelgerwald et al, 1977).

Logurting ths ffeet of other elesents, nickol
nezensas the yield an tunsilo strensih ailison
ihowloe ncreuses th-ue valuos hut mach
Ibatantiatly, eilo ot the sams sian Fodueing
duckility, aopper xaises the yiald ant tanaile
stronhs e affert on fuckility; and
T T deonenses the pemsite vatvee olightly.

3.1.2 Topact properties

Ghazpy V-notch tranaitlon topperstuse corzeap
onilag 6 an dmpact cnsxgy of 100 fouloo is given
s Table T for ol the Tloya, vith survan obtuined
ulin: shown in Figure 1, T

gresty valus byaause of the Linitation tajored by
bh aholf values are not
Coportad tn the Lisorsrere.for TviL sse Ghacy

V-nutch doterninations of lowInterstitinl l‘nr:‘.\ﬂcs.
il are known aules 26 K

Tor Typo 444 slloys (Steigurwald ot al, u;'u).

Bxanstnation of the inpack data shovs some vy
snterenting bronds,
slone, it in oeen (¥lgure

nornages, ta the oxtent

vanadium level of 4% the alloy 15 ductile v.\thin 3
.+ (In fact tranaverzo
by

9
In contragt, niobius haa only o sllghtly dotrinental

page 2
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Reefstani propertics of

wus fownd for the prmpsme;
alleys do this ob

5 siniler ait
in the wscal

an cprical wne S erinaticn of the “racturn
»wsr,m -mmm of the alloys has

e anation tn be formalated
- rento sheam, | Cprieal saination
urfaces ghows largich oqueve-shaped
Girbides s Sohan preciitetos coatterea Theo

out e sursite, In uaunts depending o stavilize-
urs2abilised and njoblumstabilized

% b0 conarh opiiea
st aoye.

80 100

&0 0
Temperature {°C)

smpact rLsults £ sasdie
bt ona i beneing 19 S ah
. Shom in aashed T 0 cmt"
ived ard unstatiloea Type
L gt e aty A1),

naition tempersiure in the

r

elloye |

effest on W ©
anadiug 23 1s, .

£ tho reasds

Interpretatics -
ke lagk of pablisked

diffiealt in v el .

e Ve, t0 30 RAX i v::.a‘
tovel wesdied) o wieeito ot gty S Besay e
wndo farcea. 2 qrmcentiatics of

um are vi k.
caatides ! mﬁa i

have imch Jover mwmmu prs

pattems,
e unstabdliued date coull Lt st SheomIE tar
Bids iu the doninant sarbiic ol iov Yanndies Jevelo
245, i3 proving detrimental ¢ (ho smpact scse
% Highes Yenadius Levels - hebide 1 the
doninant phage and apge: neficial,
6o vass GF ihe eltonium stivs 4 ed etepa, 1t

tow expanstion fa the trends shor 1y

an sevel, Titen i v %

a detcimental effect i the iap 4 preperties of

Jow-ipterstitsal forritic “teini ns mtecls, capecte
» gxgoss, < et ), 137],

Stolgorsald ot 31, 917). it thy precent sty

“itantun fom are eev bacg for e carhido
i e adioy, seculiing in 1 e sibtiar,
bo ot a1 (1977) found that um Lnhibize the
o dary preeipitution ¢ srrwntirides N

s, Tb vas svggested that T4 iaclusions vere
v vhing iation elter similar to grain

Dondagy preotptiacane. In centracss
Jens amsmm e titentun, > “aot whica has
Yoan agoribed o the dicfermt Lo and dicszibute

caxbide and nityide precipitates
T thse ok shonents (Seotgonem o ne T
The preoipitates in the niobium ail. s were fount
to be relat valy emsll and finely disperced.

o u.( iznled strucnures, "kI3 asaiyuts o

ez, oeotly of the typs just dunnrievdv
hoved thom L to sozpoued oaptly of titenim
vl (noted topother 15 tioss).  Ahuaniur s
dateoted in 1, precipitates and in fowr.
Other elenente, 5 in the recipitates incinded
Exagtoris, silesine an vy The wnstabiiied
elloye cortaine s precipitates compares
et seatirimes ellors, s ccnliring he
cp:m: microseop: results, In the case of th
Rlobere ez auliss the Tev mem.;m seen
nere toc saal bo smalyze.  Thn ymeeipitatas in the
fracture curfaces Sy not sppoar to be represemtative
of the tetal S ininte momamation ovan 18 out ot
exanincd un surfaces pitted in
ieo fn MaCl contained the chromiuws~
fon.

e vritule foavsore surfaces ohow s dosinasit trsne-
iranaler fractare aode with very 1itble mvidence of
riepmasator fencbima. Dviiere thet sone faseture
Seor mmaststes ty Grain boundary preoipitates s
“hwim U the rrosence of ridges comtaining vcabtesed
Bty scse of vaieh S4I1) Tetai prooipitatens

Segpsding uhe effest of ather alenents o the iopct
provuziies of the alleysy niokel vas
yeo eb1s bt o belance Totered the mmmm.

ex loversd 1ighly,
ana m:lllﬂenh e siviorn ratsed fhe emperatizes

Y rxain vefining Froperties of v
Cotind (1] corCimmtd the beseEietar serecs ot
vamsdice on e {zpact sraparties of Type 444
gonun-hearing alloya (oo K

T Tren oiditional svabiiertion mr

titanise proved detrimental. It de

CnRleriie e Sevbee of ine peesont mivdy, ot
exeess titanium stabilization is the couse of the
Fuor impact properties.

In sumary, it can be conoluded that titsniwn-
Finsitin Letirithube Th e maver aro Tespely
meikle for the britile tracture of the wiioya,
se mnm siantum devel, drorsastng the

aun boyard .64 b tad Altsou thia de
ot e caro Tor e sloy menbirised chn miobiuns

3.t,3 Corrosion properties

The yesalts of elestrachenical and ferric chloride
pitting testa are shown in Table If.

Tt sevlio contizn prerians warle (Tomsshor 3¢ a1,
39641 Clins rolybdenua) dhere 1t vas Tousd et
= Toprench e pitoing rostainocs of 8

Tore otenter e piuting pobmiten tncscosos ith
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TABLE 1T
PITTIVG CORROSTON OF STATNIESS SIRELS I' TRIS SMUDY

Youtoal Fiing poragiiate %o
cospasition Joss
100 sdop. sr°e (aa))
31 1w 200 " 1764
35 s 129 105 36 1824
38 Wi 85 95 16 1965
32 2.6V 285 87 52 2607
36 67T gl 155 83 70
3 aeeoriom 157 183 w0 23
3 50 13 e
34 ay-m 442 198 620
37 presy 321 s
40 AV-Ti- L 341 91 665
7 T 4vMet. SN 390
B premty i
b3 42.9
I 1381
1 2.3
Type 4528,
Typa 316 91(c)
Type 444 1250
o verous sce
b} wnsght osa dn 103 FeGl3. €1 ¢ #3°C.
) Pron Stelgemaid (1974)
runsdium sontent, 8 fosture woted at a1t tho
Serperasases t0a s

dettinantal ot 31 3
a1 ot 55 and 8196, vith
Yitontua, Regacding the eifect o
nickel and copper are beneliclal only ot
temperatures, silicon shows the sonsmite chtects
while aolybdénus ia very beneficial,

The work of Clicar Folybderua shoved that in Type

444 atleye vamsiun (vithout sodybiemm) prodvest
he equivalent

it (:971) reportid that

the addition of cnly 0.1 v

solyéonua 23lcy fncrensed [

in teCl by 12308

SEM examination of the pitted surfaces of the polar-
i tian specsana shoved that grecipitates aod sur-
Sace sczatches wuze often cbaer 't Lo be the aftes
Tor pix inisiation, om piiting wma otuioted 1L
a 7 be oo to b working o
Sndesien L the aitor, 535 mxym 7ot poncipin
tates in the pite revealsd the proence of oilican,
um, vanadlup and alunlnius with each b
countad 12 tines in 26 precipitates, Chremins aad
eve alvaya noted togetner. Caliius, pat-
welgnt losa

found In the palocizatisn stuly. Vanaitus, however,
van fount to be alightly detzizantal, Bickel, £flim

ybdenua vare bonaticial while Loppar vas
detrinental, Titaniva prov sore bepoficial
than miobiva which is the reverss of tia sesult
obtained from the pitting potentiatu.

4 CONCLUSIONS

The sesults of the atudy show that vanadiun

benafits hoth the mechanical propwrtea and the
satance corronlon of ferrilic plain-

If the zomuito of Gligss Kolybionun
a venadium content ol

A 16 nacded 5o provent intergraniies Secvosion tn

the Strauss test are confirmed, then the most
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Elesents on the Heshanical ani Gorroaion Resistant Froperties of

promising alloy combination would be a 4% vanativa

allcy, with ar without niobius, Anothe alloy

offering good mechanical propertiea is one cantain-
&

ani seze molybdenun {say
e ekes-Aony e aca nasion doss not
profmote suocoptibility o stre3s-corrovion cracking.
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THE EFFECT OF REPLAMING MOLYRRENUM WITH VANALIIRM ON THE
CORROSION RESISTANT PROPERTIES OF STAINLESS S1EELS

R.D. Davies, C.J. Gross, P. van Biljon and F.P.A. Robinson
Department «f Hetallurgy,

University of the Witwatersrand,
1 Jan Smuts Avesue, Johannesburg, South Africa

ARSTRACT

"l etfuet of replacing molybdenum with vanadium, inth fully and
un resistant properties of wrought ferritiz, and w
‘ainless steels is examined. All alloys e-ntained -
wish the austenitic lloys bared on Type: WL and (I
The ferritic allny% contained chromim and 1-4 vannding
% austenitic allovs up to 6% vanadium and 2% molyldenum rof it o
i the cast austenitic alloys up o 6% vanmiiun and 1.5 o)
1, separately and in combination. g Lovelved anours
poinrization in i,50, and determination of the pitting potestial in O.1N
HaCl, Vanadium wis Trnd to improve the pitting resist of all alle
NaCl, and generally W benaicial effect on the pass n charact
15tics of the ferritic and -rowtit austenitic alloys in i,5C,. The element
1A & drtramenial ePfect em Lo vity in the cast austenific'alloys, a fact
Bly related to the higher . and nitzogen level and the formation of
“trinontal ,rnwucacmq phases (v.. warbides).
>1ykduntm found to be more mffoctive than ve diun on a vright-for-
weighi bisis i runferring corresion resista .

vat,

KEYWORS

Kolywmlenum ceplacement;  vanadium:  ferrilic;  austenitic sinit 'rso steels;

ton proporties; potentiodypamic westing; HAC,1 pittimyg potential.

i

DUCTION

Malyhiesum b
»f staintiess

1 very beneficiul «ffect on the corresion resistant propertieu
teels, in naiticular the renisgance to pitting corrosion and to
stlphurae acic.  Thers are several factors which have encouraged the develop-
ment of & loo subatitute for molybdenmum, these being that South Africs must
rport all her eoquiremente of the metal, the importance of the metal as an

viloying element in atainiess steels and high-strength, low . loy stesls, the

B

pianly fluctuating price of the metal, and lastly but perhaps most importante
iy, the abundance in South Africa of the metal vanadius which is one of the
wSt promising substitutes for molybdenun.
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The literiturs contains several references to the fuct that vanadium improves
1e pitting resistance of stainless strels {Tomashov and others, 1964;
‘Biefer, 1970; also Climax Malybdenum, wnpublished data), particularly in the
concentration range 2-5%. An additional advantage of vanadium in ferritic
stainless steels is che improvement it confers on the impact properties, an
aspect in which these steels are very deficient (Aslund, 1977; Davies and
Tobinson, 1982).

The objent of the present investigation was to examine the effect of replac-
ing molybdenum with vanadiun, botk fuily ané partially, on the currosion
propertics of ferritic and austenitic stainless steeis. Polarization tests
were conducted to determine the resistance to pitting in a MaCl solution, and
the pracivation characteristies studied in H,80,. An alloy containing 16-19%
chromiun was used as a base for alioying additicns.

XPERIMENTAL PROCEDURES

Materials. Tha compositions of the alloys tested are listed in Table The
Wroght Territic and eustenitic stoinlesc steels were both prepared by vacuum
induct,on melting, the base composition boing respectively a low-interstitial

ical Composition of the 18-19% Stainless
Xamine] in tiis Study
Pescentagia bpn
tizasification T——
Vanadiun Holybdenum Carban  Nitrogen

- 50 a4
- 100 57
- w0 [et]
ctenitic Alloys
bage alloy {Type 3041}
- WU L 140 270
R 0.09 289 360
av 0.08 180 330
ay 0.13 230 360
1o 1.04 240 310
2 tin 1.97 170 290
[T ;1 " - 5] .
7 .80 ERO
3 4 0,25 H00
[_ Ay 0.13 530 300-400
3 Mo 2.91 350
29 - Mo 1.62 §70
27TV - o 1.41 480,

Minor element concentrations (P, 8, §i, ete.) in the austenitic
alloys are as reported for the base Type alloys. Yor the ferritic
alloys the levels were somewhat lower, viz. P = 0.012%, § = 0.008%,
8i - 0,05%,
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element 18% chromiwn alloy and Type 304L. The ferritic alloys were hot-roll-
ed from 10509C to a chickness of 12mm before being unnealed at 826-875°C for
40 minutes, and water quenched, while the wrought austenitic alloys were hot-
rolled from 1200°C to a thickness of 12um, followed by a solufion treatment
At 10%0°C for 30 minutes and water quenching A Type CF-8 alloy (19% Cr -

11% Ni} was used as the base composition for the cast nustenitic alloys and
preparation involved argon induction melting, casting and a solution treat-
ment at 10%°C for 2 hours, followed by water quenching.

Pitting Tests, Determination of the pitting potentinl involved anodic polar-
{zation in a deaerated O.1M Nafl solution at a temperature of 30°C. fThe sam—
ple was allowsd to stabilize for one hour in the NaCl soluticn before commen—
wing at @ scanning rate of 200 uv/s from the fres corrosion potential, The
actual pitting potegrial was taken at a value corresponiing to a current
denaity of 10 pA/en”, as suggested by Teuman (1978).

Passivatic ) Teats. Passivation characterisiics were determined using accepts
<d patent fodynamic testing procedures involving polarization in deaerated IN

H ,S;K\) (for the ferritic and wrought austenitic alloys) and 2N H,_S0, (for the

I austraitic alluys). The same size samples and preparation“and running
procedures as for the determinatian of the pitting potentials wore fallowed
with the »Xesption that cathodi: activation wue curried out before anodic

poiarization, In the case of the wrought alloys the samples were cathodic-
aliv activated af —650 mV (versus lhe SCE) before the stabilization paried,
wierens for the cast alloys the palarization run way commenced af f00 my

below the free corrocion potential.

UESHLTS AND DISTOSS

on

Gata vatalned for three aulested points en the anpdic polarization curve
; n) ror the pitting potential an Nacl, ave given in Table 2. Elots
2 fram the duta nre shown in Fiptres 1 and 2,

2 ion of Tuble  shows that vanadium increases signi-
ting putential, {o Havl, thus confirming in de‘ail the results
reported by other workers. The pitting potential jrnreased continuously in
e nustenitic alloys us the vanadium level was raised above the base alloy
sitirn.  Although 2 bate allny was not examinea in the case of the
rritic alloys, the same trend is envisaged. A comparisun with the basic
stenitio alloys containing melybdenum ghawed that this element was more
ficial than vanadiwn on a weight-for-weight basis by a factor of about

A comparison of the vanadium-bearing ferritic ailoys with Tipe 44.
suzel, an 18% Cxr - 2% Mo - T{ stabilized alloy with an intersti-
it level about Z - 2 times that reported for the ferritic alloys
hrra, also showed molybdenum to be more sffective than vanadium. SEM examin-
ation of the alloys, combired with gpX analysis, showed ihat pitting was
initinted at inclusions such as silivates, oxides and sulphides.

The aambination v. vanadium with molybdenum alse had a beneficial effect on
the pitiing potential in the cast austenitic alloys, in particular when com-
bined in the nroportion 2.7% vanadinma and¢ 1.4% molybdenum. The alloy with
this combination had a pitting potential almost as high as the 6% vanadium
alloy, apain showing the greater effect of molybdenum,

o Results. The anodic polarization results obtaincs in H80, for
he wrnupht vanadiun-bearing forritic and nustenitic alloys differ 8ighific-
antly from those obtained for the cast sustenitic alloys. Whereas vanadium
had a generally beneficfal effect in promoting passivity in the wrought

the




alloys,

range was cxtended and the passive current

it was detrimental in the cast materials.
of vanadium in the ferritic and wrought austeniti
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Tne must noticeable effect
alloyn wis in reducing the
aritical density and potential for primary passivation (Fig. 1}
the effect on the passive rogion was beneficinl (i,e. the pnssive potential

On balance,

density lowered), except in the

ferritic allays where vanadium oppeared to lower the breakdows potential.
This trend, as shcwn in Fig. 1, is due to incipient breakaway of the trans—

passive region,

ABLE

Anodic Polarization Results in H 80

and 0.1 HaCl, at 30°C

-

s

Alloy B Eep i E, L, Boit
FERRITIC ALLOYS (IN H,_30,)
Type 430 18766 ~4i 21 -178 3.9 +713 -58
4 36621 -a23 19 ~263 7.8 +720. +200
NGV 19549 18 ~274 7.9 +567 +285
Y 10351 15 3 1451 4504
JHOUGHT AUSTENTTIC ALLOYS (IN HoSu,)
Base alloy 1610 -270 Aﬂ -92 €5 +179 +201
N 1140 -326 23 -123 13 +820 +210
av 1030 18 ~133 1.2 +7490 +202
6y 841 20 ~160 9.5 +795 +237
1Mo 8 a1 -115 8.5 +825 +262
R 9% 6.3 -170 5.8 +820 +281
TENTTIC ALLOYS (24 H,50,)
45 ~262 4.7 -100 4.0 +671 +143
51 -251 4.9 ~86 a.9 +771 +014
126 -258 5.0 -100 7.5 +700 +293
879 -267 15 -93 8.5 +450 +379
18 -239 4,5 -100 4.0 +871 +421
12 ~219 4.7 -79 5.4 +771 +285
17 -219 5.1 66 4.7 +714 +345

2
to Fig. 1 for ubbreviations. I in pA/em”, E in mV.
= pitting potential {m¥) in O.IN NaCl.

* Refr
e
pit
The potentiale reported are ~alative to the Standard Calomel
Elnctrode, with each result being the average of 1-4 determinations.

A tasic, -sw-interstitial, 18% chromiuwn ferritic alloy without vanadiun wes
not examined in thie study but comparison of the critical current density
with results far Type 430 and other 18% hromiun alloys (Fig. 2) shows that
vanadion 38 in fact i 1 up to a cor of several percent. An
incresse in vanadium beyond the 1% level, however, was found to be bensficial
in reducing the critical current density.

A compavison of the vanadium- and molybdenum-bearing wrought austenitic
alloys shows that molybdenum was in most cases more bereficial than vanadium,
especially in reducing the critical current demsity {Fig, 2). Molybdenum,
“owever, was not as effective as vanadium in reducing the ¢ . ical potential
.or primary passivation.

The effect of vanadium in the cast avstenitic alloys was to Increase the
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itical current density (Flg. 2) and to goptract the potontial range of the
ive region and move it to higher current values, As was the case for the
ferritie ulloys, vanadium in the cast alloys decreased the broskdown potential
in H,80 . The detrimental effect of vanadium in the cast alloys may be due
to tfie high carbon level of 550ppm (relative to the wrought austenitic alloys)
cousing the procipitation of some harmiul phase, such as a carbide. Tomashov
and others (1984), however, found vanadium to be beneficial with a carbon
level of loOppm. Xt is possible that the formation of ferrite in the ca
Alloys ontributing in Some way to the poorer passivavion characteristics
shown, although this 18 nat casn for the wrought austenitic alloys which
show a similay increase in ferrite phase with inereasing vanadium content,
divruprobe analysis bas confirmed the results of previous work (Forhes-Jonesn
ami Kain, 1975; Dundss and Bond, 1975} that ferrfte is ewriched in chromivm,
salyblonun and vanadivm ¢ -lative Lo the austenite.

A ssportant difference Between wolybdun apd vanadiue as alloying clements
wlybdenin vevdrs largely in solid solition wlvioas vanddiue cecurs
13d selution and as @ rrecipitate (hence the tse of vanadium as a
lund, 1977), More rusearch is needed on Lhe naiure of pro-
;oan related o the ar T nitrogen loevels
the yresults in the rnfopafidc stadniers ste

- beneficial
<——defrimental

POTENTIAL (£}

éﬁ gl

n.b p
CURRENT DENSITY (I}

Fig. 1. Effect of vanadiun and molybdohum on the pagsi-
vation characteristics of wrought ferritic and
austenitic stainless steels in IN HS0, (from

this study),

op - eritical values for primary passivation:
p = primavy values for passivation;

b = breakdown valuw
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CONCLISIONS

Varadium is tound to improve the pitiing resistance of ferritic end austen-
itic stainless steels in NaCl, and the passivation characteristics in general
of the wrought farritic and austenitic alloys in H,80,. The element has 2
detrimental effuct on passivity in H 80, in the cast alloys possibly due to
the high carbon and nitrogen level which is leading to the formatius of harm-~
ful procipituting phases. More rosearch is needed to clavify this point.
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Fig. 2, Effect of vanadium and molybdenum on the critical
current deasity {Iop) for 18~19%chromiun stainless
i steels in IN HZSOA (2N l'12504 for cast alloys).

(w} = wrought alloys:; (c) = cast alloy.
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NEW APPARTUS FOR PREPARING U-BEND SPECIMENS

R.D. DAVIES, Department of Metallurgy, University of the Witwatersrand,
I 3an Smuts Avenue, Johannesburg, South Africa.

Many different types of apparatus have been used by research workers
to prepare U-bend specimens for stress-corrosion cracking experiments.
Most of these, although simple in design, are not very versatile and
usually can only bend material of limited dimensions through a certain
fixed diameter and at a rate depending on the person doing the bending.
The present article describes an apparatus that is versatile in that
specimens varying widely in size can be bent through various diameters
and at a constant and reproducible rate by the use of & hydraulic press.
In addition, the apoaratus can be used for bending specimens through very
smatl diameters as may be required for the Strauss intergranular corrosion
test.

The apparatus is shown in the accompanylng photograpin. As can be seen,
the rollers (A} cant be adjusted lateraily to take material of different
thickness, as well as bending rods (B) of varying diameter. In operation,
the specimen to be bent is placed squarely on the rollers, the rod around
which the specimen is to be bent placed centrally above, and a pusher
plate (C) placed vertically on top of the rod. The ram from a hydraulic
press pushes down on the pusher plate, thus causing the specimen to

be bent. By using an sutomatic press the conditions under which
specimens are bent can be controlled fairly closely, a fact which reduces
‘the number of variables to be accounted for in consldeting the precision
of the time obtained in the subsnquent stress-corrosion cracking experiments.
In the case of very elastic material with considerable springback, a
vertical slot can be cut out of the end of the pusher plate where it

rests on the pusher rod thus enabling a bolt to be inserted to hold

the bent sides of the specimen together.

In addition to producing more reproduc:ibl

sults, the apparatus can

be used for bending specimens through very small diameters. The author
has successfully bent specimeas through diamaters af 2-3mm for the
Strauss intergranular corrasion test (sce photograph). In this case the
pusher plate must be narrow envugh 1o allow the sides of the specimen
to be brought parallel.
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In constructing this apparatus, the size of the components will depend
on the general range of specimen sizes to be expected in the preparation
of U-bend specimens. It is suggested that the apparatus described in
this paper be considered as a standard for preparing U-bend specimens
for stress-corrosion cracking experiments in order to obtain rore

reproducible results.
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Apparatus fer preparing U-bend specimens. A = adjustable roller ;
Band C = pusher rod and plate respectively.
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