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ABSTRACT

Duplex stainless steels are being used extensively in the oil, gas and
petro-chemical industries because of their unique combination of
mechanical and corrosion resistance properties. This paper briefly
traces the history and development of duplex stainless steels and con-
siders in detail the role of certain alloying elements in improving the
corrosion performance and mechanical properties of these stainless
steels.

Field service experience has shown that some duplex stainless do not
perform as well as others and the need to incorporate more stringent
compositional controls into specifications to achieve consistent corro-
sion performance is highlighted. The influence of microstructure on
the properties of duplex stainless steel and on the general and localised
corrosion performance is also discussed. A comparison of the pitting
and crevice corrosion performances of certain commercially available
duplex, austenitic, super-austenitic and super-duplex stainless steels
in sea water environments is also presented.
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While the szzj,:iefi stainless steels have
31 in the Communist world
the use of duplex stain-
".",3-;;:‘3 worid has mtdnly
been limited to specialists applications
One of thg early developments was in
the 1930°s\) when it was found that the
introduction of farrite into 3115t¢*1i‘*i-‘
eel increased the resistanc
(0 sensitisation. In those days this was
significant in view of the high carbon
conteni prevalent in stainiess sieels at
that time. Another early use of felﬁtu
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he use of sma J. amounts of ferrite in
wrought austenitic steecls was not as
popular in view of the poor hot worka-
bility properties that resulted. How-
ever, systematic dezec of p};sticiﬂf in
relation to temperature and the rela-
tionship hetween the ferrite and auste-
nite phases made it possible to optimise
the conditions for the hot plastic defor-
maiion of ferritic-austenitic stainless
steels.

Nevertheless it was not until the 1850’
when i c<€=1 shortages were being ex-
perienced, that duplex stainless steel
development programmes gained
some impetus. It was realised that sig-
nificant improvements in the strength

propf;rf:s and corrosion resistancs of

the ﬂﬁoys could be obtained. Alloys de-
velo :}ea in the early 1950°s contained
t pzc y 25-26wt% chromium, ap-
pr OfJ.n’id ely 4-5wt% nickel and 3wt%
copper. However, owing to the lack of
understanding of Lhe physical metallur-
gical pnnczples governing these alloys,
they possessed poor toughness and duc-
Lg; properiies. it should be stressed
hai the heai wieatment applied {o such
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alloys included a r
cool, water quenching
sidered too severe for practical a3
tions. It was
improve the ductility
air cooled condition
undeiiaken {o st J:iy the effec
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minin and nickel variatons on ductility.

\_,lﬂ':-‘u the maximum nickel content en
ol v R 87 e
visaged at the time was Swif it wes

found that the best Uumlﬂy was ob-
tained in alloys containrag Cr22-23
The nickel shoraz*es however,
receded and devel opraent v ork on the

duplex al _LC s wirtua! "’ geased.

wWih ‘\

In ihe late L_ztms the PJJQV asting In-
stitete was developing a duplex stain-

G
ok
O

|-,..-5

less steel subsequentls ::;'G'*ftc,h
CD4MCU. This was a 25-wiCr-
SwtPpMNi-ZwtSh Mo-3wly ELu Gt 19!3:;
stainless steel with excellent strength
aad good corrosion resistance. rlow-
ever, problems of britile failure were
encountered during manufacture and
in service. This resulted in 2 lowering
of the maximum chromiura content to
optimise the microsiructural phase bal-
ance. It was found thai the ductility was
improved if alloy was sclutign haat
treated and water quenched"™

However, itwas notuntil the late LU,
E_":d early 70’s, at the time of another
nickel shoit%e, that the full potentiai
of the duplex alloys became appreci-
ated. It was recognized that conven-
tional austenitic stainless steels were
inherentlylow strength allovs and could
suffer from pitiing and crevice corro-
sion in the preseunce of chloride ions,
due to i%ahs:—zd breakdown of the
passivating surface film. Austenitic al-
loys were also prone 10 Stress corrosion

racking in chloride environments. in-
creased activity ia the off-shore oil in-
dustry demandced a material to combat
the severs conditions encounterad in
maring environmenis such as North

Sea Gil felds.
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This led to the development of several
high chromium duplex ferritic-aus-
tenitic alloys and interest in such stain-
less steels, for use in marine industries,
has increased during the last decade.
Duplex stainless steels with ferrite-aus-
tenite microstructures have been stu-
died extensively and severgl papers
exast for background reading'™ /. It
can be deduced from this literature that
duplex stainless steels can ofier several
advantages, when compared to conven-
tional austenitic stainless steels, and
some of these are lisied below:

o Proof strengths are substantially
higher than those of austenitic types
while still retaining good levels of
toughness.

s The concentrations of those ele-
ments giving improved resistance to
pitting and crevice corrosion may be
increased without undue increase in
nickel content.

o An attractive balance between re-
sistance to pitting in chloride solu-
tions and general corrosion in acids
is attainable in one alloy.

» Resistance to sensitisation is good
even without stabilisation.

Resistance to chloride stress corro-
sion cracking is significantly better
than that of the austenitic grades.
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improved Duplex Alioy

Notwithstanding these comments it has
been found desirable to develop a du-
plex alloy possessing even better corro-
sion characteristics and improved
mechanical properties, castability and
weldability, yielding a general purpose
alloy having wide acceptance and ap-
plication in the marine engineering in-
dustry. To achieve 'his objective it was

necessary to study the effect of various
alloying elements on the corrosion per-
formance and mechanical properties
of duplex stainless steels. Changes in
alloying element content which are
possibly desirable from the point of
view of establishing attractive corro-
sion resistant characteristics, can have
a marked effect on the metallurgy of
duplex stainless steel. Consequently,
tois can effect the physical and mechan-
ical characteristics, thus placing a con-
straint upon the type and degree of
alloying which can be used practically.
The establishment of certain desirable
properties such as high strength with
aceeptable toughness and ductility is
dependent upon the control of the
microstructure and this may limit the
corrosion resistance atiainable Al-
loying elements in solid solution, man-
ganese sulphide inclusions, various
phases which can precipitate giving
chromium and molybdenum depleted
zones around the precipitates can all
have a profound influence on the
microstructure, the mechanical proper-
ties of the alloy and on the maintenance
and breakdown of passivity.

Alogical way to handle such a complex
array of metallurgical variables is to
examine how each variable effects pas-
sivity, microstructure and the mechan-
ical properties and to incorporate this
knowledge into new alloy development
programmes, fabrication and heat
treatment schedules.

Reference to the anodic polarisation
curve shown in Figure 1, schematically
summarises the effect of certain al-
loying elements in enhanging the pas-
sivity of stainless steel™. Several
studies have been undertaken to deter-
mine the effect of certain alloying addi-
tions to duplex stainless steels and
these are summarised below:
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The main experimental difficulty is that
the processes occurring at the instant of
desiruction of a passive film proceed

very Qu ;'Ir""‘fly Surface analysis can at
best only give an ing - '
the anrichment or depletion processes



that may be related to alloying effects.
Lu et al @Y used A \uger electron spec-
troscopy to show that high nitrogen

concentrations were obtained at the
metal-passive film interface, whereas
molybdenum concentrations did not
show any increase. Enrichment of
elemental nitrogen has been shown to
develop during prolonged passivation
of stainless steel in acid solutions.
However, since this process is relative-
ly slow it can only be used to explain en-
hanced localised corrosion resistance
in areas where enrichment would occur
more rapidly e.g. at "weak" points or
breakdown sites in the passive film.

In order toinitiate a pitinstainless steel
the local dissolution rate (anodic cur-
rent density) must be extremely high,
many amps cm . In recent work car-
rying out electrochemical experiments
in H CI solutions, simulating the solu-
tfion in a pit nucleus, it has been shown
that 2lloying a stainless steel with ni-
trogen "reversibly” impedes anodic dis-
solution from reaching these extremely
high values. The dissolution rate at
which this phenomenon occurs is in the
region of 0.5A cm'z, which is probably
in the same range as the current den-
sities required to sustain pitting in small
cavitics. The inhibition probably arises
because the reaction for the dissolution

of mhogen (N + 4 HY + 3¢ =
NH4™) which is a cathodic reaction,
becomes too slow above a certain
potential to keep pace with the anodic
dissolution of the metal. This results in
o suriace enrichment of N2 atoms which
produce the observed blocking ef-
fect'®. In fact, no oxide passivation is
involvbd in this process.

Nit‘*’ogen levels of 0.2wt%-0.3wt% also
indirectly improve the ductility and
toughness of duplex stainless stecls,
since nitrogen is an austenite forming
clement. Furthermore the nitrogen in

solid solution inc:
the alloy.

eases the strength of

In previows work, high levels of ni-
trogen have necessitated high levels of
manganese(e.g, = f—E—wt%) to ensure the
solid solubility of the p h'o cen is not ax-
cecded. Chance et 214 ( gure 6) f"“}.*
lowed this theory in the development of
a duplex stainless steel which exhibite
improved localised corrosion perior-
mance. While manganese is generally
considered detrimental to the pitting
resistance of stainless steel due to the
formation of manganese sulphides, the
combined de‘tiDHS of moly jbw"ﬁhﬂ]
plus niirogen tend to override this ef-
fect and thf; Uaftmg potentials exhibit
high noble valucs. Howsver, it is well
established that manganese sulphide
inclusions are a most favourable site mL
pit initiation in stainless steels\™
Thus maintaining manganese to ex-
tremely low levels (e.g 0.5%) results in
the prefcrennal formation of chro-
mium sulphides which render pit initia-
tion more difficult,

Effect of Nicksl

Nagano et 2147 reported that a nickel
level of around 7% in duplex stain-
less steels is effective in reducing cre-
vice corros)lon of sensitised alloys
(figure 7) The effect of nickelinre-
ducing pitting corrosion of duplex
stainless Sg \jls is demonstrated by
Sakai et alV™/, (figure §). They sho
that mickel contenta should be maiﬁ-
tained between 4% and 8% for 25%Cr
alloys and 4-7% for 22%Cr zlloys in
order to obtain optimum pitting resist-
ance. Nickel is seen (figure 1) to move
the pitting potential in the noble direc-
tion thereby extending the passive
potential range and also reduces the
passive current density.
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higher contents =c’::1<:e hot ductility.

Fmﬁ*erma ¢, additions of copper n_v
cenreporiedto promo e prbapai;auon

14mu$‘lﬂg in duplex stainiess stec el ).

fect of Other All ioying Siements

Among the other alloying elements
that move the pitting potentia '
noble direction, thereby extending ths

passive potential range, are vafladzum

Jd silicon (figure 1). Wilde(® jiag

atented compositions of high silicon
(53.5-3.5wi%) duplex sta ?_q'ak.s teels
that are reported to be immune from
stress corrosion cracking using the boil-
ing msgnesium culoride solution tesis.
However silicon contents in excess of
approximately 1.0wt% disproportion-
atcly enbance sigma phase formation
and can lead to poorer corrosion resist-
ance in duplex stainless steel retained
in the as weldzd condition.

The carbon content of most wrought
duplex stainless steel is restricted to
0.03Cwt% maximum to ensure good hot
worka muty The low carbon concen-
trations inevitably suppress carbide
precipitation and further reduce the
susceptibility of duplex stainless steel
to localised corrosion in the as-welded
condition. Modern melting techniques
aiso ensure that extremely low sulphur
and phosphorus contents are obtained
to improve the cleanness of the steel
and hence the overall corrosion perfor-
1mance.

s

Piting Aesistancs Eguly:

It is evident from the foregoiug that a
number ol alloying elements in stain-
less steels move the piiting potential in
the noble direction. These beneficial
effects are complex and interactive and
atlempts have been made to use com-
positionally derived empirical relation-

aips for piriing resistance indexes,

o

(PRE: PITTING RESISTANCE
EQUIVAILENTS). The ge:zeml 1
mulae for nitrogen containin
stainless sicels is as follows
PREN = %Cr + 33%Mo + 16%N,
it is generally reg arded that PREN
values of >33 are nacess ary to deter-
mine whether an aiIGV"Li dispiay good
pitting performance in deaerated sea-
water. However in warm raw oxyge-
nated seawater PRE: values of >40
are necessary to guarantas the localised
corrosion resistance of stainless sieels.
1mre are reservations corcvnmv {hw
utilisation of such formulae in total ise
iunen. The formuias do not take ac-
count of the beneficial effects of other
elements which improve pitting perfor-
mance such as tungsten. The equations
totally ignore the effects of microstrue-
tural factors on the breakdown of pas-
sivity by pitting or crevice corrosion.
Nevertheless by incorporating mini-
mum PRER values into specifications
enables a more consistent corrosion
performance to be obtained

To demonstrate the i mporiant in-
flnence of PREN value on the localised
corrosion perforinance of stainless
stecl, (pitting and crevice corrosion), 2
number of accelerated corrosion tests
have been undertaken in sea water
using p(),?-;nostahc polarisation tech-
niques. cigure 11 shows a graph of
the critical :Jmmg;:hent; ! versus tem-
perature and is representative of the re-
sulis obtained on the commercially
available alloys listed in Table 1. From
these results the alloys can be ranked in
terms of their critical pitting tempera-
ture in sea water as follows:

~J
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A

rrosion wiil occur,
"!

14 can be usad to define a critical gap
for each alloy below Wﬁiﬁﬁ crevice cor-

rosion will occur. FPrevious studies

have reported that average gaps in the
range 0. 2-0.5umare typical in practice
wvaile gaps of 1@5{5 than .2 um are ex-

treme lv unlikely’ This means that

T""\"\'&"! 1_‘;”- ?C"PHT ’]C‘ JJ_ JE QQ""“ 4

o W

are acceptaple for aeratcu seawater ap-
ylicaiions, woereas UNS S8904, con-

ventional duplex stainless steels, type
316, type 3&4 or the 400 series stainless
stsels arz uot. Thus to provide a stain-
less suc:ul wnn,h exhibiis freedom from
brﬁvxc corrosion in aerate d sea water,
il 2 super-aunstenific
stainless steel such as ,..WSMJ or a

super-diplex stainless steel such as

Zeron 100.

A resume of the beneficial effects of
various alloying additions to duplex
stainless steels has been given. It can
Le concluded that the optimum corio-
sion performance is obtained from a
Shper-durlev stainless steel which has a
winimum PRENvalue of40. The super
duplex stainless stcel should contain
low carbon and be alloyed with opti-
mum levels of Cr, Ni, Mo, Cu, Wand N
to achieve the correct mechanical and
corrosion resistance properties. Mn,
51, S and P should also be controlled to
optimise the overall corrosion perfor-
mance of the stecl. In view of the vari-
able corrosion performance
experienced in the traditional duplex
stainless steels it would be advisable for
manufaciurers to incorporate mini-
mum PRE} values into their specifica-
tions to guarantee a more consistent
localised corrosion performance, The
new breed of super-duplex stainless
sieels {’7Fron 100} give a localised cor-
rosion performance in aerated se

water wikich is at least equivalent to the
best grades of the 6 Mo super-aus-
tenitic stainless stecls while giving all
the strength advantages ete of the tradi-
tional duplex stahdass steels. Conse-

queatiy, the super-duplex stainless
offer a more cost effective solution to
the materials probiems of the oil, gas

and petro-chemical indusiries.
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