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ABSTRACT

Conventional duplex stainless steels have been used extensively for pro-
cess pipework systems in view of their excellent combination of mech-
anical properties and resistance to stress corrosion cracking. However,
field service experience has shown that these low alloy duplex stainless
steels have only a limited resistance to pitting and crevice corrosion in
sea water. In contrast, the 6Mo super-austenitic grades of stainless
steel have excellent resistance to localised corrosion in sea water, but
their use in process pipework systems is restricted by their relatively
poor mechanical properties and high cost.

The new generation of super duplex stainless steels combine in one alloy
the sea water corrosion resistance of the 6Mo super austenitic stain-
less steels and mechanical properties which are superior to conven-
tional duplex stainless steels. Super duplex stainless steels are
distinguishable from earlier duplex stainless steels primarily by the ad-
dition of higher levels of nitrogen, chromium, molybdenum, tungsten
and nickel. These and other alloying elements must be closely control-
led to achieve the correct ferritic/austenitic microstructural phase bal-
ance in order to optimise the mechanical and corrosion resistance
properties. Furthermore, super duplex stainless steels incorporate a
minimum Pitting Resistance Equivalent value of 40 as part of their spe-
cifications to guarantee consistent localised corrosion performance.
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Potentiodynamic studies have been undertaken to compare the pitting
and crevice corrosion resistance of the various categories of stainless
steels in sea water. A number of accelerated corrosion tests have been
carried out on weldments in FeCl3 solutions to assess the localised cor-
rosion performance of the heat affected zones and the weld metal.

In this paper the performance of specific categories of stainless steels
are compared and their suitability for use in topside and subsea pipe-
work systems assessed. The relative mechanical properties and corro-
sion resistance of these stainless steels are discussed and examples
given to show the advantages of designing systems in super duplex
stainless steels to reduce wall thickness and overall system weight.
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INTRODUCTION

In offshore pipework systems there is
an increasing demand for higher
strength and more corrosion resistant
materials. Until recently the more con-
ventional duplex stainless steels had
been considered to have adequate lo-
calised corrosion and stress corrosion
cracking resistance when used in sub-
sea process pipelines. However, the
more sour nature of the later oil and gas
fields in the North Sea has led to the in-
troduction of the more corrosion resist-
ance super duplex stainless steels. In
topside sea water pipework systems and
fire water systems it is now also econ-
omic to use high alloy stainless steels in
preference to 90/10 cupro-nickel alloys.
Some commercial examples of high
alloy stainless steels used for these ap-
plications are shown in Table 1.

The development of the highly alloyed
and super stainless steels required an
understanding of the effect of alloying
elements on the corrosion perfor-
mance and mechanical properties of
the steels. A summary of the effect of
certain alloying elements on the anodic
polarisation curve of stainless steels is
shown in Figure 1/, The elements
that have the most beneficial effect on
the resistance to localised corrosion are
chromium, molybdenum, nitrogen and
tungsten.

The addition of chromium (13wt%) to
iron results in the formation of a pro-
tective chromium oxide film which iso-
lates the steel from the environment.
In chloride solutions, the formation of
the protective film expands the passive
potential range by increasing the pitting
potential and reducing the passive cur-
rent density (Figure 1). In duplex stain-
less steels, the ferrite stabilising
influence of chromium must be bal-
anced by additions of nickel to preserve

the phase balance between austenite
and ferrite.

For a given chromium content, mo-
lybdenum has a strong beneficial effect
on a steel’s passivity, primarily by in-
creasing the pitting potential and
lowering imax (Figure 1). The mechan-
ism by which molybdenum exerts its in-
fluence is not fully understood(z's), but
may be associated with its inhibition of
the active dissolution rate in incipient
pitsw. From a practical point of view,
it is necessary to have a high chromium
and molybdenum content in the stain-
less steel to prevent crevice corrosion
in hot sea water. This has led to addi-
tions of 3 to 4wt%Mo in super duplex
and 6wt%Mo in super austenitic stain-
less steels.

Nitrogen additions improve the lo-
calised corrosion resistance of stainless
steels by increasing the pitting poten-
tial®®. The beneficial effect of nitrogen
appears to be enhanced by the presence
of amolybdenum™, Nitrogen may im-
prove corrosion resistance by being
concentrated at the interface between
metal and film®. More recent work
suggests the beneficial effect of ni-
trogen on pitting corrosion is associ-
ated with the blocking effect of
nitrogen on anodic dissolution in the
local chemistry of a pit(s). In duplex
stainless steels nitrogen may also im-
prove corrosion resistance by reducing
partitioning of the chromium®,

Tungsten (like Mo) has been shown to
extend the passive potential range and
increase pitting potential when added
to duplex stainless steels1?, Its effect
may enhance corrosion properties by
being adsorbed into the passive film as
WO3D, WO; then interacts with the
oxides, resulting in enhanced stability
and improved bonding of the film to the
base metal.
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The beneficial effects of alloying ele-
ments can be combined to give an indi-
cation of a stainless steel’s corrosion
resistance. Such a compositionally
derived empirical relationship for pit-
ting resistance of stainless steels is
known as the steels Pitting Resistance
Equivalent (PREN). For nitrogen con-
taining stainless steels the PREN has
been derived as;

PREN = %Cr + 3.3% Mo + 16%N2

Other workers suggest a multiplication
factor of 30 shoulq be used for nitrogen
in stainless steels 1), There are reser-
vations about these formula as they do
not take into account the beneficial ef-
fects of other alloying elements, par-
ticularly tungsten. Indeed a more
relevant PREN formula for tungsten
containing stainless steels may be

PREN = %Cr +3.3%(Mo + W) + 16%N

Figure 2 shows that the introduction of
tungsten into this formula decreases
the amount of scatter when PREN is
plotted against critical pitting tempera-
ture for specific stainless steels.

It is generally considered that PREN
values of greater than 40 are necessary
to guarantee the localised corrosion re-
sistance of a stainless steel in oxyge-
nated sea water and both the super
duplex and super austenitic (6Mo)
stainless steels satisfy this criterion
(Table 1). However further work is re-
quired to refine the PREN formula so
that the beneficial/detrimental effects
of all alloying elements and the micro-
structural factors associated with the
breakdown of passivity are considered.
In duplex stainless steels, it may be
more relevant to use two PREN num-
bers, one for ferrite phase and one for

austenite. Table 204 shows the com-
positions and the PREN numbers of the
bulk metal and individual phases of two
super duplex stainless steels. Depend-
ing on the element partitioning, one
phase may be more susceptible to pit-
ting (lower PREN) than the other. It is
known that ferrite undergoes preferen-
tial dissolution in reducing environ-
ments whereas austenite undergoes
preferential dissolution in more oxidis-
ing environments* . Thus depending
on which phase is likely to be attacked
the PREN value of the individual
phases may be optimised.
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It is more relevant to consider the com-
bined influence of the PREN value and
the microstructure to determine the lo-
calised corrosion performance of stain-
less steels. To demonstrate this fact a
series of weldments have been pro-
duced in conventional duplex, super
duplex and 6Mo austenitic stainless
steels.

In respect of the super duplex stainless
steel (ZERON 100) a number of pro-
duction weldments have been studied
to examine the effect of heat input,
welding position and the addition or
deletion of filler metal for both manual
TIG and automatic welding techniques.
These investigations ?r% discussedinan
internal publication (18),

Accelerated localised corrosion assess-
ments have been carried out on all the
weldments in 10%FeCl3 solution in ac-
cordance with ASTM G48. The results
of these investigations are summarised
in Table 3. From the results obtained,
it can be deduced that the weldments in

both the as-welded and solution an--

nealed conditions can be ranked in
terms of their critical pitting and criti-



€

cal crevice temperature in the ferric
chloride solution as follows:

ZERON 100 (most resistance) > 6Mo
austeniticstainless steels > 22% Cr du-
plex.

The solution heat treated weldments
generally give critical pitting and criti-
cal crevice temperatures which are
similar to those observed for the parent
materials. The beneficial influence of
higher PREN values can readily be seen
by comparing the CPT values obtained
on the ZERON 100 weldments (65-
70°C) and the 22% Cr duplex weld-
ments (20-25°C) in the solution heat
treated condition. However, some of
the as-welded plates on the 6Mo weld-
ments displayed very severe pitting in
the weld metal on the unmachined test
specimens when tested at 40°C. Also
the machined 6Mo weldments showed
extensive crevice corrosion at 35°C in
the region of the unmixed zone, heat af-
fected zones and weld metal. These re-
sults are generally in agreement with
the findings of other workers(!?),

The reduction in the corrosion perfor-
mance of the weld metal is attributed to
the precipitation of phases such as
Laves, niobium and chromium rich ni-
trides and MgC. These phases can con-
tain up to 50wt% of molybdenum
(Laves) and up to 70wt% of chromium
(nitride) and therefore denude the ma-
trix of these elements in the surround-
ing areas. This in turn lowers the
pitting and crevice corrosion resistance
of the weld metal. Similarly both Chi
and Laves phases have been reported
to precipitate in the heat affected zones
of 6Mo weldments!?, Consequently
it is not surprising that the HAZ regions
of the 6Mo weldments show severe cre-
vice corrosion attack in the machined
specimens.

In respect of the as-welded super du-
plex stainless steel weldments, these
also exhibited a lowering of the lo-
calised corrosion resistance. When
welded in the optimum heaat input
range with metal cased wire hacing a
PREN value of 41.6 [Table 3] the
ZERON 100 weldments in the as-
welded condition gave CPT values of
55-65°C. When the heat input levels
were purposely varied on weldments in
an effort to determine the permissible
variation from the optimim welding
parameters, only isolated pitting is ob-
served in the unmachined as-welded
specimens when tested at 45°C and cre-
vice corrosion is only just discernable
on the machined specimens at 45°C.

A typical microstructure of the weld
metal, heat affected zone and parent
metal of the ZERON 100 weldment
which has been welded in the optimum
heat input range of 1.00-2,75kJ/mm is
shown in Figure 3a. The proportion of
austenite varies from 36-44% across
the weldment and there is no evidence
of deleterious second phase particles.

On these specimens only slight evi-
dence of pitting and crevice corrosion
has been observed in the weld metal
even though the PREN value of the
weld (40.1) in these instances is less
than that recorded for the parent plate
(41.2)

In the specimens welded with heat in-
puts levels outside the optimum range
there is some evidence of M2X precipi-
tation in isolated areas of the ferrite
matrix (Figure 3b) in the heat affected
zone.

Lower heat inputs will tend to give in-
sufficient time at temperature for aus-
tenite to re-precipitate in the ferrite
matrix during cooling which in turn
leads to supersaturation of nitrogen in
the ferrite resulting in the precipitation



of M2X particles. The M2X nitride pre-
cipitates typically contain high levels of
chromium, molybdenum and nitrogen
i.e. (CrMo)*N and are finely dispersed
in regions of the microstructure where
the proportion austenite is locally less
than the average value across the weld-
ment. (ie. in particular areas of the
HAZ). Consequently the matrix is lo-
cally deficient in these elements which
lowers the pitting resistance of the
weldments.

Heat input levels higher than
2.75kJ/mm can also result in the pre-
cipitation of M2X, since the HAZ is ef-
fectively being aged in the temperature
region where M2X precipitation will
occur virtually independently of area
fraction of austenite present in the
microstructure. Higher heat inputs can
also lead to elemental loss of Cr and N2
from the weld metal which also leads to
a lowering in the pitting resistance of
the weldment

Irrespective of the precipitation of
these M2X particles the localised cor-
rosion performance of all the ZERON
100 weldments is better than that ob-
served for the 6Mo austenitic stainless
steel weldments. It should also be
noted that the solid wire utilised on the
ZERON 100 weldments had a PREN
value of 40.1. Therefore the corrosion
results obtained probably reflect the lo-
west every values likely to be achieved
in the TIG welding of ZERON 100
since the PREN minimum in the ma-
terial specification is 40. Of interest is
that the P12 filler utilised on the 6Mo
weldments had a PREN value of 50.0.
However, the high molybdenum con-
taining phases and microsegregation
present in the weld metal markedly re-
duces the corrosion performance of the
6Mo weldments. Despite the obvious
limitations of the minimum PREN
value it does allow a more consistent
measure of the corrosion performance

to be predicted particularly when sec-
ond phase particles are avoided.

CASE STUDIES

The beneficial effects of using super
duplex stainless steels in preference to
other materials can be shown by con-
sidering typical offshore pipework sys-
te(%s, and these are shown in Table

Fire Water Systems - Deluge and
Sprinkler Systems

In order to evaluate the potential bené-
fits of using pipework in stainless steels
in preference to 90/10 cupro-nickel, a
typical deluge system has been de-
signed using a computer hydraulic pro-
gramme. The system had to meet the
minimum nozzle pressure and flow re-
quired, and had 10 bar inlet pressure
available from the ring main

The design programme utilised 6m/s
velocity limit in cupro-nickel and 10m/s
in super duplex stainless steel. In fact
the super duplex stainless steel is ca-
pable of much greater velocities, but.
the Renolds number of water changes
at these higher velocities and a revised
calculation procedure is required. The
results are shown in Table Sa.

From this study it is possible to deduce
the following.

e Due to velocity limitations with
cupro-nickel, the system is unable to
utilise the available inlet pressure.
As a result it would be necessary to
install an orifice plate to create a
4.72 bar pressure drop at the deluge
valve set.

o The super duplex stainless steel sys-
tem has smaller pipes and as a con-




sequence a smaller deluge value set
would be required.

o Asaresult of the smaller bore stain-
less steel system, the dry weight is re-
duced by 15% compared to
cupro-nickel and the wet weight by
33%.

e The increased strength of stainless
steel enables 38% few pipe supports
to be used and eliminates the need
for the comprehensive insulation
kits.

Typical costs of a stainless steel pipe
and fittings package relative to those in
a cupro-nickel deluge system are
presented in Table Sb. The overall cost
of the system is greatly reduced using
super duplex stainless steel in place of
90/10 cupro-nickel.

Support and prefabrication costs are
much lower for the super duplex stain-
less steel. Other savings would also
arise from the use of smaller deluge
valve sets and skids. The super duplex
stainless steel is also easier to handle,
whereas the cupro-nickel is prone to
damage.

Extending this analysis to include all
the fire water deluge and sprinkler sys-
tems (excluding the ring main) for a
medium sized platform reveals the in-
formation presented in Table Sc. The
reduced pipe sizes gave a 10 tonne
(20%) reduction in the wet (operating)

weight for which the platform must be.

designed.

Table 6 shows a similar case study for a
typical firewater ring main. The study
has compared pipe call-off quantities
using velocity limitations of 3.Sm/sec
for cupro-nickel and 7m/sec for super
duplex stainless steel. A velocity of 10-
12m/sec could have been used for the
super-duplex stainless steel system to

parallel the assumptions used in the de-
luge system example yielding still
greater savings in cost and weight. The
study reveals the following informa-
tion:

o Super duplex stainless steel pipe is
lighter than 90/10 cupro-nickel pipe
atthe larger diameters due to the re-
duced wall thickness.

o Reduced diameter fire water mains
can be utilised with super duplex
stainless steel due to their tolerance
to higher water velocities. Inview of
the necessity to supply the helideck
on the top of the platform with sea
water, there is excess pressure in the
ring main for the other duties.
Therefore, it is not necessary to
specify larger fire pumps when
using the additional velocities
allowed by stainless steels.

o Both the dry weight and the wet
weight is significantly less when

using super duplex stainless steel
(Table 6b).

Table 6¢ gives the cost comparisons be-
tween 90/10 cupro-nickel and super du-
plexstainless steel. These figures show
cost savings when using super duplex
stainless steel for:

o Pipe materials
™ Supports
o Prefabrication

The benefits and savings from the ea-
sier handling of the stronger super du-
plex stainless steel have not been
reflected; nor have the benefits from
smaller pump delivery and ring main
valves,



Process Plpework

There is an increasing tendency, par-
ticularly in Norway, to specify 6%Mo
austenitics stainless steels in pref-
erence to standard 22%Cr duplex stain-
less steels. The rationale supporting
this departure from past practice has
little to do with CI” or H2S stress corro-
sion cracking but is concerned princi-
pally with localised corrosion
performance.

Process fluids in the latest generation
of oil and gas fields have higher water
cuts than previously encountered. The
aqueous phase is frequently at elevated
temperatures and often contains high
proportions of chlorides and Ho2S.
Consequently the 22Cr duplex stainless
steels do not give adequate resistance
to pitting and crevice corrosion, par-
ticularly in the root and heat affected
zone areas of weldments.

The super duplex stainless steels givea
localised corrosion performance equi-
valent to 6%Mo austenitic stainless
steels, but have strength properties
even greater than conventional 22%Cr
duplex stainless steels.

Therefore process pipework systems in
super duplex stainless steels give con-
siderable cost savings in comparison to
systems in 6%Mo austenitic stainless
steels.

Table 7 shows comparative costs for a
simple model of a process manifold sys-
tem constructed in a 6%Mo austenitic
and a super duplex stainless steel
(ZERON 100). Assumptions for the
model are:

o Temperature 100°C
e Pressure 150 bar

o Simple cylinder - no branches

o Norwegian general rules for piping
systems (TBK6 1983)

e No corrosion allowance

~ As can be seen from Table 7 the signi-

ficant increase in allowable stress af-
forded by the super duplex alloy
combined with equivalent or superior
localised corrosion performance will
produce significantly lower system
build costs when these alloys are speci-
fied in preference to 6%Mo alloys for
process pipework.

A natural extension of the proposed-
move towards alloys with superior lo-
calised corrosion performance in pro-
cess applications will be to specify the
alloys for submarine pipelines. A very
significant cost in this context is lay
barge hire costs. These hire costs are
dictated by girth joint welding speeds.
Clearly the reduction in wall thickness
allowed by the super duplex alloys will
reduce the welding costs substantially.

Since the barges typically lay 0.5-1 ki-
lometre of 6" pipe a day, at a cost of ap-
proximately £250,000 per day the

potential savings are enormous. .

CONCLUSIONS

o Theuse of aPitting Resistance Equi-
valence (PREN) formula incorpora-
ting tungsten, provides a simple
method of predicting the localised
corrosion performance of stainless
steels. However, microstructural
factors that affect corrosion perfor-
mance must also be considered.

o The critical pitting and critical cre-
vice resistance in ferric chloride of
the weldments tested can be ranked
as follows: .

......
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e ZERON 100 (most resistant) >
6Mo austenitic stainless steels >
22% Cr duplexes.

o The use of super duplex stainless
steels affords considerable scope for
cost reduction when specified for
offshore pipework systems. In re-
spect of fire water systems, displace-
ment of cupro-nickel alloys leads to
significant direct and indirect cost
savings through reductions in ma-
terial usage (dry weight) and an
mpressive associated savings in wet
weight. In respect of process pipe-
work, the savings that accrue from
the specification of super duplex
steels in preference to the 6%Mo
grades cannot be overstated.
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Figure 1 Schematic representation of the effects of certain alloying
elements on the polarisation curve of stainless steels(1),
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Table 1

Nominal Compositions of some Commercially
Available High Alloyed Stainless Steels

Steel Cr Ni | Mo |Cu | W N2 PREy
Zeron 100%® | 25 8.0|3.8|0.7 0.7 |0.25] 41.%
43.8w

SAF 2205% |22 5.0 | 3.0 0.14[ 34.1
Sanicro 28% 27 |31 3.5 | 10 38.9
AL6XN® 20.8| 25 6.5 0.20| 45.4
254 sMo® 20 |18 6.1 |0.7 0.20| 43.3

* Super duplex

* Duplex

+ High alloyed austenitic

#* 6Mo super austenitic

w - Tungsten adjusted PREy

Table 2
PREy values for two duplex stainless steels.

Parti-

tioning coefficiente determined from Termocale
Version C, iron data base at 1100°c(14),

wtZ cr Ni Mo v N | PREy
Bulk | 24.2 | 7.37 | 4.0 | 0.63 | 0.25| 43.5
K,/Ke | ©0.93 ] 1.4 | 0.83 | 0.5 | 8.8

«(56%)| 24.97 | 6.27 | 4.32 | 0.81 | 0.06| 42.8
7(44%)[ 23.22 | 8.77 | 3.59 | 0.40 | 0.49| 44.2
Bulk | 24.2 | 8.0 | 4.0 | 0.63 | 0.25| 43.5
K,/Ke | 0.91 | 1.41 | 0.79 | 0.49 | 8.35

«(50%) | 25.34 | 6.64 | 4.46 | 0.85 | 0.05| 43.7
7(50%)| 23.06 | 9.36 | 3.53 | 0.41 | 0.43| 42.9

PREy = XZCr + 3.3 (XMo+ZW) + 16%N

13
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Table §

Case study of a typical 40 nozzle deluge system

35a Alternative designs

lengths of pipe required
Pipe dia. (inches) (metres)
90/10 Cupro- |Super Duplex
Nickel
1 36.65 52.4
1.5 23.85 33.5
2 25.4 5.9
3 31.5 28.5
4 22.85 25.0
6 25.03 -
Valve Set (mm) 150 100
No of Supports 55 34
Inlet Press Reqd.(bar) 5.28 10
Flow (litres/min) 4368 4880
Pipe Volume (litres) 809 472
Dry Wt. (Kgs) 634 542
Wet Wt. (Kgs) 1442 960

5b Costs
90/10 Cupro- Zeron Change
Nickel 100
(£) (£) %)
Piping Material 6500 6400 -2
Supports 1100 680 =38
Prefab Labour 7000 4000 -43
Total 14600 11080 -24
5c Weights
90/10 Cupro- Super Duplex
Nickel
Dry Wt. (tonnes) 28.5 24.3
Wet Wt. (tonnes) 46.3 36.8
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Table 6

Case Study of a Typical Firewater Ring Main
6a Lengths of Materials Reqired (metres)

Pipe Dia. (inches)| 18] 12 8 6 4 3 2
Cupro-Nickel 170y - 5 |30 | 40 - o
(3.5m/sec)
Zeron 100 170 - 5 |30 |40 -
(7m/sec)
Zeron 100 170 - 5 |30} 40
(12m/sec)
6b Weights
90/10 Cu-Ni Zeron 100

3.5m/sec (7m/sec)
Dry Wt. (tonnes) 17.4 6.7
Wet Wt. (tonnes 46 19
Pipe Supports (No.) 123 82

6c Costs

90/10 Cu-Ni | Super Duplex Chang%

(£) (£) (%)
Piping Material 96000 - 60000 -38
Supports 3700 1650 =55
Prefab Labour 32010 9500 -70
Total 131700 71150 -46
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