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Abstract: Duplex stainless steels were first manufactured early in the 20th century, but it was the
introduction in the 1970s of the argon-oxygen decarburisation (AOD) steel making process and
the addition of nitrogen to these steels, that made the alloys stronger, more weldable and more
corrosion resistant. Today, duplex stainless steels can be categorised into four main groups, i.e.,
“lean”, “standard”, “super”, and “hyper” duplex types. These groups cover a range of compositions
and properties, but they all have in common a microstructure consisting of roughly equal proportions
of austenite and ferrite, high strength, good toughness and good corrosion resistance, especially
to stress corrosion cracking (SCC) compared with similar austenitic stainless steels. Moreover,
the development of a duplex stainless-steel microstructure requires lower levels of nickel in the
composition than for a corresponding austenitic stainless steel with comparable pitting and crevice
corrosion resistance, hence they cost less. This makes duplex stainless steels a very versatile and
attractive group of alloys both commercially and technically. There are applications where duplex
grades can be used as lower cost through-life options, in preference to coated carbon steels, a range
of other stainless steels, and in some cases nickel alloys. This cost benefit is further emphasised if the
design engineer can use the higher strength of duplex grades to construct vessels and pipework of
lower wall thickness than would be the case if an austenitic grade or nickel alloy was being used.
Hence, we find duplex stainless steels are widely used in many industries. In this paper their use
in three industrial applications is reviewed, namely marine, heat exchangers, and the chemical and
process industries. The corrosion resistance in the relevant fluids is discussed and some case histories
highlight both successes and potential problems with duplex alloys in these industries. The paper
shows how duplex stainless steels can provide cost-effective solutions in corrosive environments,
and why they will be a standard corrosion resistant alloy (CRA) for many industries through the
21st century.

Keywords: stainless steels; materials selection; industrial applications

1. Introduction

Duplex stainless steels contain more than 19% chromium and have more than 30% of
both ferrite and austenite. They were first invented in the early part of the 20th century, but
it was not until the 1970s, with the introduction of AOD (argon-oxygen decarburization)
melting and recognition of the benefits of nitrogen additions, that duplex stainless steels
became attractive for widespread industrial use.

Modern duplex stainless steels contain approximately 50/50 austenite and ferrite
in their microstructure, and they combine the high strength of ferrite with the ductility
and toughness of the austenite. The addition of nitrogen enables better equi-partitioning
of elements between the two phases, higher strength in the austenite, better corrosion
resistance, and improved weldability, to name but a few benefits [1,2]. These alloys are
metallurgically engineered to optimise properties. Computational thermodynamics has
been very successfully used by steelmakers to establish the relationship between bulk
composition, heat treatment temperature, phase equilibria, elemental partitioning between
the phases and precipitation kinetics of these steels [3–5]. As such, this tool enables the

Metals 2021, 11, 836. https://doi.org/10.3390/met11050836 https://www.mdpi.com/journal/metals

https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-3735-2037
https://www.mdpi.com/article/10.3390/met11050836?type=check_update&version=1
https://doi.org/10.3390/met11050836
https://doi.org/10.3390/met11050836
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/met11050836
https://www.mdpi.com/journal/metals


Metals 2021, 11, 836 2 of 23

optimisation of composition, thermomechanical processing, microstructure, mechanical
properties and likely localised corrosion resistance of these grades.

The commonly used duplex stainless steels have good corrosion resistance in a wide
range of environments and excellent resistance to stress corrosion cracking (SCC) [6,7].
Their high strength and hardness also give them good resistance to erosion corrosion [8],
cavitation [9] and corrosion fatigue [9]. There are also cast versions of many of the duplex
compositions and these have seen extensive use for pumps, valves and other equipment.
So, these alloys offer a very attractive range of properties to engineers and are readily
available in a wide range of product forms.

Duplex stainless steels have been adopted by many industries to varying degrees.
They are widely used in the oil and gas, chemical process, marine, power, pulp and paper,
pollution control, mineral processing, and civil and structural engineering industries.

Duplex stainless steels also have good resistance to atmospheric corrosion, and they
have been used for a range of applications instead of carbon steel, because they need no
painting or significant maintenance in aggressive atmospheres [9]. Their high strength
means that thickness savings are possible and duplex stainless steels can be cost-effective
compared with painted carbon steel on a life cycle cost basis [9], as is discussed in more
detail in Section 5.4.

2. Alloys

Although some of the older duplex stainless steels are still available, this discussion
will be confined to alloys that are commonly used in industrial plants.

The compositions of some common wrought alloys are shown in Table 1, with some
common austenitic alloys for comparison. Table 2 shows the nominal composition of some
commonly used cast duplex alloys, again with some cast austenitic alloys for comparison.

Table 1. Nominal Compositions of some commonly used wrought stainless steels. PREN: Pitting Resistance Equiva-
lent Number.

Type Uns No. Generic Name
Nominal Composition (wt.%)

PREN *
Fe C+ Cr Ni Mo N Cu W Mn

Austenitic

S30403 304L Bal 0.03 18 8 - - - - 1.5 18
S31603 316L Bal 0.03 17 10 2 - - - 1.5 24
N08020 Alloy 20 Bal 0.07 20 28 2.5 - 3 - 1.5 28
N08904 904L Bal 0.03 20 25 4 - 1.5 - 1 34

Super Austenitic
S31254 6%Mo Bal 0.03 20 18 6 0.2 0.7 - 0.7 43
N08367 6%Mo Bal 0.03 20 25 6 0.2 - - 1 43
N08926 6%Mo Bal 0.03 20 25 6 0.2 1 - 1 43

Lean Duplex

S32304 2304 Bal 0.03 23 4.8 0.3 0.1 - - 1.5 24
S32101 2101 Bal 0.03 21 1.5 0.3 0.22 - - 4.5 26
S82011 2102 Bal 0.03 21 1.5 0.3 0.22 - - 2.5 26
S32202 2202 Bal 0.03 22 2 0.3 0.2 - - 1.5 26
S32003 2003 Bal 0.03 20 3.5 1.9 0.2 - - 1.5 >30

Duplex S32205 2205 Bal 0.03 22 5 3.2 0.17 - - 1 35
S31803 2205 Bal 0.03 22 5 3 0.13 - - 1 34

Superduplex S32760 Z100 Bal 0.03 25 7 3.5 0.25 0.7 0.7 0.7 >41
S32750 2507 Bal 0.03 25 7 3.6 0.27 - - 0.8 >41

Hyperduplex S32707 2707 Bal 0.03 27 6.5 4.8 0.4 - - 1.4 49
S33207 3207 Bal 0.03 32 7 3.5 0.5 - - 1.4 >50

* PREN = %Cr + 3.3(%Mo + 0.5x%W) + 16x%N. Bal = Balance ± Maximum.
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Table 2. The nominal compositions of some commonly used cast duplex stainless steels.

Type ASTM + Generic
Name

Nominal Composition (wt.%)
PREN *

Fe C # Cr Ni Mo N Cu W Mn

Austenitic
CF8M 316 Bal 0.08 17 10 2 - - - 1 24

CK3MCuN 6% Mo Bal 0.025 20 18 6 0.2 0.7 - 0.8 43
CN3Mn 6% Mo Bal 0.03 21 25 6.2 0.2 0.3 - 1 43

Standard Duplex Grade 4A 2205 Bal 0.03 22 5.5 3 0.16 0.5 - 1 35

25%Cr Duplex Grade 1A x CD4MCu Bal 0.04 25 5 2 - 3 - 0.7 32
Grade 1B CD4MCuN Bal 0.04 25 5 2 0.14 3 - 0.7 34

Superduplex Grade 5A 2507 Bal 0.03 25 7.5 3.7 0.25 - - 1 >41
Grade 6A Z100 Bal 0.03 25 8 3.5 0.25 0.7 0.7 0.7 >41

+—ASTM designations taken from A351 for austenitic and A995 for duplex. * PREN = %Cr + 3.3(%Mo + 0.5x%W) + 16x%. # = Maximum.
Bal = Balance x = withdrawn.

Full final quality heat treatment and water quenching is essential if the desired prop-
erties are to be achieved. Any heat treatment or other thermal process that takes the alloy
too far from the nominal phase balance, or introduces third phases, can result in reduced
mechanical properties, corrosion resistance or both. It should be recognized that failure to
properly process these grades can have significant cost and safety implications, and can
be very difficult to rectify [10,11]. For this reason, a number of high-volume users have
adopted a very prescriptive manufacturer qualification system in an attempt to secure a
quality product [12,13].

A common way of comparing stainless steels is by their Pitting Resistance Equivalent
Number [14] (PREN), where,

PREN = %Cr + 3.3(%Mo +0.5x%W) + 16x%N. (1)

This is an empirical formula that relates an alloy’s composition to its resistance to
pitting and crevice corrosion in chloride-containing solutions. The higher the PREN the
greater is the resistance to localised attack. The formula is widely used in industry and
has been adopted by ISO 15156/NACE MR0175, the standard for materials used in sour
oil and gas service [15]. Many standards, including NORSOK, the Norwegian oil and gas
standard, insist on a PREN > 40 for stainless steels and nickel alloys in seawater service [16].
ISO 17781 [17] characterizes the duplex alloys in terms of PREN, i.e., lean duplex (24 ≤
PREN ≤ 30), standard duplex (30 < PREN < 40), superduplex (40 ≤ PREN < 48), and hyper
duplex (48 ≤ PREN ≤ 55).

For almost every austenitic alloy there is a duplex stainless steel with similar localized
corrosion resistance, higher chloride stress corrosion cracking resistance, strength and,
often, lower cost. 304L and 316L austenitic stainless steels are widely used in industry
and the steel mills have developed a range of lean duplex alloys, with low nickel and
molybdenum to provide a higher strength alternative to 304L and 316L. The earliest lean
duplex was 2304, which provides a corrosion resistance close to that of 316L. More recently,
alloys with less nickel and more nitrogen have been developed to provide similar corrosion
resistance and high strength at lower cost. The three alloys, 2101, 2102, and 2202, are all
proprietary with similar properties. They are lower cost than 316L, but the factor holding
up their wider use, at the time of writing, is the limited availability in product forms such
as pipe, fittings, flanges and bar.

Alloy 2003 is also proprietary and offers a greater corrosion and SCC resistance than
316L with its PREN > 30, but less than that of 2205 duplex. This alloy has found uses
in the oil and gas industry [18] and has potential for the process and chemical and other
industries.

Alloy UNS S31803 is the original specification for what is commonly known as stan-
dard duplex. However, its nitrogen content could be as low as 0.08% with adverse implica-
tions for weldability and corrosion resistance. UNS S32205 was introduced to guarantee a
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consistently high level of corrosion resistance with higher minimum contents for chromium,
molybdenum and nitrogen. UNS S32205 is now the preferred composition and most man-
ufacturers dual certify their 2205 to both specifications. Alloy 2205 is widely used in
many industries, particularly where the SCC resistance of the 300 series austenitic alloys is
inadequate. It offers a higher strength and lower cost than the austenitic alloy 904L, with a
similar corrosion resistance in many fluids. It is considered the work horse CRA by the oil
and gas industry.

The superduplex stainless steels offer a similar corrosion resistance or better when
compared with the 6%Mo austenitic alloys, but at much lower cost, because of their
lower nickel and molybdenum contents. These alloys have found a wide variety of uses in
aggressive process fluids, as well as seawater and sour oil and gas fluids [9] on land, topside
and subsea. Superduplex stainless steel has become the main alloy for piping, pumps,
energy recovery equipment and valves in seawater reverse osmosis (SWRO) desalination
plants, because of its cost benefit, good availability, and equivalent resistance to crevice
corrosion in seawater compared with competing 6%Mo super austenitic grades [19].

In addition, there are some hyper duplex alloys with higher concentrations of chromium,
and nitrogen than superduplex. Hyper duplex alloys form intermetallic phases readily
and as such are difficult to make, so they are only available as tube and thin walled pipe.
Like superduplex grades, they have been used subsea, for umbilical lines by the oil and
gas industry [9] and for heat exchanger tubing handling aggressive fluids [20]. There are
also some duplex alloys that have been developed to address corrosion issues in specific
industries, such as UNS S32900, which is for hot, strong nitric acid service, and UNS S32906
for urea service and resistance to carbamate [21].

The cast alloys are a little different, such that there is not such a wide variety to choose
from. Only seven alloys are listed in ASTM A995 (for pressure-containing castings) [22].
The compositions of some common cast alloys are shown in Table 2.

ASTM A995 grade 4A is the cast version of 2205 and this alloy has been widely used
for pumps, valves and other cast components. CD4MCu was a 25%Cr cast alloy that was
originally developed for sulphuric acid service, but it has been superseded by a variant
with a nitrogen addition. The addition of nitrogen gives CD4MCuN a useful resistance to
chlorides as well as sulphuric acid [9].

Of the superduplex alloys, Z100 (grade 6A) started life as a casting alloy and has been
widely used for many cast components, including pumps and valves. Care is required
in casting when producing thick section components, but castings up to around 10 tones
finished weight have been produced successfully. The cast version of 2507 (grade 5A) has
a slightly higher strength than Z100 because of its higher ferrite content. This can lead
to cracking problems when trying to produce thicker section components [23]. Francis
and Hebdon [24] discuss the need for the correct heat treatment of thicker sections, in
particular to obtain satisfactory properties. They discuss how to optimize each step of the
heat treatment process and show what happens if these are not adhered to. Both alloys
have been used for pumps and valves, particularly in seawater applications.

The origins of “lean” stainless steels can be traced back to strategic element shortages
experienced during the Korean world war [25], so it’s interesting to note that the drive to
develop lean duplex grades didn’t begin until after standard and super duplex grades were
well established [26]. Lower and more stable costs in the face of volatile metal markets,
and an attractive combination of properties were used to target the high-volume markets
of 304L and 316L and substitute them with lean duplex alloys. The lean duplex alloy range
is extensive, but its industrial application is still heavily dependent on the cost of nickel
and is therefore cyclical in nature. These grades are proving to be rather more difficult to
manufacture, form, and fabricate than expected despite the reduced tendency to sigma
phase formation than standard, super and hyper duplex types. This along with limited
product form availability [27] and lack of standardization in design codes has contributed
to a less than expected deployment of these grades. However, there are a growing number
of ad hoc, project-specific successes for lean duplex grades. These are typically where the
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cost and customized properties of a specific lean duplex grade is considered optimum
for the project. Such applications include tanks [28], bridges [29], biofuels [30], water
distribution [31], offshore wind [32], airport roofs [33], offshore platform blast walls, panels,
flooring, and staircases [34].

3. Mechanical Properties

The minimum mechanical properties at room temperature of some common wrought
austenitic and duplex stainless steels are shown in Table 3. The mechanical properties of
the three lean duplex alloys, 2101, 2102 and 2202, shown in Table 1, are the same. It can be
seen that the wrought duplex stainless steels are significantly stronger than their austenitic
counterparts.

Table 3. Minimum mechanical properties of some common wrought stainless steels at room tempera-
ture. Elong n.: Elongation.

Type UNS No. Generic
Name

0.2% Proof
Stress (MPa)

Tensile Strength
(MPa)

Elong n.

(%)

Austenitic
S31603 316L 170 485 40
N08904 904L 220 490 35
S31254 6%Mo 310 655 35

Lean Duplex

S32304 2304 400 630 25
S32101 2101 450 650 25
S82011 2102 450 650 25
S32202 2202 450 650 25
S32003 2003 450 655 25

Standard Duplex S32205 2205 450 655 25

Superduplex S32750 2507 550 750 25
S32760 Z100 550 750 25

The high strength of duplex stainless steels is reflected in the high design stresses
for both vessels and pipes. This means that there is scope for wall thickness savings with
duplex alloys, particularly at higher temperatures and pressures. This can also result in
savings in fabrication time and cost.

The duplex castings are also substantially stronger than the cast austenitic alloys.
This means there is scope for significant wall thickness and hence weight savings as with
wrought alloys, although this is curtailed somewhat by the need for sufficient thickness for
liquid metal to flow freely through and fill the mold. However, in the case of the offshore oil
and gas industry the reduction of equipment weight on the platform has been a significant
driver towards the use of duplex stainless steels. Duplex castings are also much more
resistant to hot tearing than are fully austenitic castings, and therefore much easier and
less expensive to produce.

Minimum and maximum operating temperatures are defined in design codes such as
EN 10028-7 [35]. These limits are set to avoid brittle fracture as a consequence of loss of
toughness due to the precipitation of alpha prime with long term exposure to temperatures
above 280 ◦C, and by a ductile to brittle impact transition temperature of about −50 ◦C.
This behaviour is well known for 22%Cr and 25%Cr grades but the limits are perhaps less
well known for lean duplex grades. However, because the toughness of duplex stainless
steels can be expected to fall with increasing thickness, codes also limit thickness to a
maximum of 50 mm to 75 mm [36]. In special cases heavier thicknesses may be used on the
basis of a favourable fracture mechanics analysis.

Wiesner [37] has considered the toughness requirements to avoid brittle fracture of
duplex stainless steels in both the as-delivered and as-welded conditions. He concluded
that a duplex stainless-steel structure with an impact energy of at least 40 J at the minimum
design temperature is sufficient to avoid brittle fracture. More recently, Groth et al. [38] have
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shown that the codes may be over conservative for lean, standard and superduplex grades.
Indeed, the oil and gas industry has a long history of the use of duplex stainless with
toughness requirements of 45 J minimum at −46 ◦C. Under certain operating conditions
in subsea applications the possibility of Joule–Thompson cooling can cause temperatures
as low as −70 ◦C to prevail. In this case meeting the heat affected zone (HAZ) toughness
requirements in forged API weld neck and swivel ring flanges has been problematical [39].
The HAZ of duplex welds has the lowest toughness, but special manufacturing procedures
for these forgings have now resulted in the successful use of superduplex stainless steels
for this application [40]. In this case, superduplex was used in place of alloy 625 (UNS
N06625) at about one fifth of the cost.

4. Fabrication

The duplex stainless steels require care in welding, but there are many experienced
fabricators because of the alloys’ widespread use in the oil and gas industry. When welding
it is essential to begin with material that is properly solution heat treated and free from
intermetallic phases. During welding, it not always possible to completely avoid the
precipitation of intermetallic phases, so it is necessary to use welding parameters that
minimize their precipitation in the weld metal and HAZ, as these will reduce toughness
and corrosion resistance. The welding of duplex stainless steels and the additional tests
required over and above those in ASME IX that are considered necessary to evaluate the
quality of the microstructure are discussed by Francis [9] and ISO 17781 [17]. Quite low
levels of intermetallic phase precipitation are known to significantly reduce corrosion
resistance [41] and toughness [42]. There is no specific volume fraction of sigma phase that
is defined as acceptable in a weld/HAZ in ISO 17781, because of the difficulty in easily
establishing and measuring the presence of low levels of intermetallic phases using the
light microscope [43]. If a joint is suspected of containing low levels of intermetallic phase,
then passing corrosion test and impact test requirements shows the joint can be considered
acceptable irrespective of the microstructural appearance [44,45]. Nevertheless, overall,
microstructural evaluations remain an essential tool in diagnosing the root cause of any
problems and greatly assist in determining any remedial action should problems arise.
Welded joints are almost always used in the “as welded” condition as stress relief heat
treatment can cause the precipitation of a phase known as alpha prime that can embrittle
the joint. There are a number of ways of enhancing the performance of these welds. The
importance of post-weld cleanup and the use of nitrogen-containing gases to improve weld
corrosion resistance has been discussed by Gunn [46] and Francis [9].

5. Industrial Experience

In the sections below, the resistance of duplex alloys to corrosion in some specific
service fluids is discussed, using as examples, marine, heat exchangers, the chemical and
process industries, and atmospheric exposure. For details of the use of duplex stainless
steels in other industries, the reader is referred to Francis [9].

5.1. Marine

For many years, copper alloys have been used in seawater, but the super stainless
steels are attractive for this service because of their higher strength, Youngs modulus
(meaning fewer pipe supports are required), and high resistance to erosion corrosion [9].
The risk with stainless steels is crevice corrosion, and there have been numerous studies of
crevice corrosion in natural seawater. Figure 1 shows the results from three laboratories
after 60-day exposures at three seawater temperatures [47–49]. Ferralium, in this instance,
was an older derivative 25% Cr duplex alloy with a PREN~37. Only the superduplex
stainless steel and the 6%Mo austenitic alloy (both with PREN exceeding 40) resisted attack.
These results and the work of Kovach and Redmond [50] explain why standards such as
NORSOK require a PREN > 40 for stainless steels for seawater service.
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Figure 1. Maximum depth of crevice corrosion of some stainless steels after 60 days in natural seawater [47–49].

Because stainless steels are not inherently resistant to biofouling in natural seawater
it is common to add chlorine or hypochlorite to the seawater to prevent this. Typical
dosing rates would be 0.5 to 1.0 mg/L free chlorine. Chlorine is a powerful oxidizer, and it
increases the susceptibility of stainless steels to crevice corrosion in seawater [47,48].

Figure 2 shows the depth of crevice corrosion with 1 mg/L chlorine after exposure
for 60 days at two temperatures. While the 6%Mo austenitic and superduplex alloys
both resisted attack at 16 ◦C, the 6%Mo alloy suffered a little attack at 40 ◦C, while the
superduplex was resistant.

Figure 2. Maximum depth of crevice corrosion of some stainless steels after 60 days in chlorinated
(1 mg/L) seawater. Adapted from [45].

At the time of writing superduplex is preferred to 6%Mo austenitic because of its
lower cost, due to the lower nickel and molybdenum additions.
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Francis and Byrne presented the results of both service experience and laboratory
testing to define the safe chlorination limits for superduplex at different seawater tempera-
tures [51], as shown in Table 4.

Table 4. Maximum operating temperatures for superduplex stainless steel as a function of chlorine
content [51].

Chlorine (mg/L) Temperature (◦C)

200 10
5 20
1 30

0.7 40

A common crevice in seawater cooling systems is a flanged joint, and it has been
shown that crevice corrosion can occur here with superduplex or 6%Mo austenitic stainless
steels if a suitable gasket is not selected. Francis and Byrne [52] and Rogne et al. [53]
have shown that PTFE creates a very tight gasket because it does not absorb water, while
synthetic fibre gaskets and neoprene do, and the crevice is much less aggressive, as shown
in Figure 3.

Figure 3. Critical crevice temperature for 6%Mo austenitic stainless steel with different gaskets at +600 mV SCE. Adapted
from [53].

Another problem can occur if the gasket contains graphite, as this is electropositive to
stainless steel in chlorinated seawater and can cause galvanic corrosion on the flange face,
as shown in Figure 4. Graphite is not required to obtain a seal in seawater systems, and
synthetic fiber gaskets or galvanically compatible spiral wound gaskets will give a good
seal in seawater without corrosion [52].
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Figure 4. Corrosion of a superduplex flange under a graphite-containing gasket [52].

These results have been borne out by extensive experience with superduplex cast and
wrought products since they first entered service in 1986. Superduplex has been widely
used for seawater piping systems, pumps, filter vessels, valves, submerged fasteners,
and many other applications in the marine environment. Figure 5a shows a superduplex
seawater manifold that was part of the seawater cooling system for an aluminium plant.
Figure 5b shows superduplex fasteners that hold the rubber fenders to a concrete dock
in the Middle East. This is a demanding application because of the very warm seawater
temperatures in the summer.

Duplex stainless steels also have outstanding resistance to erosion corrosion in sea-
water, particularly when silt or sand is present [8,9]. A gas compression plant in Central
America needed seawater cooled heat exchangers to cool the gas during several stages of
compression, using seawater. The intake was situated in a shallow bay, which was stirred
up every time there was a tropical storm. This meant there was an intermittent sand and
silt loading of up to 50,000 mg/L. These solids caused serious and rapid erosion of both the
nickel aluminium bronze seawater feed pumps and the 90/10 Cu-Ni heat exchanger tubes.

A superduplex pump design was modified to cope with the high sand loading, so that
a little erosion corrosion would not cause a big reduction in pump performance. The wear
rings were coated with tungsten carbide, and the cases were fabricated from plate, as they
were too large to cast easily. One of these pumps is shown in Figure 6, and they performed
so well that further pumps were ordered when a plant expansion took place.

The lower alloy duplex stainless steels do not resist crevice corrosion in aerated
seawater, but they have found applications in multiple effect desalination (MED) plants. In
the evaporators (1, 2, 3, and 4 in Figure 7), seawater is sprayed onto tubes carrying steam,
which condenses under the cool spray.
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Figure 5. Applications for superduplex stainless steel in seawater. (a) Seawater manifold (b) Fasteners
for rubber dock fenders.

Figure 6. Large superduplex seawater pump to handle high suspended solids loading.



Metals 2021, 11, 836 11 of 23

Figure 7. Schematic drawing of a multiple effect desalination (MED) plant.

Vapour from the seawater then passes to the next stage, where it is condensed by
further seawater spray. Four stages are shown in Figure 7, but in a large MED plant
there could be up to twelve or so stages, or effects. As the seawater vaporises it loses
incondensible gases, including oxygen. Thus, the evaporators are low in oxygen, but are
not fully deaerated. Figure 8 shows the different potentials that stainless steel can adopt in
seawater [54].

Figure 8. Potentials that can occur with stainless steels in seawater [54].

In natural seawater a biofilm forms over a period of a few days to a few weeks,
which depolarizes the cathodic reaction (the reduction of dissolved oxygen), elevating the
potential to around +300 mV SCE. If chlorine/hypochlorite is added to the seawater to
control fouling, the biofilm does not form, but chlorine/hypochlorite is a powerful oxidizer
and the potential rises to around +600 mV SCE. If the seawater is heated to 25 to 30 ◦C
above the normal ambient temperature, the biofilm does not form and the potential is then
much lower, around +150 mV SCE (warm seawater). If the seawater is partially deaerated,
then the potential falls further, and with 200 ppb oxygen it is around −150 mV SCE. When
the seawater is fully deaerated the potential is around −500 mV SCE.
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It has been demonstrated that the critical crevice temperature of stainless steels in
seawater increases as the potential is lowered, particularly at potentials more negative than
0 mV SCE for lean duplex stainless steels [55,56]. Hence, the lean duplex stainless steels
will be satisfactory in the low oxygen environment in the evaporators.

Traditionally, the evaporator walls, tube sheets, and tube support plates were 316 L
austenitic stainless steel, but the higher strength and lower cost of lean duplex stainless
steels, means that they are the more cost-effective choice in modern MED plants [55].

5.2. Heat Exchangers

All over the world there is frequently a need to cool a process liquor and often the
only suitable water is seawater or brackish water. Duplex stainless steels offer an attractive
choice for tube and shell heat exchangers because of their resistance to corrosion in a wide
range of waters and their resistance to corrosion and SCC in a wide range of process fluids.
In many cases a low alloy austenitic stainless steel has traditionally been used with a low
chloride, chemically treated water, which must be cooled by a titanium plate heat exchanger
with seawater. The resistance of superduplex stainless steel to corrosion in seawater means
that the plate heat exchanger can be removed, and the process fluid can be cooled directly.

In a tube and shell heat exchanger there are no internal crevices because the tubes are
usually seal welded to the tubes sheets, which are also superduplex. The weld is potentially
the weak link here, but its corrosion resistance can be increased by welding with a nitrogen-
containing shielding gas, such as Ar-2%N, and by pickling after welding [57]. With such
a method of construction, superduplex heat exchangers have operated successfully with
lightly chlorinated seawater at internal tube wall temperatures of 60–70 ◦C.

Howing pointed out that where conditions favoured the formation of scale that
adhered to the tube walls, the maximum safe operation temperature would be reduced for
both 2205 and superduplex [58].

The gas compression plant described above in Section 5.1 used superduplex heat
exchangers to replace copper-nickel ones that had failed due to severe erosion by the sand
loading (Figure 9). The heat exchangers used seal welding as described above and were
satisfactory in service.

Figure 9. Superduplex heat exchanger with seal welded tube plate to handle seawater with a high
sand content.

Sulphuric acid is one of the most commonly used chemicals, and it is often produced
by burning sulphur and dissolving the SO2 and SO3 in water to produce acid. This process
is very exothermic and the acid requires cooling before it can be stored. Z100 superduplex
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has good resistance to sulphuric acid, better than that of 2507. This is because of its copper
content [9]. This is shown in the iso-corrosion curves (0.1 mm/y) in Figure 10.

Figure 10. Iso-corrosion curves (0.1 mm/y) for some common stainless steels in sulphuric acid.
Adapted from [59].

The concentrated acid can vary in strength, with 91 to 95% acid being termed weak
acid, and 96 to 100% acid being termed strong acid. The iso-corrosion curve for Z100
suggests that it will be OK in strong acid and tests under commercial conditions showed
it had acceptable corrosion resistance in strong acid [59]. In weak acid the high silicon
austenitic stainless steels, such as UNS S32615, have better corrosion resistance [59].

Traditionally acid coolers used 316 L tubes with anodic protection on the acid side
and treated cooling water inside the tubes. Alloy Z100 has been used for acid coolers
in a number of sulphuric acid plants around the world where seawater was the primary
coolant, as shown in Figure 11.

Figure 11. A small sulphuric acid cooler in Z100 superduplex. Photo courtesy of Steve Clarke.
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This has led to the use of Z100 for other applications in sulphuric acid plants, such as
orifice plates in trough distributors, filters, vortex breakers, and similar applications on the
strong acid side.

The strength of superduplex can also be utilised when cooling process fluids at high
temperatures and pressures. An offshore platform had to cool a gas stream with seawater,
with maximum design conditions of 200 bar and 200 ◦C, and chose superduplex stainless
steel as it would resist both fluids. In order to contain the gas safely it was on the inside
of the tubes, which were not seal welded to the tube sheet, but were attached using back
face welding. In this, a small spigot is machined on the inside face of the tube sheet for
each tube, and the tube is GTA welded to this using a special torch from inside the tube
(Figure 12).

Figure 12. Example of tubes back face welded to a tube sheet.

Because small weld beads are not deposited on to a heavy tube plate, weld cooling
rates are such that good phase balance and acceptable HAZ hardness can be retained in
the joint. The machined recess in the tube plate can be filled with flux to minimise OD
(oxidation during) welding. After welding, the flux is vacuumed away, the recess can
then be used to insert a radiographic film, the welding head on the inside of the tube
replaced with an X ray source and then each joint can be radiographically examined. This
guarantees a high integrity joint and means there is no seawater access between the tube
and tubesheet. The seawater was on the outside of the tubes, so the shell and tube support
plates were all superduplex to resist corrosion. Under such conditions it is important to
maintain sufficient seawater flow on the shell side so that the tube od (outside diameter)
temperature ≤70 ◦C.

When U-bends are used in heat exchangers there is often discussion about whether
to stress relieve the cold formed bends. Shargay et al. carried out a detailed examination
of 2205 and superduplex U-bends and concluded that duplex stainless steels should NOT
be stress relieved after bending [60]. Superduplex bends did not lose significant corrosion
resistance down to 1.5D bend radius, while 2205 duplex was satisfactory down to 3.3 D
bend radius, where D is the tube od [60].

When very hot fluids are produced in an offshore oil well it is sometimes required
to cool the produced fluids subsea so that they can be transported for processing by a
carbon steel pipeline. Superduplex stainless steel has been used for this as shown in
Figure 13. Superduplex is resistant to the corrosive fluid inside the tubes, but the od wall
temperature can exceed the critical pitting temperature. The sea provides a large heat
sink and the superduplex is protected from external corrosion by the sacrificial anode
cathodic protection (CP) system (anodes visible attached to frame in Figure 13.) that is
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also protecting the coated carbon steel frame. Care should be taken when subjecting
duplex stainless steels to CP as they are susceptible to hydrogen induced stress cracking
(HISC) [61]. However, robust design codes to avoid HISC are available [62].

Figure 13. Subsea heat exchanger in superduplex stainless steel with anodes for external corrosion
protection.

In addition to sulphuric acid, superduplex stainless steel has some resistance to dilute
hydrochloric acid, as shown in the iso-corrosion curves in Figure 14. This has been utilised
in a vinyl chloride monomer plant, where the HCl intercooler was in carbon steel, and it
failed numerous times by corrosion from condensing HCl under upset conditions [63].

Figure 14. Iso-corrosion curves (0.1 mm/y) for some stainless steels in hydrochloric acid [9].

The inlet temperature was 110 ◦C and the outlet was 24 ◦C, while the cooling medium
was a brackish water with 320 mg/L chloride at a pH of 8.5. The Z100 superduplex
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replacement cooler had tubes that were seal welded to the tube sheet as shown in Figure 15.
The heat exchanger performed well in service, and superduplex has been used to solve
other corrosion problems in the same plant [63].

Figure 15. Superduplex heat exchanger for the HCL column intercooler in a VCM plant.

In addition to tube and shell there are several other types of heat exchanger, including
plate, printed circuit and compact. Superduplex stainless steel is difficult to form into
the complex shapes in a plate heat exchanger in a single operation without cracking [64].
Pressing in stages with inter-stage annealing increases the cost too much compared with
titanium or 6%Mo austenitic stainless steel. However, 2205 duplex can be formed into
plates with appropriate care [64]. Utilizing duplex stainless steel in printed circuit or
compact heat exchangers is also difficult and greater formability and reliability can be
obtained with titanium or high nickel alloys.

5.3. Chemical and Process

Duplex stainless steels have been widely used in the chemical and process industries,
either to resist SCC where austenitic alloys are susceptible, or to handle very corrosive
liquors. One of the first industries to embrace duplex stainless steels was the Kraft process
in the pulp and paper industry, where wood chips are treated with hot caustic soda, using
a sodium sulphide catalyst. As the process fluids became more aggressive, first carbon
steel and then 316 L austenitic stainless steel suffered excessive corrosion and/or SCC.
Duplex stainless steels solved numerous corrosion problems as shown by the applications
in Table 5. Many of these applications are discussed in detail in [9,65].

Table 5. The many uses of duplex stainless steel in Kraft pulp and paper mills [9].

Area Application Alloy

Cooking Plant

Pre-steaming vessels 2205
Impregnation vessel 2101,2304, 2205

Digester vessel 2101,2304, 2205
Pulp discharge tank 2101,2304, 2205
Digester flash tanks 2205

Liquor heaters 2205
High pressure feeder components 2205

Liquor piping 2205/2101
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Table 5. Cont.

Area Application Alloy

Oxygen Delignification O2 Delignification vessel 2205
Post O2 Washers 2101

Bleach Plant Brownstock washers 2101/2205

Recovery

Evaporators 2101/2205
White and green liquor storage 2101/2003/2202

Weak black liquor storage 2101
Heavy/strong black liquor storage 2205/superduplex

Paper Machine Headbox 2205
Suction rolls 2205

While alloy 2205 was initially used in many pulp and paper applications, the avail-
ability of lean duplex stainless steels at a cost below that of 316L austenitic has resulted in
a switch to these alloys. Figure 16 shows some large vessels in 2304 lean duplex awaiting
installation.

Figure 16. A 2304 digester and impregnation vessel digester for a Canadian Kraft pulp mill awaiting assembly. Photo
courtesy of Steve Clarke.

Duplex stainless steels have excellent resistance to corrosion fatigue in white water,
and as suction rolls have become longer and of increased diameter, the properties of 2205
have made it attractive for suction rolls. More recent data show that lean duplex 2304 has
equivalent or better resistance to corrosion fatigue in white water than 2205, making it a
lower cost option for suction rolls [65,66].

In the refining and petrochemical industries duplex stainless steels are widely used
and Table 6 shows some of the applications. One interesting application for duplex stainless
steels is in caustic soda, particularly at higher temperatures and concentrations. Carbon
steel is limited in its use by corrosion and SCC, as defined by NACE SP0304 [67]. Austenitic
stainless steel 316L is limited to about 70 ◦C by its susceptibility to caustic SCC [68]. The
iso-corrosion curves of 316L and some duplex stainless steels in caustic soda are shown in
Figure 17 [69].
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Table 6. Examples of the uses of duplex stainless steels in refineries and petrochemical plants [9]. SCC: stress corrosion
cracking.

Area Application Alloy

Refinery

Crude desalters 2205 & Superduplex
Amine towers lean/rich H/Ex 2205

Amine reclaimer units with caustic 2205
Filter drums (at risk of SCC) 2205

Fresh and brackish water coolers 2205

Steam Cracker

Freshwater cooling towers/coolers 2101/2102/2205
Dilution steam generators 2205

Spent caustic oxidation vessels/piping 2205 & Superduplex
Coolers for acidic process condensate 2205 & Superduplex

Aromatics
Feed fraction tower airfins/piping/vessels 2205

Aromatics/HC separation units, reboilers, H/Ex tubing 2205

Polymers

Polypropylene piping, drums, dust collectors, dryers and
rotating equipment 2205

Elastomer slurry tanks, vessels, piping and rotating equipment 2205
LLDPE extruder feed shafts 2205

LDPE co-polymer piping 2205
Elastomer extruder barrels and screws 2205

Intermediates and other fluids

Corrosive service with organic acids, sulphuric acid, nitric acid,
phosphoric acid, caustic, carbonyls etc at high temperature

and pressure
2205

Intermediate storage tanks 2101/2102

Figure 17. Iso-corrosion curves (0.1 mm/y) for some stainless steels in caustic soda [69].

Francis and Clarke discuss the replacement of carbon steel and 316L stainless steel in
caustic soda service with duplex or superduplex in the minerals processing industry [69],
while Table 6 shows the applications of duplex in caustic recovery and waste lines. The
author was involved in a chemical plant in the Middle East where carbon steel piping in
the caustic recovery lines was cracking (25 wt.% caustic at 85 ◦C). A change to 2205 duplex
completely solved the problem. Francis and Clarke highlighted the differences between
diaphragm and membrane grades of caustic and the effect this can have on corrosion and
SCC [69].
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Duplex stainless steels are frequently chosen for their resistance to chloride SCC
and Figure 18 shows the limits of use as a function of chloride concentration. It is clear
that duplex stainless steels have superior resistance compared with 316L austenitic, and
superduplex is superior to the 6%Mo austenitic alloys. Note that these limits are for near
neutral pH solutions under mildly oxidizing conditions. Strongly oxidizing conditions can
greatly increase the susceptibility to SCC for all stainless steels [6,9].

Figure 18. Threshold temperature/chloride regions for SCC (stress corrosion cracking) of some common stainless steels [9].

There are many other applications in the chemical process industries where duplex
stainless steels have been used to solve corrosion problems, such as handling ammonium
carbamate in the production of urea [21], and handling spent acid in the production of
rutile (TiO2) from ilmenite ores [9]. As new processes are developed, one or more of the
duplex stainless steels will probably offer useful properties.

5.4. Atmospheric Corrosion

Many plants operate close to the sea and the atmosphere can be extremely corrosive,
particularly in warmer latitudes [70,71]. These can be class C5 or CX using the ISO
9223 designation [72]. Duplex stainless steels offer superior corrosion resistance to 316L
austenitic stainless steel in such environments [70,71]. Francis discusses a number of
applications of 2205 duplex for bridges in the tropics, such as the Stonecutters Bridge in
Hong Kong and the Marina Bay Bridge in Singapore (Figure 19) [9].

Although carbon steel was an option, it would have required a very high-quality
coating system plus regular inspection and repair. Duplex stainless steel offered a signif-
icantly lower through-life cost, because of the minimal maintenance. In less aggressive
atmospheres lean duplex stainless steels have been used for bridges and for storage tanks
holding less aggressive chemicals [73]. The advantage of lean duplex compared with steel
is that it requires no painting, while it is stronger than 316lL, offering savings by reducing
the cross section.
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Figure 19. Marina Bay Bridge in Singapore constructed entirely of 2205 duplex stainless steel. Photo
courtesy of Outokumpu Stainless AB.

One area that requires care is when duplex or superduplex pipes are carrying hot
process fluids and may get splashed with seawater, such as offshore platforms. A salt
crust can build up and cracking may occur in the concentrated solution beneath the crust.
There was a failure of a 2205 vessel at about 100 ◦C, which initiated a lot of research [74].
Although cracking could be induced in the laboratory on duplex pipes at high stresses
and temperatures below 100 ◦C, failures, even on hotter pipes, were not reported [9].
The reason for this is that the drip rate of seawater is critical. If it is too fast, a salt crust
never forms, while if it is too slow, the bottom of the crust dries out and the metal is no
longer wetted. The Norwegian NORSOK standard [16] requires that 2205 and superduplex
pipes operating above 100 ◦C and 110 ◦C, respectively have a protective coating. The
most common protective coating is thermally sprayed aluminium, but high temperature
polymers can be considered. Since the NORSOK regulations were introduced, there have
not been any major failures of hot duplex process lines due to external SCC.

6. Conclusions

From the above discussion it is clear that duplex stainless steels offer some significant
advantages over a number of competing alloys for many industries. These include high
corrosion resistance to many fluids, high strength, good weldability, and availability in a
wide range of product forms.

Three industries that are very active, and that use duplex stainless steels have been
discussed. There are many others where duplex stainless steels are widely used, such as
the oil and gas industry, seawater reverse osmosis (SWRO) desalination, and the mining
and mineral processing industries.

The discussion above also shows that the selection of materials for aggressive envi-
ronments requires not just the composition of the fluid and the temperature, but also the
redox potential. There are aggressive environments where the redox potential can suit the
application of duplex stainless steels, such as the mineral processing industry. There are
others where the redox potential can be adjusted to enable the use of lower cost alloys.

Duplex stainless steels also have very good resistance to corrosion in aggressive
atmospheres and there are several engineering structures, where maintenance is difficult,
which have made good use of duplex stainless steels.
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Duplex stainless steels are not commodity alloys, and it is important to use a suitable
procurement specification that includes additional testing, plus the necessary QA/QC to
police it [9].
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