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INTRODUCTION

Superferritic stainless steels are a rat-
her recent development. For years
engineers have had interest in ferritic
stainless steels because of their advan-
tages over competing materials. Ferri-
tic stainless steels have excellent resi-
stance to chloride pitting and crevice
corrosion, they are resistant to chlori-
de stress corrosion cracking and they
have excellent resistance to organic
acids and caustic environments. But
they had one major problem: the
normal carbon and nitrogen caused
low ductility and reduced toughness.
It wasn’t until the mid sixties that
several new technology develop-
ments allowed the production of
stainless steel with low interstitial car-
bon and nitrogen. These were elec-
tron beam melting (EBM), electroslag
remelting (ESR), argon-oxygen-decar-
burization (AOD) and vacuum-oxy-
gen-decarburization (VOD).

Superferritics were developed in three
phases. The first phase used high pu-
rity melting techniques, vacuum in-
duction furnaces and electron beam
melting. The second phase involved
adding nickel to the alloys to impro-
ve the manufacturability; and the
third phase used stabilizing elements
titanium and niobium (columbium)
together with AOD refining to allow
commercial production.
The first superferritic, E-Brite 26-1,
was introduced in 1970 by C. D. Sch-
wartz, I. A. Franson and R. J. Hodges
of Allied Vacuum Metals1. It is based
on the composition of Type 446 ferri-
tic stainless steel which contains 23 –
27% Cr. E-Brite 26-1 has an intersti-
tial C+N content of 
£ 200 ppm attained only by a combi-
nation of vacuum induction melting
followed by EBM or ESR. This results

in an improvement in the ductile to
brittle transition from +120° C
(250°F), for Type 446 stainless to -60°
C (-80°F) for E-Brite 26-1. This alloy
possesses outstanding corrosion resi-
stance, especially to chlorides and
strong caustic environments.
The success of E-Brite 26-1 prompted
the development of a number of ot-
her alloys. The first was 29Cr-4Mo by
M. A. Streicher2 at duPont who filed
for patent several months after E-Brite
26-1 was introduced. In 1974 Climax
Molybdenum introduced 18-23 and
several months later Deutsche Edel-
stahlwerke introduced 28Cr-2Mo. De-
spite the outstanding performance of
these alloys in chloride environ-
ments, they were not commercially

practical because of the need for dou-
ble vacuum processing. 
Work was undertaken at a number of
steel mills to stabilize the alloys with
titanium and/or niobium and to use
AOD refining to obtain the low car-
bon levels. R. Oppenheim and J. Len-
nartz4 of Deutsche Edelstahlwerke are
thought to be the first with 28Cr-
2Mo in 1974. In the meantime Strei-
cher developed 29Cr-4Mo-2Ni which
was still produced by vacuum mel-
ting. This alloy led to the develop-
ment of Monit® , 26Cr-4Mo-4Ni, by
Nyby-Uddeholm5 in Sweden, SEA-
CURE® Stainless, 27-4-2, by K. E. Pin-
now6 of Crucible Research in the Uni-
ted States and 29-4C by Allegheny
Ludlum also in the United States.
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Figure 1. Installation history of high performance stainless steel condenser tubing

Type 446 Stainless S44600

E-Brite 26-1 S44627

18-2 Stainless S44400

29-4 S44700

29-4-2 S44800

Monit S44635

AL 29-4C S44735

SEA-CURE® Stainless S44660

Table I: Superferritic stainless steels by name and UNS number

Common alloy name UNS number
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These alloys will be designated by
their UNS Numbers hereafter in this
paper. Refer to Table I for the cross re-
ference to the common Trademarked
names.
The Superferritics were introduced to
the power market in 1979 for use in
main steam condensers. The first Su-
peraustenitic condenser tubes, AL-6X,
were installed in 1975 and the first
Superferritic condenser installation,
29-4C, was in 1974. Since then nearly
60,000,000 feet of Superferritic con-
denser tubing has been installed. Fi-
gure 1 illustrates the cumulative
quantities of both superaustenitic and
superferritic stainless steels that have
been installed. Last year the superfer-
ritic stainless steels surpassed the total
installed footage of superaustenitic
stainless steel. Since 1998 82% of all
high performance stainless steel tu-
bing installations have been superfer-
ritic, and the majority of that is UNS
S44660.
This surge in condenser usage is a re-
sult of a combination of outstanding
chloride induced corrosion resistance,
excellent sand erosion resistance and
droplet impingement resistance, ex-
cellent heat transfer properties, out-
standing mechanical properties in
conjunction with over 20 years of
successful operation history, ready
availability and attractive pricing.

COMPOSITION AND METALLURGY

Superferritic stainless steels are char-
acterized by high chromium, high
molybdenum and are stabilized with
titanium and/or niobium. Composi-
tions of the most common superferri-
tics are given in Table II. 
The addition of nickel is an impor-
tant development. Nickel lowers the

ductile-brittle transition (DBT) tempe-
rature so the alloy is ductile over a wi-
der temperature range. Nickel addi-
tions together with low interstitial
carbon and nitrogen allow the DBT to
be reduced to -120°F (-84°C) for UNS
S44660. Nickel also improves the cor-
rosion resistance to reducing acids.
If the carbon and nitrogen are high in
the iron-chromium alloys, then forma-
tion of an austenite loop in the high
chromium alloys may form. This me-
ans martensite forms during cooling
from heat treating temperatures. Mar-
tensite is hard, brittle and has limited
ductility. By keeping the C+N £
0.06% martensite formation can be
prevented and the alloys retain a
single phase ferritic structure. The
grains are uniform and equiaxed with
no grain boundary precipitates.

CHLORIDE CORROSION RESISTANCE

Stainless steels derive their corrosion
resistance from a very thin, in the
range of 10 to 30 atoms thick, surface
passive layer consisting of Cr2O3 and
Fe2O3 in which the chromium to iron
ratio is greater than 1.0. As long as
this passive layer remains intact stain-
less steel is resistant to corrosion at-
tack. Chloride ion is the major corro-
dant of stainless steel. Pitting and cre-
vice corrosion are the two most com-
mon corrosion mechanisms invol-
ving chloride ion, followed by chlori-
de stress corrosion cracking in the
low nickel austenitic stainless steels.
Low pH makes this corrosion attack
worse. For power station condenser
applications, chlorides are the most
common corrodant.
Monnartz7 discovered the synergistic
effect between molybdenum and ch-
romium in extending the corrosion

resistance of stainless steel to acid ch-
lorides. The superferritic alloys requi-
re more chromium and less molybde-
num to accomplish this as compared
to the superaustenitic stainless steels.
The most common method of testing
the stainless steels is the use of ASTM
G 48, which uses ferric chloride and
usually at pH less than one. The cre-
vice corrosion test, Practice D, is the
more aggressive, especially at tempe-
ratures over 40°C (100°F). Since crevi-
ce corrosion is temperature depen-
dent, a convenient way to rank alloys
is the critical crevice corrosion tempe-
rature (CCCT), the temperature above
which crevice corrosion takes place. 
A convenient method of estimating

Figure 2. Critical crevice corrosion temperature 

as a function of PRE-number showing the 

variation according to alloy classification

Table II: ASTM chemical composition of superferritic alloys

S44600 0.012 23.0-30.0 -- -- 0.75 0.10-0.25 --

S44627 0.010 25-27.5 0.75-1.50 0.5 0.40 0.015 0.05-0.20 Nb

S44400 0.025 17.5-19.5 1.75-2.50 1.00 1.00 0.035 0.80

S44700 0.010 28.0-30.0 3.5-4.2 0.15 0.20 0.020 --

S44800 0.010 28.0-30.0 3.5-4.2 2.0-2.5 0.20 0.020 --

S44635 0.025 24.5-26.0 3.5-4.5 3.5-4.5 0.75 0.035 0.80

S44735 0.030 28.0-30.0 3.60-4.20 1.00 1.00 0.045 1.00

S44660 0.030 25.0-28.0 3.0-4.0 1.0-3.50 1.00 0.040 1.00

UNS Number C Cr Mo Ni Max Si Max N Max Ti/Nb Max
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relative corrosion resistance is to use
the pitting resistance equivalent
number (PREN) developed by Rockel8

and defined as:

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

Kovach and Redmond9 combined the
PREN with the CCCT and created a
chart which allows a comparison of
the relative resistance of any compo-
sition of stainless steel to the tempe-
rature at which crevice corrosion
starts. Figure 2 is a modification of
the original chart. 
A ranking of the relative chloride resi-
stance of selected stainless steels is
presented in Table III. In this table
the alloys will be resistant to crevice
corrosion at temperatures and chlori-
de contents below those stated. This
table indicates that a superferritic
with essentially the same PREN will
have a critical crevice corrosion tem-
perature higher than an equivalent
superaustenitic stainless steel. 
Pitting corrosion is not as severe as
crevice corrosion and the critical pit-
ting temperature is not as clearly defi-
ned. In most cases starts approxima-
tely 40°C (100°F) above the critical
crevice corrosion temperature. Figure
3 illustrates the effect of pH, chloride
content and alloy composition on the
pitting resistance of austenitic stain-
less steels with various molybdenum
contents. The superferritic stainless
steels are included on this chart, but
will lie between the 6% and 9% Mo
lines. 
The other problem with stainless steel
and chloride service is stress corro-
sion cracking. Again, there is a thres-
hold temperature, below which the

alloy will not crack, above which it
will. In general, this threshold tempe-
rature increases with molybdenum
content. For S30403 stainless steel the
threshold temperature is at room
temperature, 
20°C (70°F), S31603 stainless 50°C
(125°F), N08367 225° C (450°F), 
and S44660 225° + C (450°+F).

MICROBIOLOGICALLY INDUCED

CORROSION (MIC)
Superferritic stainless steels are resi-
stant to MIC caused by sulfuric and
sulfurous producing bacteria. This is
critical in some condenser locations.
Of particular interest, especially to
power stations along the Ohio, Ten-
nessee and southern Mississippi Ri-
vers, is the resistance to permangana-
te in the presence of chloride. This
combination of chemicals is genera-
ted when condensers containing co-
lonies of manganese fixing bacteria,
usually gallionella, are present and
the system is chlorinated to destroy
the colonies. The chlorine or hy-
pochlorous acid reacts with the man-
ganese dioxide deposits, the metabo-
lic by-product from the bacteria, to
produce hydrochloric acid. A more
complete dissertation on this reac-
tion is given elsewhere10. The super-
ferritic stainless steels are resistant to
the action of the hydrochloric acid. 

EROSION AND STEAM

IMPINGEMENT RESISTANCE

Both the superferritic and superaus-
tenitic stainless steels have outstan-
ding resistance to steam side droplet
impingement, cavitation, turbulence
and high velocity flow. These alloys
resist both mechanical damage and

the tendency for flow to accelerate
corrosion. Their high mechanical
strength is the major factor in resis-
ting mechanical damage due to flow.
The durability of these alloys is furt-
her enhanced by their ability to be
significantly work hardened. Under
the local strain of impingement or
flow the surface of these already
strong materials will work harden to
even higher levels. Resistance to flow
accelerated corrosion is largely deter-
mined by the nature of the passive
layer on the surface of the material.
Alloys such as these high performan-
ce stainless steels form thin hard
passive films. This results in excel-
lent resistance to accelerated corro-
sion due to flow in these alloys. Ta-
ble IV compares the different classes
of alloys for these parameters. 

MECHANICAL AND PHYSICAL

PROPERTIES

Superferritic stainless steels are char-
acterized by high strength, the hig-
hest modulus of elasticity of any
common heat exchanger material,
good elongation, high hardness,
good thermal conductivity and excel-
lent fatigue endurance. The coeffi-
cient of thermal expansion is close to
that of carbon steel, so the expansion
and contraction of the tubes in the
condenser will be nearly the same as
the carbon steel shell, resulting in
minimal deflection of the tube
sheets. A comparison of the different

Figure 3. Pitting corrosion as a function of chloride

content, pH and molybdenum content of austenitic

chromium alloys. The superferritics will lie near the

9% Mo line. Temperature range 150° - 180° F (65° -

80°). Pitting not a problem below the line, but may be

severe above the line. 

Type 439 S43035 18 < -2° C (28° F) 100

Type 304L S30403 19 < -2° C (28° F) 100

Type 316L S31603 24 < -2° C (28° F) 500

Type 317L S31703 28 2° C (36° F) 1000

Type 317LM S31725 32 16° C (61° F) 2500

Type 317LMN S31726 33 20° C (68° F) 5000

Type 2205 S32205 34 24° C (75° F) 7500

AL-6XN® N08367 45 45°C (113° F) 18000

SEA-CURE® S44660 46 52° C (125° F) 20000+

Alloy UNS Number PREN CCCT Max Chloride

Table III: Maximum chloride resistance at temperature for various stainless steels
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alloy types is presented in Table V.
The comfortable spread between the
yield strength and ultimate tensile
strength combined with high ductili-
ty makes these alloys very easy to
work. The high strength not only
imparts resistance to damage during
operation, but also reduces the risk of
installation related damage. 

VIBRATION RESISTANCE

Vibration is a problem in all low
pressure condensers. The maximum
length between support plates is de-
termined by the equation
L = 9.5[(EI)/�v2D]1/4

where L is the unsupported length, E
is the modulus of elasticity, I is the
moment of inertia, Ú is the turbine
exhaust density, v the average ex-
haust steam velocity at the conden-
ser neck and D is the tube diameter.
The variation in tube spacing for dif-
ferent alloys becomes a ratio of the
modulus of elasticity times the mo-
ment of inertia (EI). The moment of
inertia is a function of the tube wall
thickness. Thus, as the modulus of
elasticity decreases the tube wall
must increase accordingly to main-
tain the same unsupported tube
length.
Table VI compares a number of al-

loys with the normal wall thickness
used in condenser applications. This
comparison was made on the basis
of Admiralty Brass as the standard
length. When the relative span beco-
mes longer, the tube is immune from
vibration, as it becomes less, the tu-
be becomes susceptible to vibration.
In the case of C70600 and R50400
the tubes would need to be staked to
prevent vibration. The superferritics
would not need staking, nor would
they vibrate, assuming the C44300
tubes are stable.

THERMAL PERFORMANCE

Superferritics have excellent thermal
performance in steam condensers
compared to other stainless steels
and have similar performance as
R50400. The heat transfer perfor-
mance, based on the HEI method of
calculation, is essentially the same as
that of the copper nickel alloys be-
cause of their good thermal conduc-
tivity, thin wall thickness and ability
to maintain cleanliness. Superferri-
tics also have the potential for im-
proved heat transfer by increasing
the water velocity through the tubes.
Since the water velocity typically is
established to prevent erosion of
copper based alloys, it is possible to

increase the velocity significantly to
improve heat transfer without the
danger of inlet end erosion of the su-
perferritic tubing. Table VII compa-
res the heat transfer for a number of
different tube alloys. The significant
point here is the turbine back pres-
sure and the fact that the superferri-
tics can maintain a very low back
pressure. 

TUBESHEET MATERIALS

The main criterion for tubesheet
materials is its ability to resist crevi-
ce corrosion. For this reason one of
the 6% molybdenum alloys is the
best choice for use in seawater. For
less aggressive environments S22205
is a good choice as is one of the 4%
molybdenum alloys. Alloy S31603
should never be used because of the
risk of dissimilar metal crevice cor-
rosion and the attack of both the tu-
besheet and tubes. Superferritic tu-
bes can be installed into virtually
any tubesheet material. However, if
the tubesheet is not galvanicly com-
patible or fully resistant to crevice
corrosion in the service environ-
ment, then the tubesheets must be
coated.

EDDY CURRENT TESTING

Superferritic stainless steels can be ed-
dy current tested in the condenser,
however they require full magnetic
saturation. Therefore testing must in-
corporate an electromagnet or a per-
manent magnet. In theory this mate-
rial should be able to be tested using
Flux Leakage methods. So far no one
has been able to demonstrate that

Table IV: Relative resistance to flow, erosion and impingement

Copper Alloys 7 Poor Poor

Copper-Nickel 11 Marginal Marginal

300 Series Stainless >125 Good Good

Superferritics >150 Very Good Very Good

Titanium 120 Good Acceptable

Alloy Type Max. Flow in Sea Cavitation and Steam Side Droplet
Water, ft/sec Turbulence Impingement

Ult. St. ksi 40 52 100 85 50

Yld. St. , ksi 15 18 45 65 40

Elong. % 25 30 20 20

Hard. HB 20 22 100 104 92

Mod. Of Elas. Psi 18.0x106 22.0x106 28.2x106 31.5x106 14.9x106

Density,lb/ci 0.32 0.323 0.29 0.278 0.16

Thermal Exp. 9.5 8.2 8.7 5.38 5.20

Thermal Cond. 26 17 7.5 10.3 12.5

Fatigue Strength, ksi 20 25 33 35 16

Corrosion in Still Seawater @ 65° mpy 2.1 0.67 <0.001 <0.001 <0.001

Max Flow in Seawater fps 8 10 >150 >125 120

Property 90-10 Cu-Ni 70-30 Cu-Ni AL-6XN® SEA-CURE® Grade 2

C70600 C71500 N08367 S44660Ti R50400

Table V: Comparative properties of alloys in sea water
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they can achieve the necessary sensi-
tivity with Flux Leakage. Many tes-
ting service providers have successful-
ly eddy current tested these alloys.
However, because of the added diffi-
culties in testing and interpretation it
is suggested that testing vendors be
required to demonstrate their profi-
ciency.

ALLOY LIMITATIONS

Superferritic stainless steels have the-
se limitations:
1. They are sensitive to hydrogen em-

brittlement. If the condenser is
operated with a cathodic protec-
tion system, the voltage must ne-
ver exceed 0.80 volts. If embrittle-
ment does occur, the reaction is
easily reversible by heating to 100°
F (40°C) or allowing the tubes to sit
in air for 24 hours.

2. They are sensitive to 885° F (475°
C) embrittlement. This starts at
about 600° F (315° C) and is cumu-
lative. However, they can be opera-
ted at 550° F (300° C) indefinitely
without danger of embrittlement.

3. Superferritic stainless steels are sub-
ject to embrittlement if they are
operated at temperatures below -
40° F (-40° C). This better not be a
problem with a steam condenser.

SUMMARY

Superferritic stainless steels are rather
new, lower cost addition to the heat
transfer engineering world, but in

their brief service time they have ma-
de a definite impact. Their excellent
corrosion resistance, especially with
respect to acid chlorides and MIC at-
tack, have made them attractive alter-
natives for steam condenser service.
The modulus of elasticity, the highest
of all common engineering alloys,
provides excellent vibration resistan-
ce. Their thermal expansion coeffi-
cient is close to that of carbon steel so
bending stress on the tubesheet is
minimized. Most important, their
good thermal conductivity and abili-
ty to maintain cleanliness means they
can maintain a low turbine back pres-
sure.
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C44300 Admiralty Brass 0.049 in. (1.24 m) 1,000

C70600 90-10 Cu-Ni 0.035 in. (0.89 m) 985

R50400 Ti Grade 2 0.025 in. (0.64 mm) 515

N08367 AL-6XN® 0.028 in (0.71 mm) 1,035

S44660 SEA-CURE® 0.028 in (0.71 mm) 1,160

Table VI: Relative spans for different alloys and wall thickness

Alloy Nominal wall thickness Relative span

C44300 Admiralty Brass 18 595 0.85 1.67 16.02

C70600 90-10 Cu-Ni 20 536 0.85 1.73 13.13

N08367 AL-6XN® 22 531 0.95 1.73 11.92

R50400 Ti Grade 2 22 568 0.95 1.70 11.92

S44660 SEA-CURE® 22 550 0.95 1.71 11.92

Alloy Gage U Cf Ps HL

Table VII: Thermal performance of various alloys in condenser service

U = Overall Heat Transfer Ps = Saturation Back Pressure

Cf = Cleanliness Factor HL = Head Loss
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