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Preface

Practically all industries face the problem of corrosion — from the micro-scale of
components for the electronics industries to the macro-scale of those for the chemi-
cal and construction industries. This explains why the overall costs of corrosion still
amount to about 2 to 4% of the gross national product of industrialised countries
despite the fact that billions of dollars have been spent on corrosion research during
the last few decades.

Much of this research was necessary due to the development of new technologies,
materials and products, but it is no secret that a considerable number of failures in
technology nowadays could, to a significant extent, be avoided if existing knowledge
were used properly. This fact is particularly true in the field of corrosion and corro-
sion protection. Here, a wealth of information exists, but unfortunately in most
cases it is scattered over many different information sources. However, as far back
as 1953, an initiative was launched in Germany to compile an information system
from the existing knowledge of corrosion and to complement this information with
commentaries and interpretations by corrosion experts. The information system,
entitled “DECHEMA-WERKSTOFF-TABELLE” (DECHEMA Corrosion Data Sheets),
grew rapidly in size and content during the following years and soon became an
indispensable tool for all engineers and scientists dealing with corrosion problems.
This tool is still a living system today: it is continuously revised and updated by
corrosion experts and thus represents a unique source of information. Currently, it
comprises more than 12,000 pages with approximately 110,000 corrosion systems
(i-e., all relevant commercial materials and media), based on the evaluation of over
100,000 scientific and technical articles which are referenced in the database.

Increasing demand for an English version of the DECHEMA WERKSTOFF-
TABELLE arose in the 1980’s; accordingly the first volume of the DECHEMA Corro-
sion Handbook was published in 1987. This was a slightly condensed version of the
German edition and comprised 12 volumes. Before long, this handbook had spread
all over the world and become a standard tool in countless laboratories outside
Germany. The second edition of the DECHEMA Corrosion Handbook was pub-
lished in 2004. Together the two editions covered 24 volumes.

Water is commonly described either in terms of its nature, usage, or origin. The
implications in these descriptions range from being highly specific to very general.
The present handbook compiles new and updated information on the corrosion
behaviour of iron, nickel, zinc and their alloys in contact with the following water
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grades: drinking water, sea water, industrial and municipal waste water and high
purity water.

All water contains some dissolved oxygen and is therefore somewhat corrosive.
The rate of corrosion depends on many factors including the water’s pH, electrical
conductivity, oxygen concentration, and temperature. In addition to corrosion, metals
dissolve when the water is extremely low in dissolved salts and in the presence of
certain water-borne ions.

Understanding how to improve the corrosion resistance of iron, nickel, zinc and
their alloys used in construction, transport and storage vessels and structures
against this omnipresent chemical is crucial for all industries involved. This book is
therefore an indispensable tool for all mechanical, civil and chemical engineers,
material scientists and chemists working with these materials.

This handbook highlights the limitations of iron, nickel, zinc and their alloys in
various water grades and provides vital information on corrosion protection mea-
sures. The chapters are arranged by the media leading to individual corrosion reac-
tions, and a vast number of alloys are presented in terms of their behaviour in these
media. The key information consists of quantitative data on corrosion rates coupled
with commentaries on the background and mechanisms of corrosion behind these
data, together with the dependencies on secondary parameters, such as flow-rate,
pH, temperature, etc. Where necessary this information is complemented by more
detailed annotations and by an immense number of references listed at the end of
each chapter.

An important feature of this handbook is that the data was compiled for industrial
use. Therefore, particularly for those working in industrial laboratories or for indus-
trial clients, the book will be an invaluable source of rapid information for day to day
problem solving. The handbook will have fulfilled its task if it helps to avoid the
failures and problems caused by corrosion simply by providing a comprehensive
source of information summarising the present state of the art. Last but not least, in
cases where this knowledge is applied, there is a good chance of decreasing the
costs of corrosion significantly.

Finally the editors would like to express their appreciation to Dr. Rick Durham
and Dr. Horst Massong for their admirable commitment and meticulous editing of
a work that is encyclopaedic in scope.

Michael Schiitze, Marcel Roche and Roman Bender



How to use the Handbook

The Handbook provides information on the chemical resistance and the corrosion
behaviour of iron, nickel, zinc and their alloys in contact with the following water
grades: drinking water, sea water, industrial and municipal waste water and high-
purity water.

The user is given information on the range of applications and corrosion protec-
tion measures.

Research results and operating experience reported by experts allow recommenda-
tions to be made for the selection of materials and to provide assistance in the assess-
ment of damage.

The objective is to offer a comprehensive and concise description of the behaviour
of these materials in contact with a particular aqueous medium.

The information on resistance is given as text, tables, and figures. The literature
used by the authors is cited at the corresponding point. There is an index of materi-
als as well as a subject index at the end of the book so that the user can quickly find
the information given for a particular keyword.

The Handbook is thus a guide that leads the reader to materials that have already
been used in certain cases, that can be used or that are not suitable owing to their
lack of resistance.

The resistance is labeled with three evaluation symbols in view of concise presen-
tation. Uniform corrosion is evaluated according to the following criteria:

Symbol Meaning Area-related mass loss rate Corrosion rate
x Y
g/m*h g/m*d mm/a
+ resistant <0.1 <24 <0.1
) moderately resistant >0.1t0<1.0 >241t0<24.0 >0.1t0<1.0
- not resistant >1.0 >24.0 >1.0

The evaluation of the corrosion resistance of metallic materials is given

e for uniform corrosion or local penetration rate, in: mm/a and mpy
 orif the density of the material is not known, in: g/m” h or g/m? d.

Xl
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Pitting corrosion, crevice corrosion, and stress corrosion cracking or non-uniform
attack are particularly highlighted.

The following equations are used to convert mass loss rates, x, into the corrosion
rate, y.

from x; in g/m* h from x, in g/m* d where

x, - 365 - 24 x, - 365 lue i h

————=y(mmfa) ————=y (mm/a x1: value in g/m
51,000 y (mmj/a) 1,000 y (mmj/a) 1 g/

y: value in mm/a
x,: value in g/m*d

d: days
p: density of material in g/cm?
h: hours

In those media in which uniform corrosion can be expected, if possible, isocorrosion
curves (corrosion rate y= 0.1 mm/a) are given.

Unless stated otherwise, the data was measured at atmospheric pressure and
room temperature.

The resistance data should not be accepted by the user without question, and the
materials for a particular purpose should not be regarded as the only ones that are
suitable. To avoid wrong conclusions being drawn, it must be always taken into
account that the expected material behaviour depends on a variety of factors that are
often difficult to recognise individually and which may not have been taken deliber-
ately into account in the investigations upon which the data is based. Under certain
circumstances, even slight deviations in the chemical composition of the medium,
in the pressure, in the temperature or, for example, in the flow rate are sufficient to
have a significant effect on the behaviour of the materials. Furthermore, impurities
in the medium or mixed media can result in a considerable increase in corrosion.

The composition or the pretreatment of the material itself can also be of decisive
importance for its behaviour. In this respect, welding should be mentioned. The
suitability of the component’s design with respect to corrosion is a further point
which must be taken into account. In case of doubt, the corrosion resistance should
be investigated under operating conditions to decide on the suitability of the selected
materials.



Warranty disclaimer

This book has been compiled from literature data with the greatest possible care and
attention. The statements made in this book only provide general descriptions and
information.

Even for the correct selection of materials and correct processing, corrosive attack
cannot be excluded in a corrosion system as it may be caused by previously
unknown critical conditions and influencing factors or subsequently modified oper-
ating conditions.

No guarantee can be given for the chemical stability of the plant or equipment.
Therefore, the given information and recommendations do not include any state-
ments, from which warranty claims can be derived with respect to DECHEMA e.V.
or its employees or the authors.

The DECHEMA e.V. is liable to the customer, irrespective of the legal grounds,
for intentional or grossly negligent damage caused by their legal representatives or
vicarious agents.

For a case of slight negligence, liability is limited to the infringement of essential
contractual obligations (cardinal obligations). DECHEMA e.V. is not liable in the
case of slight negligence for collateral damage or consequential damage as well as
for damage that results from interruptions in the operations or delays which may
arise from the deployment of this book.






High Purity Water

Authors: M. B. Rockel, D. Schedlitzki, R. Durham [ Editor: R. Bender

Introduction

High purity water is completely demineralised water, which through additional pur-
ification processes leads to the removal of remaining electrolytes, organic sub-
stances, particles, colloidal components, microbiological impurities and dissolved
gases to a very low content. Typical residual contents of electrolytes in high purity
water are a few ppt, for microorganisms < 1 CFU/ml and for organic components
(TOC) < 10 ppb. Until now there is no generally valid definition for the classification
of high purity water, however in various applications guidelines and standards
exist in which specifications for high purity water are contained [1-3]. A selection of
these guidelines and standards are given in Table 1.

Guideline / Standard Application Literature
DIN ISO 3696 Analytical chemistry [4]
ASTM D1193 Analytical chemistry 5]
DAB 10 (German Pharmacopoeia) Pharmaceuticals, medical products [6]
EUAB (European Pharmacopoeia) Pharmaceuticals, medical products, injections 7]
NCCLS approved guideline C3—-A3 Clinical laboratories 18]
usp 27 Pharmaceuticals 9]
VDI 2083 Sheet 9 (Draft) Clean room technology, electronics- and [10]
pharmaceuticals industries

Table 1: Guidelines and standards concerning specifcations for high purity water

To assess the quality of high purity water various parameters for the particular
application are used, e.g.:

¢ Electrical resistance or electrical conductivity

¢ Cation- and anion content, salt content, silicate content (SiO,)

¢ Dissolved organic carbon (DOC), total organic carbon (TOC), oxidisable sub-
stances

¢ microbial impurities, germ number, bacteria (living, total), bacteria endotoxins

e Particles (number, size)

¢ Dry residue

e pHvalue

¢ Dissolved gas content (oxygen, nitrogen, carbon dioxide)
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The corrosive attack on materials by high purity water differs far more greatly
from that of potable, spring or sea water, whereupon — dependent upon the type of
material — both strong attack (e.g. in plastics) and also lighter corrosion attack (e.g.

in some metals) by high purity water can be observed.

Physical and chemical properties

High purity water (molar mass 18.015 g/mol) is a clear, odourless and tasteless, col-
ourless liquid, which in thick layers appears blue. Some of the physical properties

are listed in Table 2.

Property
Melting point (at 1013 hPa) °C 0

K 273.15
Enthalpy of fusion (at 0°C) kJ/mol  6.010
Boiling point(at 1013 hPa) °C 100

K 373.15
Enthalpy of evaporation (at 100 °C) kJ/mol  40.651
Enthalpy of sublimation (at 0°C) kJ/mol  51.13
Surface tension (at 25 °C/1013 hPa) N/m 71.96 x 107
Viscosity (at 25 °C/1013 hPa) MPa s 0.8937
Specific heat capacity J/lg K 4.1855
Dielectric constant (at 25°C/1013 hPa) 80.18

Electrical conductivity uS/cm

0.0555-0.0635

Electrical resistance MQ .- cm 18

Table 2:  Physical properties of high purity water [2, 11]

The temperature dependence of density and vapour pressure on high purity water
in the temperature range 0-100 °C is reported in Table 3. The sharp rise in vapour
pressure above around 50 °C is of particular importance for organic materials, espe-
cially for coatings and linings, since increased permeation rates are to be expected

above this temperature.




Temperature Vapour pressure Density”
°C bar kg/m’
0 0.00611 999.84
10 0.01228 999.70
20 0.02338 998.20
30 0.04245 995.65
40 0.07382 992.23
50 0.12346 988.03
60 0.19936 983.19
70 0.31181 977.76
80 0.47379 971.79
90 0.70123 965.31
100 1.01325 958.36

Dat1atm

Table 3:

Physical and chemical properties

Temperature dependence of water vapour pressure and density [12]

5
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High Purity Water

Unalloyed and low alloyed steels/Cast steel

Unalloyed and low alloyed steels are significantly attacked in high purity water at
room temperature up to 100 °C, so long as the water is oxygen-rich. The maximum
oxygen solubility occurs at 60 °C and this is also associated with the maximum in
corrosion attack. At extreme temperatures the formation of a magnetite layer acts as
a protective layer. Therefore boiler steels in steam boilers are resistant up to 570 °C,
as long as pulsed operation with strongly changing pressure and temperature loads
(damage to the protective scale) are avoided. Also, the pH value should be neutral or
slightly alkaline and the start up and shut downs should proceed with caution.

Stress corrosion cracking can be avoided is the mechanical stresses of the compo-
nents remains under the yield strength (6< Rpy,) and no large compensation (yield
strength too high) exists and the purity of the water is < 0.2 pS/cm and gaseous
impurities are not present. Inhibitors such as hydrazine also greatly improve the
behaviour.

Carbon steels or boiler steels are only slightly attacked by distilled or deionised,
oxygen free water at room temperature. On the other hand steel in oxygen contain-
ing water or at 100 °C has only limited resistance. The corrosion values reach a max-
imum at about 60 °C in distilled water and are practically the same at room tempera-
ture and 100 °C [13]. When iron is exposed to high purity water oxides are produced,
which tend to be partly dissolved or can remain on the metal surface, whereby
hydrogen will be released:

Fe + 2 H,0 — Fe (OH), + H,
However, in boiling water Fe(II) hydroxide will be transformed to magnetite:
3 Fe (OH)Z - Fe304 + ZHzo + Hz

At higher temperatures this reaction occurs instantaneously [14]. The extensively
adherent magnetite film inhibits the further attack by water. The prerequisite for
good adhesion is a clean and blank metal surface, on which the Fe;O, can grow.
However, if the film is formed at a small distance from the metal surface, e.g. in the
presence of metallic copper, then it offers no protection [15].

The oxygen content of the water plays a very large role. Thus, one finds the follow-
ing corrosion rates in distilled water at 25 °C after 9 days duration [16]:

14 mg/dm? in water with 8.2 mg/1 oxygen
87 mg/dm” in water with 37 mg/1 oxygen.

Bare iron is only attacked until a flawlessly grown magnetite scale protects the
iron underneath. Therefore, one can use deaerated deionised water in non-protected
pipes, where the iron uptake is below 0.05 mg/1 [17]. In a failure analysis case, after
3 years service life a steel tank used for deionised water (2 mg/1 dissolved sub-
stances, pH 8.1-8.4, 60-70°C) with unimpeded access for oxygen and carbon di-
oxide, a 6 mm thick deposit of a shell like brown rust with undercutting pitting
corrosion had formed. In order to reduce the attack of high purity water on boiler
steels, additions of hydrazine during downtime are made (27 mg/l) [18]. Further
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inhibitors recommended include: 0.1 g Na,Cr,0; x H,0, 0.2 g K,Cr,07, 0.2 g KNO,,
0.2 g KCrO4 or 0.2 g LiOH (per litre respectively) [19, 20].

The already mentioned transformation of Fe(II) hydroxide into magnetite is par-
ticularly active between 120 and 570 °C [15]. All boiler and pipe walls become cove-
red with a uniform protective scale of magnetite during exposure, which relative to
the standard hydrogen electrode shows a very noble potential from +400 to
+500 mV, while for bare iron a potential of -440 mV was measured [21]. The scale
thickness on the pipes reached about 0.05 mm [22], on the boiler walls up to
0.2 mm. The interior of the vessel which is protected by magnetite is practically
immune to corrosion when the following conditions are filled:

¢ Uniform temperature, tailored to the material

e Avoidance of pulsed operation, extremely alternating loads and temperature
swings (to avoid spallation of protective scale)

¢ Adherence of a pH value in the vessel water between neutral and slightly
alkaline

¢ Exclusion of oxygen, chlorides and salts

e Caution with start ups and shut down

The Pourbaix diagram for iron in high purity water (for the temperatures 25, 100,
200 and 300°C) is discussed in [23]. It shows for the dissolution quantities 107 and
10 M, that

¢ Fe(OH),(crystalline) is stable up to 85 °C and therefore the Schikorr reaction
is thermodynamically not possible above 85 °C

¢ Fe(OH);(crystalline) and goethite are not stable at any temperature

¢ Haematite is the most stable solid product of Fe (III)

e Fe*(aq) is only stable at 25-100°C and pH > 0

 In high purity water (10 M) due to the hydrolysis step of Fe (II), a corrosion
area between iron and magnetite exists

The corrosion behaviour of steel in the cooling water of coal fired power stations
was reported [24]. Hereby, aspects of the application of demineralised water with
low phosphate additions (40-60 mg/l) and mechanical deaeration were sum-
marised. The optimum conditions exist when the pH value is > 9.5, the chloride
content is < 5 mg/l and some oxygen (about 1% air saturation, which means about
0.1 mg/l) is present, thus completely anaerobic conditions should be avoided. With-
out giving corrosion rates, a pH value adjusted to 8.5-9.5 is expected to show very
little to negligible attack (operating life at least 25 years).

The behaviour of a low alloyed steel in a test loop trial with regard to iron dissolu-
tion as well as scale formation under the conditions, such as in a pre-heater in a
power station, was examined in [25]. Iron dissolution is particularly higher in de-
ionised water at 150-160 °C under oxygen free conditions than with an oxygen con-
tent of 200 pg/l. Evidently in the presence of oxygen the steel exists in the passive
condition, which is also concluded from the very noble potential values.



8

High Purity Water

The influence of flow velocity and oxygen content (0.25-1 mmol/l) on the dissolu-
tion behaviour of iron in high purity (distilled) water was examined using the polar-
isation resistance of ring samples at 25°C [26]. The initial corrosion potentials of
-450 mVgcg rose to values of —200 and —100 mVcg, with the exception of the lowest
oxygen content. Final values of about 0.5 m/s were reached. For very low oxygen
contents the oxygen was cathodically reduced on the iron surface and corrosion is
accelerated. For medium oxygen contents oxygen reduction is significantly slowed
due to the formation of a porous scale (perhaps Fe(OH),) and iron dissolution
declines. For very high oxygen concentrations the corrosion potential decreases and
iron dissolution increases again.

The initial dissolution rate of steel in demineralised water with < 0.2 uS/cm was
determined radiometrically using radioisotope *°Fe at 20-100°C [27]. Although the
converted corrosion rates at higher temperatures as well as at higher oxygen con-
tents (6-8 mg/l) are initially higher than those in the deaerated state at 25 °C, never-
theless after a few minutes low values of < 0.02 mm/a were measured. The highest
corrosion rate was measured in the case with an oxygen content of 8 mg/1, however,
not at the higher temperature of 98 °C but rather at 25°C (up to 0.1 mm/a). It is
evident that in strongly aerated high purity water at 98 °C passivation is accelerated,
which could be explained by the low corrosion rate of 0.02 mm/a.

The anodic dissolution behaviour of iron in demineralised high purity water with
about 0.1 uS/cm and oxygen contents of about 5 mg/l as well as a flow velocity of
0.8 m/s at 25-140°C was investigated using polarisation curves [28]. From the
curves illustrated in Figure 1, after holding times of several hours at 140 °C a current
density of about 0.3 pA/cm? and thus a maximum corrosion rate of < 0.01 mm/a
can be deduced. Nevertheless, these values are an order of magnitude lower than
the values which have been measured by other authors using weight loss measure-
ments.

The initial corrosion rates of steel in high purity water with <0.2 pS/cm were
established by means of the *’Fe radioisotope method at 25 and 98 °C for 100 hours
exposure. At the lowest oxygen content (here: 6 ppm) and lower temperature
(25°C), the corrosion rate is the highest (up to 100 mg/m? h) and at higher oxygen
contents, i.e. from < 10 g/dm® it declines to 10 mg/m?* h. This low value is also
reached at higher temperatures (98°C) as well as at the above mentioned low and
high oxygen concentrations (via a form of passivation of the steel) [29].

The behaviour of the carbon steels (SA106grB (0.26 C, 0.89 Mn, 0.006 P, 0.025 S,
0.16 Si) / SA333gr6 (0.18 C, 0.86 Mn, 0.006 P, 0.019 S, 0.16 Si)) against uniform and
pitting corrosion as well as stress corrosion cracking in high purity water with oxy-
gen contents of 0.02-8 mg/1 at 288 °C was investigated in [30]. The corrosion poten-
tial is dependent upon the oxygen content and temperature. It increases at all tem-
peratures with increasing oxygen content; from 0.1 mg/] oxygen a clear increase is
noted. For higher oxygen concentrations (1-8 mg/l) in the measured temperature
range a maximum of Uy is found at 175 °C. Accordingly, in the case of the higher
oxygen contents the weight losses (200 h duration) at this maximum are high (corro-
sion rate up to 0.4 mm/a), see Figure 2.
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Figure 1: Anodic (1-4) and cathodic (5) polarisation curves of iron in high purity water (about
5 mg/l O,) [28]
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However, under normal boiling water reactor conditions (high purity water with
0.2 mg/l oxygen at 288 °C) the corrosion rates lie significantly lower (< 0.005 mm/a).
Pitting corrosion in water with 1-8 mg/l oxygen was determined exclusively in the
temperature range 60-225 °C and this justifies the high corrosion rates at high oxy-
gen contents. Through pitting corrosion, induced transgranular stress corrosion
cracking at high temperature and oxygen contents of 0.16, 1 und 8 mg/1 was deter-
mined. In the process, in the case of 0.16 mg/l oxygen the pitting induced stress
corrosion cracking occurred in the temperature range 150-265 °C.

However, cracks spread only at high stresses, i.e. close to the tensile strength.
Under practical boiling water reactor conditions, stress corrosion cracking should
not be a serious problem because interpretations with respect to the mechanical
strength as the maximum value take the yield strength into account.

A procedure for the surface cleaning of metals as an environmentally friendly
alternative to hydrofluorocarbons or other organic solvents has been developed
using high purity water at high temperatures (up to 95°C) [31]. It avoids rust resi-
dues as well as water stains (here: steel JIS G 3141, c.f.: Mat.-No. 1.0330, St 12, SAE
1008 JIS G 3141) because pure water can absorb large amounts of substances
removed from the surface. The water which is produced by a distillation process has
a very low oxygen content, therefore attack of the metal even after long exposure
times is negligible. Due to its very low surface tension and low viscosity, high purity
water covers the metal surface with a very thin film. The higher metal temperature
allows the water to quickly evaporate.

Corrosion rates of carbon steels in high purity water are dependent upon oxygen
contents. This was proven with tests in water with a pH value 6.5-7.2, 0.1-
2.0 pS/cm and an oxygen content in the region 0.010-8 mg/kg [32]. Measurements
were made at 80 and 200 °C. At both temperatures a decrease in corrosion rate with
increasing oxygen content was determined. At 80 °C with increasing oxygen content,
initially one finds in the region 10 to 200/400 ng/kg O, only a slight decrease, but
then from 400-600 pg/kg O, a steep drop in the corrosion rate. With higher conduc-
tivity the curves shift to slightly higher corrosion rates. The trend of the curves for
the accumulation of corrosion products in water is similar. The results show that
there is a critical oxygen content, above which the formation of a protective oxide
scale (about 0.2-0.3 pm thick) and therefore higher corrosion resistance is ensured.
In the case of higher conductivity the critical oxygen content lies at higher values,
while it decreases with increasing temperature.

The behaviour of low alloyed steels for rotors for steam turbines (3.5 NiCrMoV) to
the vulnerability of pitting corrosion in deionised water with 0.3 uS/cm as well as
with the addition of 1mg/l CI” at 80°C was investigated [33]. Hereby the purity of
the steel should be assessed; therefore samples from conventional production, from
used materials as well as in super pure quality were tested, with exposure times up
to 600 hours. Pit formation and growth were determined metallographically and
optically. One finds, that non-metallic inclusions such as MnS are the cause for pit-
ting corrosion. The pit growth rate is higher in chloride containing water and great-
est in stagnant water. Pit growth is a function of time, the pit intensity is not. In
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each case the super pure steel behaved the best in all conditions, both as regards to
pit intensity and pit dimensions.

In relation to the use of oxidising materials and their influence on the corrosion
behaviour of steel in power stations, electrochemical measurements in high purity
water with 0.07 uS/cm, pH 6.75-7.25 as well as 0.7-1.0 g/l oxygen content at 20—
25°C were conducted (water flow: 3.6-9.6 1/h). Independent of surface preparation
(cathodic reduction, long time oxidation in dry air, processing with abrasive materi-
als) comparable corrosion potentials occurred after 2 hours. Galvanostatically deter-
mined current density-voltage curves show in the whole potential region up to oxy-
gen development at 1.25 V a monotonous increase in the anodic current density,
however the values do not exceed 5 x 10”7 A/cm? (0.5 nA/cm?) [34].

In [35] the erosion corrosion of carbon steels in superheated steam tubes in
power stations was reported. The cause for the corrosion was assumed to be loca-
lised attack of the protective magnetite scale (preferably between this and the steel),
namely the result of lightly acidic water that formed in the pipes when the plant was
shut down. After turning it on again, the highly pure condensate can no longer
form the magnetite scale on such corroded locations. The result is localised corro-
sion. A remedy can be achieved by the controlled introduction of Si-containing
water. Evidently, this acts as a kind of inhibitor, by which silicon closes the pores of
the magnetite scale and therefore the corrosive solution does not reach the under-
lying steel.

For existing knowledge about stress corrosion cracking and corrosion fatigue of
carbon steel (as well as austenitic steel and nickel alloys) in high purity water with
300 pg/l oxygen and temperatures up to 320°C see [36]. In a variety of diagrams,
stress-cycles as well as stress-strain curves are shown; crack growth rates and crack
depths as a function of the mechanical stress are shown. Also, the effect of radiation
as well as weld beads is also addressed.

Crack growth on smooth samples always occurs on microscopic surface disconti-
nuities such as slip bands, grain boundaries, phase boundaries, secondary phase,
carbines etc. Crack rates as a function of operating life were determined firstly for
fine microscopic cracks, and later (i.e. after about 60% of the maximum operating
life) from small mechanical stress cracks, so long as a sufficiently high enough me-
chanical stress was present. Micropores such as those formed by the dissolution of
MnS inclusions are always the starting point of corrosion fatigue cracks. Pitting cor-
rosion does not occur on low alloyed and carbon steels under practical pressurised
water reactor/boiling water reactor conditions at temperatures above 200 °C and up
to 0.2 mg/l oxygen. Crack depths increase with cycles and occur at high oxygen con-
tents, even after relatively low cycles, see Figure 3.

Crack rates, da/dN, spread over the crack depths, increase in the range 10 to
1000 pm from 107> up to 10 and 10* um/cycle and most pronounced in high oxygen
containing water. Crack rates as a function of stress intensity, determined for steel
A 533-B (c.f.: 1.5403, 1.6310) for various oxygen contents lie higher than the values
of the ASME Section XI reference curve. A test method used to determine the poten-
tial at the crack tip of steel (here: pressure vessel steel A 533-(B) (UNS K12539, c.f.:
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Figure 3: Depth of longest cracks as a function of cycles for steel A 533-B (c.f.: 1.5403, 1.6310) [36]

Mat.-No. 1.5403, 1.6310) was developed in demineralised water with oxygen con-
tents of 10 mg/l and 5-6 mg/! at a water temperature of 93 °C. The potentials that
were ascertained were discussed as a function of crack depth, load frequencies, wave
form and oxygen content. Subsequently, the potential differences between the metal
surface and the crack tip increased with decreasing load frequency and for higher
oxygen contents higher potential differences were also found (60 as opposed to
10 mV) [37].

Further work was concerned with the influence of MnS on stress corrosion crack-
ing in the above mentioned steels in high temperature water [38]. Here, micro-sam-
ples of the solution were taken from the crack tip. In the case of a high oxygen con-
tent (10 mg/l) high crack rates were found, associated with relatively high sulphur
contents (1-2 mg/l S), which are an order of magnitude higher than those in the
case of very low oxygen contents and the associated very low crack rates.

The vulnerability of carbon steel (SA333gr6 (0.18 C, 0.86 Mn, 0.006 P, 0.019 S,
0.16 Si)) to stress corrosion cracking in high purity water is dependent upon temper-
ature and oxygen content [39]. The investigations took place in the temperature
range 300-525 °F (150-275 °C) and oxygen contents between 0.05 and 1 mg/l. With
increasing oxygen content the corrosion potential increased significantly, even with
100 pg/l oxygen to around 500 mV (from —800 to —300 mVgyg). Since pitting corro-
sion and stress corrosion cracking were observed at the higher potentials, one has to
accept these changes in potential for both types of corrosion. In order to avoid it, the
conditions (temperature, medium) for carbon steels should be that a relatively low
potential can be set. Dosing low temperature high purity water with H,0, causes an
increase in the corrosion potential and pitting corrosion. At 450°F (232°C) in high
purity water with 0.2 mg/l oxygen, in stress corrosion cracking samples one finds a
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ductility minimum, in association with observed pitting corrosion and transgranular
stress corrosion cracking. The dependence of ductility on oxygen content is shown
in Figure 4.
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Figure 4 Stress-strain curve (2 x 10°°/min) for carbon steel in high purity water at 450 °F (232°C)
as a function of oxygen content [39]

From CERT testing one can conclude that below 400 °F (204 °C) practically no
stress corrosion cracking susceptibility exists, since all fractures were ductile. On
U-bend test samples one generally finds no stress corrosion cracking. When strong
mechanical damage to the surface exists stress corrosion cracking can occur rapidly
(here at 525 °F/275 °C), but not through light surface damage or light pitting corro-
sion. Galvanic contact with nobler metals (here: titanium), similarly with high oxygen
contents leads to potential increases and thus accelerated stress corrosion cracking.

In [39] the stress corrosion cracking behaviour of carbon steel in high purity
water at high temperature, whose dependence on oxygen content, potential and
other influences was determined using U-bend test samples, CERT measurements
and stress-strain curves.

The crack formation of stress corrosion cracking loaded low alloyed steels in high
purity water is dependent upon its conductivity. This was shown in tests on the steel
WB 36 (Mat.-No. 1.6368, 15NiCuMoNb5-6-4, 0.10 C, 0.25 Si, 0.80 Mn, 1 Ni, 0.25 Mo,
0.5 Cu, 0.015 NDb) in high purity water with 0.06 pS/cm, whose conductivity was
varied through additions of H,SO, up to 0.5 pS/cm [40]. At a test temperature of
177 °C, with increasing conductivity the corrosion fatigue lifetime decreases. A simi-
lar effect was also observed with the addition of oxygen (here: 8 mg/l O,). At the
same time pitting corrosion is not a prerequisite for crack formation and prior pit-
ting corrosion does not reduce the corrosion fatigue lifetime. For this steel all values
lie above the curve according to ASME Section XI as well as above that of steel
A 533-(B) (UNS K12539, c.f.: Mat.-No. 1.5403, 1.6310).
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Corrosion fatigue testing was performed on the steel A 508 (2) (UNS K12766, c.f.:
Mat.-No. 1.5403, 1.6368, 0.88 Ni, 0.35Cr, 0.65 Mo, 0.68 Mn, 0.2 C) in high purity
water with 0.5 uS/cm, 0.1-0.3 mg/1 oxygen, < 0.1 mg/l CI" as well as pH 6.5 at
550 °F (288 °C) [41]. The results show that increased crack growth velocities at higher
mechanical loads and with increasing frequency, in particular at the beginning of
the test, occur when the stress intensity and crack lengths are still low. For larger
crack depths, the influence of frequency declines because of the occurrence of sec-
ondary cracks. An interruption to the test slows down crack growth. As the load
spectrum in practice is also discontinuous, a lower crack growth velocity is expected
than that from the value derived from the model. Welded material differs only negli-
gibly from the base material.

Sulphur impurities (0.007-0.013% S) in the low alloyed forging steel (0.38 Cr,
0.71 Ni, 0.62 Mo, 0.22 C) lead to increased corrosion fatigue rates in high purity
water (45 pS/cm, 8 pg/l O,) at 149 °C and 260 °C [42]. The addition of oxygen con-
taining water shifts the corrosion potential above —250 mVscg and increases the
crack rate by a factor of four. Determination of the area fractions of sulphide inclu-
sions on fracture surfaces led to the conclusion that below a value of 0.006% sulphur
the corrosion fatigue susceptibility is very low (see also [43]).

It has been reported in [44] that the sulphur content of low alloyed steels has a
strong influence on the stress corrosion cracking behaviour in high purity water
(< 0.07 pS/cm) at 288 °C. In an investigation on steel A 533-(B) (UNS K12539, c.f.:
Mat.-No. 1.5403, 1.6310; 0.021% S), the sulphur content at the crack tip, the influ-
ence of sulphate doping, the water flow velocity as well as the corrosion potential
were examined, the corrosion potential being set by N,- or O,-dosing. The high/
noble potentials occurring at high oxygen contents correlate with high crack propa-
gation velocities and these with high sulphur contents at the crack tip. In contrast,
one finds at low/ignoble corrosion potentials (set by deaerating with nitrogen purg-
ing) low crack propagation velocities and low sulphur contents at the crack tip. If
the crack is cleansed in aerated water (10 mg/l O,) then the sulphur content sinks to
a level below that of deaerated conditions and the crack rate sinks considerably. As
earlier investigations have shown, direct addition of H,S in the crack tip leads to
strongly increased crack propagation velocities. This means that the corrosion
potential present at the crack tip is not of great importance for stress corrosion
cracking but rather the local chemistry at the crack tip.

In order to determine clear technical data for the corrosion fatigue behaviour of
pressurised water reactor steels (e.g. for ASME Section XI), round robin tests in nu-
merous laboratories on the steel A 533-(B) (UNS K12539, c.f.: Mat.-No. 1.5403,
1.6310) in high purity water at 288 °C were conducted [45]. In doing so, the following
parameters were precisely matched in detail:

e Oxygen content (up to 100 mg/l)
e Water purity (0.1-5 uS/cm)

¢ Frequency and R value

¢ Sine wave of applied stress
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¢ Hydrodynamic conditions
e Galvanic effects (rare: isolated samples)

From the results one finds a relatively narrow scatter band of values in the da-dN
diagrams for various frequencies (0.1-1 Hz) and R values (0.2-0.7). Furthermore,
the stress corrosion cracking behaviour was determined using CERT tests; here elec-
trochemical potentials as well as fracture type and crack growth rates were deter-
mined.

Due to deviating test parameters (see above) in the initial tests, a large scatter
band of corrosion fatigue crack rates as a function of stress intensity (da/dN-dK dia-
grams) was found, in the subsequent tests agreement was considerably better with
stricter consideration and adjustment of all the test parameters in the laboratories
performing the test, see Figure 5.
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Figure 5: Corrosion fatigue crack growth rates as a function of stress intensity for carbon steel
A533-B (c.f.: 1.5403, 1.6310) in high purity water at 288°C, 0.017 mHz, R = 0.2. Compilation of
crack rates from 20 various laboratories (round robin test) with coordinated conditions [45]

This is valid for constant load, starting at 27.5 Mpa Vm, a relatively low sine fre-
quency of 0.017 Hz as well as a stress ratio of R = 0.2.

In the case of a higher frequency (1 Hz), the scatter band is much narrower, see
Figure 6.
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Figure 6: Corrosion fatigue crack growth rates as a function of stress intensity for carbon steel
A 533-B in oxygen free high purity water at 288°C, 1 Hz, R = 0.2. International round robin test (8
participants) [45]

Unlike at low frequencies, a triangular shaped alternating load instead of a sine
shaped load does not lead to a lower crack rate and the oxygen content in the range
0-100 pg/1 also has no effect. Generally, one finds under all conditions an influence
of the water flow velocity on the measured values, whereby turbulent flows lead to
lower crack rates than for the case with laminar flow as well as for stagnant condi-
tions.

Galvanic coupling between the test sample and the test equipment influences the
crack rate, in particular at high potential differences. With an increasing ratio be-
tween crack rates in corrosive medium and in air (factors in the range 2-20) one
also finds an increase in the amount of brittle cleavage on the fracture surface (20—
90%). Under pressurised water reactor conditions the differences in the crack rates
to those in air are marginal, provided that the region of 11-20 MPa Ym will be
tested. Furthermore, the crack rates increase rapidly, namely by a factor of 10. There-
fore a limit of the stress intensity (for R = 0.7) at about 20 MPa Ym has to be
applied.

In this round robin test program the stress corrosion cracking behaviour was
investigated using CERT tests. The individual test parameters for the 10 participants
were: high purity water at 288°C, 100-400 pg/l oxygen, 0.1 pS/cm, pH 6.5-7.5;
strain rate 107°/s. On the basis that the smallest measurable crack length is only
20 um, one arrives at a lower measuring limit of crack growth velocity, this being 3 x
107 mm/s. This means that below this value no stress corrosion cracking is
expected. For up to 50 ug/l oxygen such values were achieved, while values above
this led to crack rates of > 107 to 10~ mm/s being recorded. If the corrosion poten-
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tial is applied against the oxygen content, one obtains a rough, i.e. strongly scattered
increase, and the resting potential at 10 pg/l oxygen is —700 mVgyg and increases in
the range 100-500 pg/1 oxygen to +100 mVgsyg. Correspondingly, the dependence of
crack growth velocity on resting potential is as follows: it increases from 107 at
—700 mVgyg to values up to 107 mm/s at +100 mVgyg, though rapidly first from
—200 mVgyg, i.e. under this potential value hardly any stress corrosion cracking will
be found. Thus one can expect stress corrosion cracking resistance for a steel of type
A 508 (3) (forging material, c.f.: 1.5403, 1.6310) so long as the steel is loaded to a
strain rate of 10™°/s parallel to the direction of longitudinal inclusions and a resting
potential more negative than —200 mVsyg exists. On the other hand, inherent poten-
tials above —100 mVsyg lead to very rapid stress corrosion cracking.

The influence of oxygen (here: 50-2500 pg/l) on the corrosion behaviour and in
particular the formation and type of surface film formed on a carbon steel (0.07 C,
0.4 Mn, 0.007 P, 0.021 S, 0.02 Cu, 0.02 Ni, 0.06 Cr) in high purity water (< 1 pS/cm)
at 60-250 °C was reported [46]. Corrosion rates increase with increasing temperature
and oxygen content. Oxide films consisted mainly of Fe;0,4, which partly transforms
into Fe,05 in the upper scale when oxygen contents are greater than 200 pg/l. From
1000 pg/1 oxygen the surface film consists of a powdery a-Fe,0; scale with an under-
lying thin scale of Fe;0,. With an increasing corrosion rate the scales become
thicker. With increasing oxygen contents the corrosion potential increases.

On a carbon steel (0.1 C, 0.3 Mn, 0.018 P, 0.016 S, 0.016 Co, < 0.01 Si) the mecha-
nism of film growth under boiling water reactor conditions was investigated. Also,
the mechanism for the uptake of cobalt from ultrahigh purity water with
< 0.1 pS/cm and 200 pg/l oxygen at 288 °C was followed up [47]. The weight loss
after 1000 h exposure was determined (metal loss 7.02 g/m?, of which 6.95 g/m”
was converted into oxide film) and the composition of the oxide scale after dissolu-
tion in a HCI solution and subsequent absorption analysis. The results show that for
the carbon steel only 1% of the corrosion products were dissolved (quite the contrary
to 18Cr8Ni steel: 12%); on the other hand 99% in oxide scale formation. Scale
growth occurred on the interface film/substrate and grew inwards. The main com-
ponents of the surface film are Fe;0,, a-Fe,03 and hydroxide. Cobalt was absorbed
into the film and formed CoFe,O,.

The origin of transgranular stress corrosion cracking of carbon steels in high pur-
ity water at high oxygen contents and temperatures are pitting corrosion sites. This
occurs in CERT tests in water with 8 mg/l oxygen at 288°C or 250°C from 15%
strain [48]. The stress corrosion cracking susceptibility is dependent on the micro-
structure: it must be predominantly pearlite and the grain size must be at least 200
um?. For weld metal which does not have a pearlite structure but rather a fine
grained ferrite structure due to the low carbon content, no transgranular stress cor-
rosion cracking was found.

The corrosion fatigue behaviour of two pressure tank steels (Table 4) under pres-
surised water conditions was investigated [49]. As well, crack propagation velocities
(VR) were measured as a function of stress intensity, frequency (0.001-10.0 Hz) as
well as the R ratio (0.16-0.72), namely in high purity water with 0.10 mg/l CI’,
< 0.01 mg/l O, at pH 6-9 and at 288 °C. Crack propagation depends mainly on the
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stress intensity, less so on the test frequency and the R ratio and is not dependent
upon mechanical preloading or crack length. In comparison to high purity water
(here without boric acid additions and a conductivity 20 times lower than under
pressurised water reactor conditions) the crack growth velocities at high frequencies
are comparable, but not at low frequencies. Here, the velocities in high purity water
are considerably higher than under practical conditions.

(o Mn P S Si Ni Cr Mo Cu

SA508-2 0.22 0.64 0.007  0.012 0.28 0.63 0.34 0.58 0.022

SA533B-1 0.19 1.28 0.009  0.013 0.25 0.61 0.04 0.55 0.100

Table 4:  Compositions of pressure tank steels [49]

Stress corrosion cracking can occur on burst discs made from low alloyed steel
(typical analysis: 3.5 Ni, 1.7 Cr, 0.4 Mo, 0.25 C) which are used for low pressure
turbines. Experiences were summarised in a literature review (37 literature sources)
[50]. Accordingly, stress corrosion cracking is dependent upon:

e The presence of a liquid phase, also steam condensate

¢ The oxygen concentration or the corresponding corrosion potential

e Theyield strength of the used steels

e The temperature of the burst disc

¢ The mechanical stress

e Cracks and localised corrosion in cracks

¢ The combination between mechanical stress and cracks which have the
shape and size to produce a critical stress intensity factor > 7.2 MPaVm

Generally, the stress corrosion cracking susceptibility increases with increasing
oxygen content, temperature and the yield strength of the steel. Preferential sources
for stress corrosion cracking are cracks as well as those in proximity to holes, dents
with a splint and clamping edges on burst discs. For crack widths > 0.04 mm the
stress corrosion cracking susceptibility decreases. The cause of stress corrosion
cracking is quite independent of the steel composition, inclusions and pitting corro-
sion, although it can also occur at pitting corrosion sites. The crack propagation ve-
locity is independent of the applied stress or stress intensity factor. Only increased
yield strengths and higher temperatures lead to increased crack velocities.

Intergranular stress corrosion cracking has been observed on shrink fit low
alloyed 3%NiCrMoV quench and tempered steel for steam turbine discs and vanes.
Only in a few cases could stress corrosion cracking initiating steam impurities such
as NaOH, H,S, Na,CO;, Na,SO, or NaCl be identified. Therefore, the stress corro-
sion cracking behaviour of these types of steels with various analyses and yield
strengths was examined in high purity (< 1 pS/cm) oxygen saturated (about 8 mg/l)
water at 80 °C for times up to 32,000 hours [51]. The steels examined were 34CrNi-
Mo6 (1.6582; 1.41 Cr, 1.53 Ni, 0.35 Mo, 0.37 C), 28NiCrMoV8-5 (1.6932; 1.22 Cr,
2.02 Ni, 0.41 Mo, 0.32 C) as well as 27NiCrMoV15-6 (1.6957; 1.6 Cr, 3.64 Ni, 0.39
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Mo, 0.10'V, 0.28 C). The samples were tested using the CERT method in the as-deliv-
ered condition as well as after a heat treatment. The results show that the chemical
composition has no influence on crack initiation. After a tempering to the normally
applied 0.2% yield strength of about 850 N/mm? in high purity water, no crack initi-
ation was detected. If the steel is tempered to a very high 0.2% yield strength
(1250 N/mm?) which is uncommon in practice then crack initiation is detected. If
sharp cracks exist (notched specimens), crack growth through stress corrosion crack-
ing occurs. The investigations showed that stress corrosion cracking of turbine discs
can be avoided through compliance with procedures for steam purity with a conduc-
tivity of < 0.2 uS/cm.

Continuing this research the influence of CO, on the stress corrosion cracking
behaviour of a low alloyed quenched and tempered steel 27NiCrMoV15-6 (1.6957) in
high purity water at 80 °C was examined [52]. Gaseous impurities as well as other
unspecified impurities can increase water conductivity, leading to crack initiation
through stress corrosion cracking, and can also increase the crack growth velocity of
stress corrosion cracks, in particular if the corrosion potential is located in the transi-
tional active-passive region. Furthermore, unfavourable crack conditions must be
avoided. If, during operating phases in which poor water quality exists cracks initi-
ate, these can also grow further when high purity conditions again exist. By raising
the pH value and shifting the corrosion potential into the passive region, stress cor-
rosion cracking can be avoided.

Stresses in boiler walls can cause the magnetite scale to spall. In the process the
small exposed areas of the steel surface become anodic with respect to the large cath-
odically acting undamaged surfaces so that rapid corrosion of the unprotected sur-
face is likely to occur [53].

However, from experience, uniform boiler operation under normal tensile stress-
es does not lead to damage because the exposed areas heal quickly under normal
operating temperatures and in boiling boiler water no aggressive materials are pres-
ent. A further cause for the spallation of the protective scale comes from oxygen or
weakly acidic reactions of the boiler water [54]. Also, between cold and hot surfaces
of the same steel, potential differences occur, whereby the hot metal becomes the
anode and corrodes, if it is surrounded by a large surface of the colder metal [21].
Also, for temperature jumps of 130-260 °C the protective magnetite scale spalls. The
resulting fresh magnetite does not adhere strongly on the wall surface and becomes
anodic. For the protective scale tensile strains above 0.2% and compressive strains
above 0.3-0.4% are damaging [53].

Opinions vary concerning the observed pH value (set at room temperature) in
boiler water. There is consensus that the pH value should never lie below 7 since
then the magnetite scale will be attacked. In practice and research a pH value of 9.6
is seen as optimum. However, from other sources a pH value of 10.5 is considered
as a prerequisite that a protective, adherent magnetite scale exists and stress corro-
sion cracking does not occur [55].

At 315 °C the corrosion rate in the pH range 7.0-10.6 under operating conditions
after 100 days goes from 42 down to 6 g/m” a (< 0.01 mm/a), and then remains
constant. For boiler water feed pumps a pH value between 8.3 and 9.0 has proven
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itself. Damage occurs to 80% on the rotors. Additives suitable to maintain a lightly
alkaline pH values include volatile materials such as ammonia, morpholine, hydra-
zine and cyclohexamine [55]. Furthermore, hydrazine also functions as an inhibitor
against pitting corrosion [56].

For boiler feed water degassing to 0.02 mg/1 oxygen is required. Oxygen contents
> 0.1 mg/l are damaging because they cause the formation of haematite (Fe,03) as
well as FeOOH and leads to pitting corrosion [21, 55]. The addition of hydrazine
enables the oxygen content in the boiler water to be held at a value of 0.003 mg/1
while ammonia reduces it to only 0.01 mg/1 [57].

The ingress of oxygen to the boiler interior should also be avoided during down-
times. Therefore, the decommissioned boiler is filled with nitrogen and volatile re-
ducing materials are added to the high purity degassed hot water, e.g. 27 mg/l
hydrazine [21, 55]. In order to avoid stresses, the cold drum of the steam boiler is
not allowed to be charged with hot water; therefore one restarts with cold boiler
water and purges with an inert gas (N,)[58].

For normal operation and during downtime conditions prevail that do not favour
stress corrosion cracking [53]. In the liquid phase of high purity water with oxygen
contents of < 0.1 mg/l, carbon steels lose about 30 g/cm? a(< 0.05 mm/a) in 12 days
at 250°C, in 375 days at the same temperature 12 g/m? a (< 0.02 mm/a) [59].

The previously feared caustic embrittlement of steel boilers has practically van-
ished after the introduction of high purity, i.e. deionised water [60]. Low carbon
steels are sufficient for those sections of the steam boiler which come into contact
with liquid water less than 330 °C. For the hot side of turbines a steel with 12% Cr is
recommended. The remaining sections of the steam boiler system consist of carbon
steel or low alloyed steel [22]. Steam boiler operation in the super heater section
(500-600 °C) affects the diffusion of hydrogen in the steel, and will thereby be dec-
arburised [14]. The methane that is formed cannot escape from the iron, stresses are
formed and the formation of cracks and blisters occurs. A remedy was found by add-
ing 0.5% Mo and 1% Cr, whose carbides at boiler temperature do not transform into
methane [14, 61]. The limit of the use of these steels is portrayed in Figure 7.

In atomic power stations (pressurised water and boiling water reactors) carbon
steels are mostly used in the secondary cycle, especially for cooled and heated water
[62]. In the primary cycle of pressurised water reactors the corrosion rate is 5 to 10
times higher than the losses of the most commonly used austenitic stainless chro-
mium-nickel steels. The corrosion of the carbon steels increases with increasing
water velocity, since the resulting protective scale of Fe,Oj; is not adherent enough
and is therefore abraded away [60]. Furthermore, it was determined that mild steels
in boiling high purity radiated water are not attacked intergranularly when 11 +
1 mg/l ammonia is present in the circulating cooling water [16, 63].
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Figure 7: Hydrogen attack of unalloyed and low alloyed steel for hydrogen partial pressures from
0 to 50 atm and temperatures between 200 and 600 °C [61]

a) carbon steel, welded or hot formed

b) carbon steel

c) steel with 0.5% Mo

d) steel with 1% Cr and 0.5% Mo

The dissociation of water into hydrogen and oxygen (0.07 ml O,/kg) by radiation
is inhibited by the injection of additional hydrogen and the addition of ammonia or
morpholine and reduces to 0.01 mg/kg. Without these measures significant
amounts of corrosion products would form through the oxygen [60, 57].

Non-alloyed cast iron

Since cast iron forms no protective scale in distilled water, it is very strongly attacked
[64]. The behaviour of grey cast iron samples in distilled and triple distilled water is
highlighted in Figure 8 [65].
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Figure 8: Corrosion behaviour of grey cast iron in distilled water at 20-100 °C [65]

One observes an increase in the corrosion rate up to an extremely high value of
100 mm/a up to 60 °C, which is due to the high solubility with oxygen. In practice
such values are by no means acceptable. Only when close to the boiling point of
water do the corrosion rates decrease to appropriate levels since the oxygen is driven
out.

Investigations with white malleable iron showed that after 210 days exposure in
distilled water at 20°C and pH 6.5 with constant aeration, the tensile strength
decreased by 5 to 8% and the elongation reduced by up to 28%. In the process
strong rust formation was observed and the surface below the rust scale was very
heavily fissured [66].

High-alloyed cast iron

The austenitic cast iron Ni-Resist 1 (Mat.-No. 0.6655, EN-JL3011) has good resis-
tance in distilled water up to 100 °C [67].

Ferritic chromium steels with < 13% Cr

Together with exposures in synthetic ash mixtures (simulating the fire side) made in

connection with examinations of the high temperature resistance of the ferritic steel
T 91 (1.4903, X10CrMoVND9-1) for use in oil fired power stations, an examination
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was made in steam from high purity water with 0.084 uS/cm and 100-140 pg/1 oxy-
gen at 540 °C for 4000 h [68]. One finds a parabolic increase in the oxide scale thick-
ness with time with end values of 70 um and a corrosion rate of 100 pm/a. Such a
value is an indication for the good stability of the oxide scale. The behaviour of this
ferritic steel does not differ from that of the austenitic SAE 304 (1.4301) which was
tested for comparison. It is then possible that this steel can be used in conventional
boilers up to temperatures of 538°C in place of the austenitic steels based on
18Cr8Ni.

A martensitic steel with 13% chromium is significantly more resistant to stress
corrosion cracking when the nickel and carbon contents are optimally set. This was
shown through CERT tests in high purity water with 1 pS/cm, 8 mg/l oxygen and
pH 6.5 at 150-288°C [69]. Steels with increased nickel contents (3.5-5.5%) showed
very good mechanical properties, but are considerably vulnerable to intergranular
corrosion and intergranular stress corrosion cracking. Hydrogen embrittlement is
very dependent upon the heat treatment temperature (tempering) and not depen-
dent upon the nickel or carbon contents. This is proven in Figure 9.
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Figure 9: Critical stress corrosion cracking-hardness-Intergranular depth diagram [69]
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Steels with < 4% nickel and < 0.08% carbon or < 2.5% nickel and < 0.17% carbon,
which are tempered > 650 °C, are immune to stress corrosion cracking in high pur-
ity water. This conclusion can be made by inspection of Figure 10.

6 } } }
[
550~
L - 580 °C
4 ° 80
[
2r ® o 1
6 t t
< o 600~
.Er 4 o 620 °C
9] o @
+—
c
S
S 2 o -
no SCC
6 } } }
L ® SCC 650~
4 O no SCC 660 °C
°f
(@)
2 0 ® o
] ] ]
0 0.05 0.1 0.15

C content, %

Figure 10:  Stress corrosion cracking susceptibility of martensitic 13% chromium steel as a func-
tion of nickel and carbon content as well as heat treatment (tempering), according to CERT tests in
high purity water at 288 °C [69]

Ferritic chromium steels with > 13% Cr

Low additions of titanium (about 0.6%) improve the corrosion behaviour of ferritic
steels with 13 or 18% chromium, in particular after a short pre-oxidation. The influ-
ence of pre-oxidation on the corrosion behaviour of Ti-stabilised ferritic steels in
high purity water with < 20 uS/cm, 5-10 pg/1 oxygen at 215 °C (488 K) up to 2000 h
was investigated [70]. The steel SUS XM8 with 17% chromium and SUS 410Ti with
13% chromium and carbon contents of 0.008 and 0.006 C, respectively, as well as Ti-
stabilised, each with about 0.6% titanium (see also Table 5) were examined. Pre-
oxidation took place at 850°C (1123 K) in an oxygen poor atmosphere (Ar). It was
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reported that shorter oxidation times, i.e. up to 10 minutes, were more advantageous
than longer times, because they reduce metal loss by up to 50% on polished sur-
faces; this was valid for both ferritic steels. The protective scale formed after pre-
oxidation had a dual scale character, consisting of an external scale of Ti,O; as well
as an internal scale of MnCr,0;. The titanium concentration in this oxide scale
increased with increasing oxidation time. In addition, titanium suppresses the sen-
sitisation of the ferritic steels. Decisive for the metal loss in high purity water is the
thickness, density as well as the chemical composition of the surface oxide scale.

C Si Mn P S Ni Cr Ti N

SUSXM8  0.008 0.40 0.48 0.020  0.001 0.20 17.77 0.60  0.0087

SUS 410Ti  0.006 0.46 0.41 0.026  0.001 0.17 13.08 0.56  0.0095

Table 5: Compositions of the steels SUS XM18 and SUS 410Ti [70]

In [71] the influence of water purity in the water-steam cycle of power stations on
the corrosion behaviour of steels that are used in boilers and turbines (no material
specified — probably 13—-17% Cr-steels) was reported. The report describes the factors
which can influence steam purity as well as the mechanism of accumulation of
impurities. Failure analyses of turbine blades tend to be located in the region of the
starting condensation and this in turn in the intermediate- and low-pressure
regions. In this transition region only a small amount of condensation occurs due to
the absence of nucleation sites, whose time and location vary immensely. This leads
to sites with and without deposits, depending on the pressure and negative pressure
sides of the turbine blades. Turbine cracks on such deposit transitions are often
found. Pitting corrosion is also found under the deposits, caused by chloride enrich-
ment. The deposits consist of silica and iron oxide, which form a porous deposit
that captures impurities similar to a sponge, and are enriched after each load cycle.
Impurities in the pg/l range can be continually introduced, most often via the water
treatment. Sulphuric, hydrochloric, phosphoric, acetic and organic acids were
found, as well as non-ionogenic organic substances which increase corrosion upon
decomposition. Due to the extreme accumulation of chlorides, a test in 22% NacCl
solution at 80 °C has been recommended for the qualification of turbine steels.

Acid resistant steels with 12-17% chromium have good resistance against dis-
tilled and high purity water up to 100 °C, since under these conditions a sustainable
protective scale of Cr,03; and FeO-Cr,05 exists; nevertheless chromium steels are
only used for individual components of atomic energy plants because they are only
suitable in the absence of oxygen [72-74].

The hot side of steam turbines and the blades of feed water pumps are made
from 12% chromium steels, also wear resistant components such as bearings and
pump shafts and valve spindles, which are sometimes hard chrome plated. Support
grids for fuel rod elements are also made from chromium steel. The corrosion loss
of these materials in demineralised water at 260°C is 0.007 mm/a at pH 7 and
0.11 mm/a at pH 10 [72].
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In boiling water reactors chromium steels behave similarly to those in pres-
surised water reactors. 13% chromium steels withstand the effects of steam (700 °C)
in continuous operation [75]. Chromium steels with 13-17% C are especially sensi-
tive to intergranular corrosion after being welded. Also, riveted joints were seen to
have pitting corrosion up to 1.7 mm in depth as well as crevice corrosion after one
year [76].

The nickel containing age hardening steel grades 14-4 PH (UNS ]92240) and 17-4
PH (1.4542, X5CrNiCuNDb16-4) show better behaviour and are resistant in high pur-
ity water [72, 74]. Only at higher temperatures does the corrosion rate increase to
0.04 mm/a. This steel grade is however susceptible to stress corrosion cracking in
demineralised water at 260 °C [72].

High-alloyed multiphase steels

Ferritic/pearlitic martensitic steels

The stress corrosion cracking behaviour of martensitic stainless steels as a function
of annealing treatment in high purity water at 70-288°C was investigated [77].
Stress corrosion cracking was initiated at pit or crevice corrosion sites. For steels
with higher hardness (HV 430) the boundary stress was 300 MPa, for steels with HV
300 at their yield strength. Below hardness values of HV 270 no stress corrosion
cracking was found, with the exception of steels with high nickel contents. Stress
corrosion cracking susceptibility increases with increasing temperature as well as
increasing hardness. Low carbon and low nickel containing steels show no signs of
stress corrosion cracking in the complete solution annealed condition, also after
very long exposure times up to 5000 hours in high purity water at 288 °C.

Ferritic-austenitic steels/duplex steels

The crack propagation velocity of the duplex steel Zeron 100 (c.f.: 1.4501; 24.4 Cr, 6.8
Ni, 3.7 Mo, 0.21 N with 5% austenite content) in high purity water with 5 x 10* and
2 x 10° Ohm cm as well as oxygen contents of 0.02-8 mg/l, measured at 30°C and
5 Hz corrosion fatigue load is much higher than in air (by about a factor of 5) and
comparable with that in a 3.5% NaCl solution. The unfavourable fatigue behaviour
in both media is due to the cyclic tearing of the ferritic matrix with associated hydro-
gen absorption at the crack tip [78].

The alloy composition, austenite/ferrite ratio, heat treatment and cold deforma-
tion have a strong influence on the stress corrosion cracking behaviour of the auste-
nitic-ferritic steel grade 18-5 (18 Cr, 5 Ni) in high purity water as well as in NaCl-
and MgCl,-solutions [79]. The steel in the solution annealed condition (between
980-1050°C) has significantly higher stress corrosion cracking resistance than an
austenite based on 18Cr8Ni, however this is reduced considerably for the case that
the austenitic-ferritic steel was annealed in the temperature range 750-900°C
because y and y phases precipitate at the grain boundaries. Their morphology does
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however have no influence. The formation of large ferrite grains after welding or
after annealing at 1300°C is equally as damaging. Therefore the austenite/ferrite
ratio must be controlled (Cr/Ni about 0.42). In contrast, a short heat treatment at
500-700°C is less dramatic. Cold deformation produces strain induced martensite
in the precipitates which increases the stress corrosion cracking susceptibility.

Austenitic CrNi steels

The literature evaluated for austenitic stainless steels is relatively comprehensive.
This is related to the steels (and also NiCrMo alloys as well as Zircaloy) being used
in atomic power, i.e. in pressurised and boiling water reactors (PWR, BWR) at tem-
peratures up to 360 °C. Due to increased failures in the 1960’s in particular in atomic
power stations in the USA, intensive investigations began and continued well into
the 1980’s to understand the source of such failures. At the forefront was not the
behaviour of uniform corrosion (this is negligibly small) but rather the susceptibility
to stress corrosion cracking under the various water conditions as well as the micro-
structure of the used steels. Failures were mostly associated with welded or not opti-
mally heat treated plant components (predominantly pipes). In the event of a sensi-
tised microstructure as in the heat affected zone (HAZ) of a welded joint, stress
corrosion cracking can occur, providing high mechanical loads are present and the
high temperature water contains traces of anions, in particular chlorides. In addi-
tion, the oxygen content is of vital importance — as little as 0.2 mg/l oxygen can lead
to stress corrosion cracking. From today’s perspective in comparison to the steel pro-
duction methods of the 1970’s, considerably developed metallurgy has led to the pro-
blem of stress corrosion cracking being obsolete. The susceptibility of the earlier
produced steels can be explained due to the relatively high carbon contents (0.05-
0.07% C) which according to their time-temperature-precipitation diagram are
inclined to chromium carbide precipitation on the grain boundaries and therefore
rapid sensitisation (in solution annealed microstructure also stress corrosion crack-
ing resistant). There are no grounds for sensitisation in reactor usage, since tests
have shown that at < 360°C no susceptibility to cracking was observed. Since the
mid 1970’s, the modern techniques AOD and VOD (argon and vacuum oxidation
decarburisation) have permitted the melting of stainless steel with very low carbon
contents (so called LC grades = low carbon with 0.01% C) where sensitisation is
greatly reduced after a critical heat treatment or welding.

The influence of flow velocity and the pH value on the corrosion of a 18 Cr10 Ni
steel in high purity water is shown in Table 6.

The influence of a surface treatment on the corrosion behaviour can be seen in
Figure 11. It can be seen that electro-polishing leads to significantly lower corrosion
rates during the first 1000 hours in comparison to other surface treatments [133,
80].
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Flow velocity, m/s pH value Total loss, mg/dm’ in 500 h loss due to oxide
2 7 14.4 6.0
2 10 4.9 5.1
10 7 22.8 9.9
10 10 29 1.9

Table 6: Influence of flow velocity and pH value on electro-polished 18 Cr10 Ni steel at 300°C in
high purity water with 0.015 mg/| oxygen [133]
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Figure 11:  Influence of surface treatment on the initial corrosion of SAE 304 (Mat.-No. 1.4301) in

high purity water at 300 °C (autoclave test) [133, 80]
a) electro-polished

b) ground (corundum, grain size 80)

c) rolled

d) polished (sand paper 600)

The difference in the corrosion rate of steel grades SAE 304 and SAE 316 in
degassed high purity water which is either

a) Completely free of oxygen or
b) Contains 0.2 mg/l oxygen

is 0.21 or 0.75 mg/cm?, correspondingly, after 500 hours [81].

Containers used for the long term storage of spent fuel elements in high purity
water are made from steel SAE 304. Long term experiences are positive. However,
isolated failures have been pointed out that can cause intergranular stress corrosion
cracking to occur at relatively low temperatures (i.e. < 40°C). So, for example in the
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case of pronounced sensitisation and high mechanical loading which occurred after
repeated repair welding stress corrosion cracking was observed [82]. Chlorides,
which can be introduced to high purity water as a result of cleaning procedures, can
further increase stress corrosion cracking susceptibility. The steel 17-4 PH (1.4542,
X5CrNiCuNb16-4) proved itself over 15 years under such conditions as well as at pH
5 and high oxygen contents at 21-68 °C. The prerequisite is a correct heat treatment
(4 h at 580 °C and then air cooling) and the removal of the scale layer by means of a
subsequent chemical or mechanical surface treatment, in order to avoid possible
stress corrosion cracking or pitting corrosion.

On the basis of AES and XPS measurements the composition of surface films on
solution annealed SAE 304 (Mat.-No. 1.4301) in high purity water at 288°C was
investigated [83]. For high oxygen contents (8 mg/l) the stoichiometric mixed oxides
(Fe,Ni),03 und (Fe,Ni,Cr);04 form, on the other hand at low oxygen contents
(10 pg/l) high defect oxyhydroxides of the types Cr,03; und CrOOH with NiFe,0, are
formed.

Defect oxide formation means poor repassivation behaviour and supports the
film rupture mechanism for transgranular stress corrosion cracking which has been
observed on solution annealed steels in high purity water, particularly at low oxygen
contents.

On components used for boiling water reactors, accelerated intergranular stress
corrosion cracking caused by crevice corrosion has been observed. Therefore, the
conditions with regard to potential as well as pH in a crevice on an 18CrNi steel
SAE 304 (Mat.-No. 1.4301) as well as the nickel alloy Alloy 600 (2.4816, NiCr15Fe)
were fundamentally investigated [84]. As well, reference specimens with lowered
chromium contents were made in order to simulate chromium depletion caused by
sensitisation: on steel 304 a variation with 8% chromium, on Alloy 600 two varia-
tions with 10 and 5% chromium. The test conditions were high purity water with
controlled O,, H; and N, contents as well as < 0.1 pS/cm and 280°C. From the
results a pH value in the crevice is found that is well below the pH of the external
solution. Also, the crevice corrosion potential is 300-400 mV lower than on the
material surface. Contrast currents were measured from the cathodic surface to the
anodic crevice. Whereas for both alloys the oxide films in the crevices were thinner
than on the surface, they were considerably thicker on the reference specimens with
lower chromium contents and the structures between the surface and crevice were
very different. Ultimately the hydrogen pressure in the crevice is considerably high-
er than on the surface.

The electrochemical behaviour of SAE 304 (Mat.-No. 1.4301) in demineralised
water (< 1 mg/1 chloride) at 25 °C was investigated and compared with the behaviour
in a 3% NaCl solution [85]. Corrosion potential-time curves after mechanical activa-
tion of the surface by scratching show repassivation in the 3% NaCl solution as well
as in high purity water: the corrosion potentials increase from negative values
(< =200 mVscg) to the positive values of around +40 mVscg. However, in high purity
water this process occurs faster.

The mechanism of film growth was examined on the steel SAE 304 [47]. Also, the
mechanism of cobalt uptake from ultrahigh purity water with < 0.1 pS/cm and
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200 pg/1 oxygen at 288 °C was followed up. Weight losses after 1000 hours exposure
and the composition of the oxide scale after dissolution in a HCl solution and sub-
sequent atomic absorption analysis were determined. The results show that for a
stainless steel 12% of the corrosion products are dissolved into solution (quite con-
trary to carbon steel: only 1%); on the other hand 88% of the oxide scale, mainly in
the form of Fe;0, as spinel, with a little Fe,0; on the surface.

In order to reveal the corrosion risks of an 18Cr8Ni steel in a boiling water reactor
under operating conditions, electrochemical potential measurements were devel-
oped to produce a monitoring technique using a special electrode [86]. The reactor
test conditions were 173 °C, oxygen contents of 180-220 pg/1, hydrogen contents of
10-15 ug/l and water purity with 0.2 puS/cm (25 °C value). Over 4 years one finds
potential variations in the region from —270 to +110 mVgcg, which are attributed to
the fluctuating water chemistry of the boiling water reactor. Assignment of the
potentials or potential variations to the behaviour of the steels with uniform general
corrosion or intergranular stress corrosion cracking could not be deduced.

The influence of oxygen and temperature on the stress corrosion cracking beha-
viour in high purity water of sensitised (600 °C/24 h) 18Cr8Ni steel (0.07 C) for use
in boiling water reactors (BWR) was examined [87]. The crack propagation velocity
at 288 °C is dependent upon the oxygen content and the strain rate. Under dynamic
testing conditions the velocity is many orders of magnitude larger in air saturated
water (8 mg/l O,) than in the case of deaerated water with only 0.2 mg/l oxygen.
The last feature was the start up conditions of a boiling water reactor. Rapid stress
corrosion cracking was however observed under dynamic strain conditions at con-
siderably lower temperatures (about 100 °C) and at the same time moderate oxygen
contents (2 mg/l). Such conditions can occur during the start up of a reactor. One
can reduce the period of time during start up for the stress corrosion cracking sensi-
tive region with corresponding deaeration procedures.

In a literature review and its subsequent evaluation, 106 individual results con-
cerning the influence of chlorides and oxygen on the stress corrosion cracking beha-
viour of austenitic steels based on 18Cr8Ni (SAE 304, 304 L, 316, 347 SAE 304 L,
SAE 316, SAE 347) in high purity water in the temperature range 250-350 °C were
summarised [88]. Subsequently, the critical parameter for stress corrosion cracking
in water at high temperature is oxygen: it is a prerequisite for stress corrosion crack-
ing. The normal conditions for solution annealed steel in reactor practice always lie
in the oxygen-chloride region, in which no stress corrosion cracking occurs, which
is clearly seen in Figure 12 (marked with x). On the other hand, the region above the
curve in which intergranular stress corrosion cracking on sensitised steel occurs
under both laboratory as well as in practical conditions.
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Figure 12: Influence of oxygen and chloride on the stress corrosion cracking of austenitic steels in
high purity high temperature water under boiling water reactor conditions; greatly simplified — indi-
vidual values see original literature [88]

The stress corrosion cracking behaviour (CERT tests) of SAE 304 (Mat.-No. 1.4301
with 0.061 C) in the sensitised condition (650°C/1 h) in high purity distilled and
demineralised water was reported in [89]. Intergranular stress corrosion cracking
was found at temperatures > 150 °C and oxygen contents above 100 pg/1. For higher
temperature and increasing oxygen contents the crack rate increases. Transgranular
stress corrosion cracking was observed at temperatures of 150, 200, 250 and 290°C
and oxygen contents below 100 pg/l, whereby the dependence of the crack rate on
oxygen content could not be determined. Transgranular stress corrosion cracking
occurs when the corrosion potential is sufficiently low, i.e. when it lies in the transi-
tion active-passive region.

A test method to determine the potential dependence of the stress corrosion
cracking susceptibility of sensitised 18Cr8Ni steel (0.05 C) in high purity water has
been developed [90]. In the process the potential was controlled by oxygen dosing.
As a result, at 200°C CERT tests lead to a critical potential of =250 mVgyg, under
which no intergranular stress corrosion cracking occurs, at 250°C this values is
=300 mVSHE.
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The question was raised as to whether or not within the designated operating life
of a boiling water reactor (about 40 years) the operating temperature of 288 °C could
lead to sensitisation and thus to intergranular stress corrosion cracking in 18Cr8Ni
steels [91]. As sensitisation tests on welded samples in the temperature range 385—
500°C show, below 450 °C chromium depletion was not found. CERT tests under
start up conditions (180°C with 1 mg/l oxygen) as well as operating conditions
(288 °C with 0.2 mg/l oxygen) result in the highest crack rates in the heat affected
zone (HAZ) only after sensitisation at 400 and 500 °C, however at 385 °C the rates
decline rapidly and at 360 °C no further crack susceptibility was found. At very high
oxygen concentrations (8 mg/1 0,-288 °C) — which however do not occur in practice
— stress corrosion cracking was found. With increasing temperature as well as time
the degree of sensitisation increases and thus the susceptibility to intergranular
stress corrosion cracking which is illustrated in Figure 13.

In continuation of these investigations, the influence of possible sensitisation
under reactor conditions at low annealing temperatures (300-500 °C) on stress cor-
rosion racking was examined [92]. The test medium was typical of reactor water
under start up conditions (180°C/1mg/] oxygen) and continuous operating condi-
tions (288°C/0.2 mg/l oxygen), specimens were samples from the multiple weld
layer joints of large pipes. The highest crack rates in the region of the heat affected
zone were determined for those with a subsequent heat treatment at 400 and 500 °C,
whereby the heat treatment time evidently showed a secondary influence. Heat treat-
ments below 360 °C result in no stress corrosion cracking susceptibility under all
test conditions. The crack rates for the simulated start up and continuous operating
conditions only differ slightly. In contrast, the rates are considerably higher at a
greatly increased oxygen content of 8 mg/l, for which stress corrosion cracking
induced by intergranular corrosion was seen on all metallurgical sample variations,
including the one in the original welded state (not heat treated). Also, a change in
the water purity through the addition of sulphate 4-10 mg/1, sulphide (0.33 mg/l) or
chloride (4-9 mg/l) leads to strongly increased crack growth.

Investigations on the steel SAE 304 (Mat.-No. 1.4301) concerning the dependency
of the corrosion potential on oxygen content in high purity water (< 5 x 10~ S/m) at
250°C show that in the case of very low oxygen contents of 10 ug/1 ignoble poten-
tials, starting at =500 mVgcg were determined. These increase above 100 pg/1 to val-
ues up to —400 and —200 mVcg, in order to eventually level off at —200 mVgcg for
contents above 1000 pg/l and 1 mg/l, see Figure 14 [93]. The potential curve
obviously presents a transition from active to passive behaviour. For this reason one
can also explain the potential dependency of intergranular stress corrosion cracking
in the sensitised state: stress corrosion cracking does not occur in the active state,
i.e. not by the ignoble potentials caused through low oxygen contents. In contrast, at
higher oxygen concentrations, here from 1 mg/l up to 36 mg/l, above which the
passive state and thus self-passivation is reached, is shown in the potential jump in
Figure 14. This would be consistent with the stress corrosion cracking theory of the
tearing of a passive scale at the crack tip and the related formation of an active-pas-
sive cell.
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By means of CERT tests using cyclic (trapezoidal shaped) loads, the stress corro-
sion cracking susceptibility of sensitised 18Cr8Ni steel (0.05 C) in high purity water
with 5 MQ - cm as well as 8 mg/I oxygen at 290 °C was examined [94]. The intergra-
nular stress corrosion cracking susceptibility increases, the higher the upper load
value is and for longer holding times. Higher crack rates were then determined.
According to the CERT test the highest stress corrosion cracking susceptibility was
found when the steel was heat treated at 600°C over 6-24 h and as a result was
strongly sensitised.

In order to be able to estimate the operating life of a sensitised 18Cr8Ni steel
against stress corrosion cracking, a probability analysis on the basis of measure-
ments from tensile specimens in chloride solutions was conducted [95]. For the test
of the influence of numerous factors accelerating stress corrosion cracking one con-
cludes that the stress corrosion cracking lifetime can be illustrated using an expo-
nential probability function and this can be directly transferred to the conditions in
high purity water at high temperatures.

To determine the stress corrosion cracking susceptibility of welded tubes made
from the steel SAE 304 (Mat.-No. 1.4301) for use in high purity water in boiling
water reactors (here with 8 mg/l oxygen and at 288°C), a special test method was
developed [96]. In order to shorten testing time, very high stresses with 1.36 x Ry,
were set. For commercial 18Cr8Ni grade steels with relatively high carbon contents
in the range 0.055-0.075% C, one finds that from 82 tested samples, 54 cracked in
the heat treated zone within about 100 hours. As a counter measure, solution
annealing leads to stress corrosion cracking resistance (from 74 samples none had
cracked); likewise fusion welding of the pipe exterior; also water cooling of all weld
positions leads to stress corrosion cracking resistance. As alternative steel grades,
the low carbon SAE 304 L (c.f. 1.4306) and 316 L SAE 316 L (c.f. 1.4404, 1.4435)
were recommended. After a testing time of 2427 hours, stress corrosion cracking
was not found on either steel, from 220 and 286 specimens, respectively.

In order to be able to test the stress corrosion cracking susceptibility of steels in
high purity high temperature water more rapidly, a dynamic strain test under auto-
clave conditions was developed [97]. At low strain rates (8 x 10 mm/min) and
289°C the highest sensitivity to intergranular corrosion induced stress corrosion
cracking was determined. Figure 15 shows the result of stress-strain curves, applied
as stress-time curves for the various heat treatment conditions, as an example for
the steel SAE 304 (1.4301, with 0.046% C). For the solution annealed condition the
elongation values are the largest, in particular under inert gas conditions. With
increasing sensitisation time of the steel at 620 °C, the elongations decrease signifi-
cantly and verify the stress corrosion cracking susceptibility. The fact that after 40
hours sensitisation the elongations, in particular in oxygen free water, increase
again is due to declining intergranular susceptibility, caused by chromium homoge-
nisation on the grain boundaries after very long heat treatment times.

Figure 16 shows the decreasing elongation with increasing temperature and the
associated increase in stress corrosion cracking susceptibility.
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Figure 15:  Stress-strain curves for the 18Cr8Ni steel SAE 304 (1.4301) with 0.046% C as-delivered and
after sensitisation in high purity water with 36 mg/| oxygen at 289 °C (strain rate 8 x 10~ mm/min) [97]
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Figure 16:  Stress-strain curves for 18Cr8Ni steel with 0.046% C after sensitisation at 590°C/20 h as a
function of test temperature, in high purity water with 8 mg/l oxygen (strain rate 8 x 10~ mm/min) [97]
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The method also allows the influence of the ferrite content in weld seams on
stress corrosion cracking susceptibility to be determined. For a very low ferrite con-
tent the weld metal is significantly more susceptible to stress corrosion cracking,
which is verified by the very low elongation values in Figure 17.
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Figure 17: Stress-strain curves for a weld metal sample of 20Cr10Ni steel (SAE 308 L, Mat.-No.
1.4316, X2CrNi19-9) with 0.03% C in high purity water with 8 mg/| oxygen at 289 °C (strain rate 8 x
107 mm/min) [97]

Following the CERT test method, numerous austenitic steels in the conditions:
solution annealed, sensitised (600 °C/24 h) and cold deformation were investigated
for stress corrosion cracking in high purity water with 8 mg/l oxygen at 288°C
and 10MPa [98]. The results are presented in Table 8. For the 6 steels the best
ones were the Mo-containing steel SAE 316 L (corresponding to Mat.-No. 1.4404,
X2CrNiMo17-12-2 here with 0.02% C) as well as the Mn-containing XM-19 (corre-
sponding to Mat.-No. 1.3964, X2CrNiMnMoNND21-16-5-3), the 18Cr8Ni steel SAE
304 (corresponding to Mat.-No. 1.4301, here with 0.07% C) was the worst, meaning
that under all conditions it is susceptible to stress corrosion cracking, in the solution
annealed conditions (transgranular stress corrosion cracking) as well as in the sensi-
tised condition (intergranular stress corrosion cracking) and after shot peening. All
other steels are resistant to stress corrosion cracking in the sensitised and solution
annealed conditions. On the other hand steels become susceptible through cold
forming, in particular the steels SAE 304 L (1.4306), SAE 347 (1.4550, Nb stabilised)
as well as SAE 316 (1.4401, here with 0.05% C). Taking into account all treatment
conditions, the order for increasing stress corrosion cracking resistance can be stat-
ed as: SAE 304, 304 L, 316 L, XM-19.
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Material Alloy Om MPa ¢,,% %RA CERT Index Fracture type,
condition %
solution 14301 SAE304 4688 46 47 1.0 85D, 15 TG
annealed 14306 SAE304L 3861 44 79 1.0 100 D
14401 SAE316 4826 52 69 1.0 100 D
14404 SAE316L 4619 45 70 1.0 100 D
14550 SAE347 5033 41 63 1.0 100 D
13964 XM-19 6274 50 64 1.0 100D
sensitised 14301 SAE304 4136 31 29 060  50D,45IG,5TG
14306 SAE304L 3861 45 78  1.05 100 D
14401 SAE316 4826 51 66 094 100 D
14404 SAE316L 4688 48 70  1.08 100 D
14550 SAE347 4964 38 63 090 100 D
13964 XM-19 6342 54 60 101 100 D
blasted surface 1.4301 SAE 304 393.0 32 37 0.67 50D, 50 TG
14306 SAE304L 4067 37 59 094 95D, 5 TG
14401 SAE316 4688 42 44 075 90 D, 10 TG
14404 SAE316L 4550 37 42 081 90D, 10 TG
14550 SAE347 4619 30 40  0.69 75D, 25 TG
13964 XM-19 6411 45 54 096 95D, 5 TG
stabilised 14301 SAE304 3654 26 26 053  45D,35TG, 201G
vblasted surface =TGR 3041 3861 30 49 04 60 D, 40 TG
14401 SAE316 4964 41 51 086 95D, 5 TG
14404 SAE316L 4895 36 38 090 95D, 5 TG
14550 SAE347 4619 29 44 067 60 D, 40 TG
13964 XM-19 6480 49 48 096 95D, 5 TG

TG = transgranular, IG = intergranular, D = ductile
CERT Index: ratio of the respective fracture energy (surface under the stress-strain diagram) to that in
the solution annealed condition

Table 7:  CERT results on austenitic steels in high purity water with 8 mg/| oxygen at 288 °C [98]
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Table 7: Continued

Material Alloy G MPa €,,% %RA CERT Index Fracture type,
condition %

blasted surface 1.4301 SAE 304 351.6 18 24 0.36 30D, 60, IG, 10 TG
+ sensitised

1.4306 SAE304L 344.7 28 35 0.64 55D, 35TG, 10 IG

1.4401 SAE316  413.6 29 30 9.45 60 D, 20 TG, 20 IG

1.4404 SAE316L 475.7 37 42 0.80 95D,5TG
1.4550 SAE 347  455.0 24 35 0.56 55D,45TG
1.3964 XM-19 634.2 44 43 0.88 95D,5TG

TG = transgranular, IG = intergranular, D = ductile
CERT Index: ratio of the respective fracture energy (surface under the stress-strain diagram) to that in
the solution annealed condition

Table 7:  CERT results on austenitic steels in high purity water with 8 mg/| oxygen at 288 °C [98]

Using the “electrochemical noise” test method, remarks concerning the propaga-
tion of cracks in sensitised 18Cr8Ni steel in high purity water with 0.6 uS/cm and
1 mg/l oxygen at 288°C were made [99]. One finds that large cracks stagnate and
tearing jumps over other smaller cracks. A simple model describes this jumping
from one damaged grain boundary to another as well as the crack length distribu-
tion. The jumping over of cracks is higher at higher temperatures. The current den-
sity at the crack tip is 10 times higher at 288 °C than at 20 °C.

The influence of 13 various anion species on the stress corrosion cracking beha-
viour of sensitised SAE 304 (1.4301) in pure water with 1 uS/cm and 0.2 mg/! oxy-
gen at 289 °C was tested using the CERT method [100]. One finds that sulphur in
the acidic form as Na$S ensured relatively high stress corrosion cracking susceptibili-
ty. In the case of the presence of sulphates (0.1 and 1.0 mg/l) in the form of H,SO,
the intergranular crack rate in the temperature range 200-250 °C is very high. On
the other hand, the rate falls substantially for temperatures > 270°C as well as
< 170°C. At the same time, increasing transgranular stress corrosion cracking in
addition to intergranular stress corrosion cracking was observed.

The resistance of SAE 304 to stress corrosion cracking in high purity high temper-
ature water was strongly influenced by the presence of impurities such as sulphates,
carbonates, nitrates and fluorides [101]. This is demonstrated with CERT tests in
oxygen containing water at 274 °C with various concentrations, which were mea-
sured with a water conductivity level in the range 0.3-10 pS/cm. The reference me-
dium was high purity water with < 0.1 uS/cm and controlled oxygen content. During
the tests the resting potential as well as the pH value was measured. The aim of the
investigations was to investigate the synergistic effect of dissolved oxygen and ionic
impurities on the intergranular induced stress corrosion cracking of sensitised
18Cr8Ni steel weldments. In the results one finds that sulphates and carbonates
accelerate stress corrosion cracking most strongly, while nitrates are the least effec-
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tive. One can largely eliminate stress corrosion cracking in the presence of corrosive
sulphates and carbonates when their concentration is adjusted to a very low concen-
tration, like that of oxygen. Thus one observes no intergranular induced stress corro-
sion cracking in a test solution with such low carbonate contents, which lead to a
conductivity of 0.3 uS/cm, with a simultaneous very low oxygen content of 21 ug/1.

In order to examine the role of chromium depletion and hardening after proton
radiation on the stress corrosion cracking behaviour of 18Cr8Ni steel in high tem-
perature water, comparative investigations on model alloys with chromium contents
of 15, 20 and 24%Cr were conducted — however, with a substantially increased nickel
content of 24% [102]. CERT tests took place in high purity water with 0.5 uS/cm and
2 mg/1 oxygen at 288 °C. While the ultra high purity steel SAE 304 (1.4301, 8 Ni)
after radiation failed through intergranular stress corrosion cracking, the alloy varia-
tions with 24%Ni were stress corrosion cracking resistant in water with a conductiv-
ity up to 3.2 uS/cm, although they showed considerable chromium depletion with
up to 13% lower than the chromium concentration of the matrix. Evidently, chro-
mium depletion is not a prerequisite for stress corrosion cracking. On the other
hand, this behaviour is proof for the positive influence of higher nickel contents.

The influence of cold deformation (here 20%) on the stress corrosion cracking
behaviour of 18Cr10Ni steel with and without Mo (SAE 304 (1.4301) and SAE 316
(1.4404)) was examined in high purity high temperature water (0.1-0.3 pS/cm and
0.2-2.0 mg/1 oxygen) at 288°C, on the basis of crack propagation velocities [103].
The comparison with solution annealed and sensitised conditions showed that for
both conditions without cold deformation, moderate susceptibility was found, but
which is significantly higher for the sensitised condition, as to be expected. Cold
deformed but not sensitised steel leads to similar high values, those in the case of a
further sensitisation are increased further. In the temperature range 288-340 °C the
crack propagation velocity of a 20% cold deformed steel (SAE 316) increased by a
factor of 3.

In order to avoid intergranular corrosion induced stress corrosion cracking on
SAE 304, the corrosion potential must lie below a critical value [104]. Figure 18
shows the results of investigations in high purity water with various oxygen contents
and in the temperature range 150-300°C. After solution annealing (1060°C/15
min) the steel was sensitised at 620°C/40 h, which led to more negative corrosion
potentials. In extremely low oxygen contents (up to 10 pg/l) this clearly led to no
stress corrosion cracking. First, above this value the corrosion potential considerably
increases and stress corrosion cracking was observed. The critical corrosion poten-
tial becomes similarly more negative with increasing temperature as well as with
the addition of chlorides — both factors increase the susceptibility to stress corrosion
cracking. On the other hand, U, can be increased through borate additions (at
< 250°C). An influence of the pH of the water is also possible.
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Figure 18: U, from SAE 304 in high purity water at 250 °C as a function of oxygen content [104]

Experiences from damage to welded pipes made from the steel SAE 304 (1.4301)
in boiling water reactors were summarised in [105]. Under the practical operating
conditions in high purity water with 0.2-0.3 mg/I oxygen, < 0.1 mg/! chloride and at
288°C one finds:

A) Intergranular stress corrosion cracking occurs exclusively in the heat affected
zone (HAZ)

B) The HAZ region of a welded pipe under mechanical load, which reaches the
maximum load, is hardly deformed; added to this are residual stresses caused
by welding — both lead to very high mechanical loads

C) Sensitisation of the steel by welding is a more essential and sufficient factor
for triggering stress corrosion cracking in case B)

D) Waterside, the role of dissolved oxygen as an oxide scale former is of great
importance

E) Deposits on the pipe interior act as crevices, in which cracks can be triggered.

Therefore, a new stress corrosion cracking test method was developed (Creviced
Bent Beam CBB test), which considers the crevice effect as well as factors B, C and
D above. Bend test specimens with an artificial crevice made from graphite wool
(more sensitive than those made from PFTE and especially metal-metal) were tested
(both welded and non-welded but sensitised at 600 °C/2 h) in high purity water with
0.2 uS/cm, oxygen saturated, chloride < 0.1 mg/l, pH 5.8-6.2 at 250°C. For more
than 20 steel specimens with different carbon contents (which are responsible for
various susceptibilities to sensitisation) one obtains very clear conclusions: from 20
specimens each of them showed stress corrosion cracking after only 24 hours, so
long as the carbon content lied in the range 0.06-0045%. In the process cracks with
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a maximum length up to 1 mm in a distance 5 mm from the fusion line of the weld
seam were found. In contrast, all samples from charges with < 0.02% carbon
showed the highest resistance to stress corrosion cracking: from 20 bend test speci-
mens not a single specimen — even after a testing time of 500 hours — had cracked.
The method allows for the selection of stress corrosion cracking resistant stainless
steels, of which SAE 304 L (1.4306), 304 LN (1.4311), 316 L (1.4404) are the most
resistant.

The process of accelerated crack initiation through the application of a crevice
using graphite wool was also confirmed in another investigation SAE 304 LN
SAE 316 L [106]. In comparison to the steel SAE 304, nickel base alloys such as
Alloy 600 (2.4816, NiCr15Fe) have increased test sensibility up to a factor of 5-6.
Good agreement with the behaviour under practical conditions was given.

The addition of precious metals (here about 3% platinum) to a 18Cr8Ni steel
leads to significantly increased hydrogen oxidation kinetics as well as those for oxy-
gen reduction in high purity high temperature water (288°C, 200 ug/1 oxygen). In
the process a thermodynamically very ignoble corrosion potential of -500 mVgyg is
set [107].

The stress corrosion cracking behaviour of the austenitic cast steel CF3 (c.f.
1.4306, 1.4309) and CF8 (c.f. 1.4308) was tested by several methods in high purity
water with < 1 uS/cm and an oxygen content of 6 mg/1 + 2 at 288 °C (550 °F) [108].
In comparison to the conditions for boiling water reactions, in the present case they
were significantly intensified. The results show that all cast specimens, also after
various heat treatments, after sensitisation as well as welded samples, had resistance
to intergranular induced stress corrosion cracking. In this case, materials with very
low carbon contents (CF3 with about 0.02%) behaved most reliably. Furthermore,
ferrite contents in the range 5-12% increase the stress corrosion cracking resistance
for the higher carbon containing variations. For the low carbon LC-grades, stress
corrosion cracking resistance was found to be independent of the ferrite content
(here: 4-28%).

The susceptibility of sensitised 18Cr18Ni steel (here SAE 304) to intergranular
induced stress corrosion cracking can be reduced in high purity water and at high
temperatures by hydrogen dosing [109]. The prerequisite for stress corrosion crack-
ing is the presence of a sensitised condition, high mechanical load and oxygen in
the water. If the dissolved oxygen is reduced by the addition of hydrogen, the chemi-
cal driving force for the initiation of stress corrosion cracking is reduced. Under the
conditions:

Initial condition ~ Test conditions
Temperature 282°C+£5°C 282°C+£5°C
Dissolved oxygen 200 + 100 pg/1 15+ 10 pg/l
Conductivity at 25°C 0.6 £ 0.3 pS/cm <0.2 uS/cm
Dissolved hydrogen 125+ 25 pg/l H,

correspondingly lower crack rates are found, e.g. < 0.3 compared to > 4 x 10~ mm/h.
However, at the same time, as well as the reduction in oxygen content, the conduc-
tivity of the medium through the corresponding water chemistry is also reduced.
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In order to examine the influence of water flow velocity on the stress corrosion
cracking behaviour of stainless steels, CERT tests on the steel SAE 304 (1.4301) in
high purity water with < 0.2 pS/cm oxygen contents of 20-300 pg/l and 285°C
(545 °F) were conducted [110]. The region of interest was 0.002-2 ft/s. As measure-
ments of the stress corrosion cracking lifetime show, one finds that with increasing
flow velocity, longer times (40-50%) to rupture through stress corrosion cracking
are found, see Figure 19. This could be explained due to the change in chemistry in
the proximity of possible forming cracks. The corrosion potentials become nobler with
increasing flow velocity, in particular at oxygen contents in the range 20-300 ug/1.
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Figure 19: Influence of dissolved oxygen on the stress corrosion cracking lifetime at low and high
flow velocities for a 18Cr8Ni steel in high purity water at 285 °C [110]

One can substantially reduce or almost eliminate the susceptibility to stress corro-
sion cracking of austenitic stainless steels based on 18Cr8Ni through additions of
silicon (from 4.5%) [111]. This leads to an austenitic-ferritic matrix because silicon
is a strong ferrite former. Transgranular stress corrosion cracking in the MgCl, test
as well as intergranular stress corrosion cracking in oxygen saturated (100 mg/l)
high purity water at 289 °C result in longer stress corrosion cracking lifetimes with
increasing silicon contents, as seen in the values in Table 8. In contrast to the Si-free
commercial 18Cr8Ni steel (here SAE 304), which cracks after a few hours and in
cross-sectional micrographs shows pronounced stress corrosion cracking (triggered
by intergranular corrosion), one finds no cracks in the high silicon steel grades with-
in the testing time of 300 h. The significantly improved stress corrosion cracking
behaviour is explained by the fact that during the sensitisation heat treatment car-
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bides are only precipitates in the o-y grain boundary region and not in the y-y grain
boundary region. Despite the high silicon content which also improves the strength,
the hot formability and weldability of this steel are preserved.

Sample Si,% o-ferrite,% Time to fracture, h
A 1.0 0.5-1.0 22.8;12.0

B 20 05-1.0 65.0; 58.5

C 2.9 1.6-1.8  19.0; nB* 332%%; nB 305**
D 3.8 7.5-7.6 68.0; 114

E 45 16.8-17.0 nB 304; nB 305
F 4.7  22.0-23.0 nB 306; nB 305
G 4.7 27.0-29.0 nB 306; nB 306
H 4.8 27.5-29.5 nB 330; nB 451

I 4.8 17.5-199 nB 307; nB 307
SAE 304 - - 14.5; 13.0

* nB: no fracture in the given time
** no fracture but fine intergranular cracks

Table 8: Results of intergranular stress corrosion cracking tests with a silicon alloyed 18Cr8Ni
steel and SAE 304 in water with 100 mg/| oxygen at 289°C[111]

By means of CERT measurements, the influence of alloying elements on the
stress corrosion cracking behaviour of SAE 304 (1.4301) after neutron irradiation
was investigated [112]. The tests were conducted in high purity water with 0.2 pS/cm
and 32 mg/1 oxygen at 300 °C. One finds:

e Samples from high purity 18Cr8Ni steel result in the highest stress corrosion
cracking susceptibility

e Carbon additions (here from 0.003 to 0.10%) in the steel lead to considerably
higher stresses during the CERT test (evidently carbon strengthens the hard-
ening effect through irradiation)

¢ The observed elongations in the stress-strain diagram are shorter in each
case

e Silicon (0.7%) reduces the maximum stresses and leads to longer elonga-
tions, and therefore improves the stress corrosion cracking behaviour

e Sulphur up to 0.03% deteriorates and phosphorus improves the stress corro-
sion cracking behaviour, see also Figure 20

e As well, nitrogen deteriorates the stress corrosion cracking behaviour, nickel
improves it.
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Figure 20:  Stress-strain curve for SAE 304 (1.4301) (18Cr8Ni steel free of C, but with additions of

S, P and Si) in high purity water with 32 mg/I O, at 300°C[112]
HP = high purity

Similar claims were made in [113] concerning the influence of Cr, P, C, Si and S
on the stress corrosion cracking behaviour of high purity 18Cr8Ni steels with their
microstructures altered via neutron irradiation.

Neutron irradiation of stainless steels based on 18Cr8Ni without Mo (SAE 304)
and with Mo (SAE 316) influenced the stress corrosion cracking behaviour via the
process of hardening. This was shown in CERT tests on 23 various steel specimens
with various contents of Si, P, Nb and Mo in high purity water with 32 mg/1 oxygen
at 288°C [114]. Hardness and yield strengths correlate well with each other. Lower
silicon and phosphorus contents suppressed the stress corrosion cracking suscepti-
bility. Niobium has no influence. A limiting stress for the yield strength of 700 MPa
was determined, above which stress corrosion cracking occurs.

The influence of proton irradiation on the stress corrosion cracking behaviour of
sensitised steel SAE 304 (1.4301) in high purity water with 1 uS/cm, oxygen saturat-
ed at 288 °C was investigated using C-ring specimens, namely with electrochemical
noise [115].

By means of this test method the crack propagation is verifiable via measurement
of the galvanic micro-current. Irradiated material shows higher stress corrosion
cracking susceptibility. However, scanning electron microscope investigations
showed that the chromium depletion profile at the grain boundaries is hardly
changed through low proton irradiation. Therefore, the increased stress corrosion
cracking susceptibility can be justified more from hardening caused by irradiation.
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To determine the influence of irradiation (fast neutrons) on the stress corrosion
cracking behaviour of reactor materials (e.g. fuel casings) in high purity high pres-
sure water, a special test device was constructed [116]. By means of CERT tests it
was proven that the sensitised steel SAE 304 (1.4301) was considerably more suscep-
tible to intergranular stress corrosion cracking than for the sensitised steel which
was not irradiated. The test conditions were: high purity water with 8 mg/] oxygen
at 288 °C, strain rate 1 x 10™°/min and a radiation intensity of 3 x 10*' n/cm?

The influence of radiolysis products on the corrosion behaviour of sensitised
SAE 304 (0.05% C) in high purity water (0.1 pS/cm) with various oxygen contents at
250°C was examined [117] (see also [90]). The strong influence of the products
which form was shown by H,0,, followed by oxygen and the lowest influence by
hydrogen. This is related to the oxidising effect of H,0,, shown through a clear shift
in the corrosion potential so that according to CERT tests intergranular stress corro-
sion cracking was determined from -300 mVgsyg. In addition, sulphates (here
Na,SO,) have a strong influence on stress corrosion cracking, whereby they are
somewhat less corrosive than in the form of H,SO,: a concentration equivalent with
a conductivity of 10 uS/cm leads to stress corrosion cracking under oxygen free con-
ditions (triggered by intergranular corrosion). One determines here a critical poten-
tial of =500 mVgy, above which stress corrosion cracking occurs.

The high nickel and chromium steel SCR-3 (25.13 Ni, 24.65 Cr, 2.05 Si, 1.53 Mn,
0.98 V, 0.26 Ti, 0.023 C) shows very good stress corrosion cracking behaviour in
high purity water with 8 mg/1 oxygen at 300 °C, also in the sensitised state (here: all
specimens at 650°C/2 h) [118]. This is the result of stress corrosion cracking tests
on U-bend specimens in comparison to the steels SAE 304, Inconel® 600 as well as
Incoloy® 800. From Figure 21 it can be seen that crack depths in the 18Cr8Ni steel
escalate after 400 h test time, in comparison the high chromium and nickel contain-
ing SCR-3 shows no cracks after 1000 h. Its behaviour is very similar to the nickel
alloy Alloy 600 (2.4816), which under these conditions is deemed as stress corrosion
cracking resistant. A similar trend of curves is obtained under comparable condi-
tions for the addition of 500 mg/1 NaCl, however the values are shifted heavily to the
left i.e. to shorter times. In the presence of chlorides cracks appear much earlier.

Stress corrosion cracking of components based on the 18Cr8Ni steel in high pur-
ity water in boiling water reactors is frequently observed, not only in stabilised
grades or grades with high carbon contents, but even in low carbon LC grades. In
the case of high carbon containing and welded steels an increase in the occurrence
of intergranular stress corrosion cracking (which lies in the region of the heat
affected zone) during plant operating time has been determined. Therefore a new
method for the lifetime assessment of component in boiling water reactors made
from austenitic stainless steel was developed: the PLEDGE model (Plant Life Exten-
sion Diagnosis of General Electric) [119]. One finds stress corrosion cracking pre-
dominantly when the water contains large amounts of oxygen, the steel has been
cold formed or when grain boundary precipitations caused by heat treatment are
present. Hydrogen dosing (1-2 mg/l) reduces the oxidising water conditions and
therefore the danger of stress corrosion cracking. Diagrams have been presented
which show good correlation between estimated and industrial crack propagation.
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Inspection at regular intervals is compulsory for the recognition of cracks and their
extent, in order to be able to punctually undertake component repairs and/or
exchanges.
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Figure 21: Stress corrosion cracking susceptibility of sensitised alloys in high purity water with
8 mg/| oxygen at 300 °C. Crack depths in mm as a function of test time in h [118]
SAE 304 Inconel® 600 Incoloy® 800

By means of CERT tests the influence of ferrite in the austenitic matrix of steel
(1.4303, X4CrNi18-12; here: 21 Cr, 19 Ni, 1.76 Mn, 0.41 Si, 0.04 C) on intergranular
stress corrosion cracking in high purity water with 8 mg/l oxygen at 288°C was
investigated. For a set ferrite content of about 10%, achieved by heat treatment, one
finds intergranular stress corrosion cracking only at a sensitisation temperature of
550°C and after 24 and 48 hours - all other conditions (400-600 °C/10-200 h) show
ductile fracture. The susceptibility can best be predicted using the ASTM test A 262
for the determination of intergranular corrosion [120].

The stress corrosion cracking susceptibility of sensitised 18Cr8Ni steel (SAE 304)
in high purity high temperature water is dependent mainly on the combination oxy-
gen-temperature [121]. While according to CERT tests one sees a continually
increasing crack rate in the temperature range 100 to 300 °C for a very high oxygen
content of 8 mg/l, in the case of only 0.2 mg/] oxygen at 200 °C the curve bends
again, i.e. the crack rates decline significantly. For this reason, the susceptibility
under practical conditions in boiling water reactors (288 °C, < 0.01 mg/l oxygen) fall
significantly. In Figure 22 the combined regions oxygen-temperature which exist in
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practice are illustrated. Since here the probability of stress corrosion cracking is
given, the residence times in these regions should be kept as low as possible.
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Figure 22: Tested oxygen-temperature combinations on 18Cr8Ni steel and their bearing on limita-
tions at start up [121

The crack propagation velocity of sensitised steel SAE 304 (1.4301, here: 0.06% C;
620°C/24 h) was measured on samples with constant load under simulated boiling
water reactor conditions at 288 °C. In order to determine the influence of H,0,, oxy-
gen and hydrogen, 10-440 pg/l oxygen, 0-570 pg/l H,O, as well as 14-150 pg/l
hydrogen, respectively, were added to high purity deionised water [122]. The crack
rates increase with increasing oxygen content, as shown in Figure 23.
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Figure 23: Influence of oxygen on the crack rate of sensitised SAE 304 (1.4301) in high purity
water at 288 °C [122]
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Dosing with H,0, shows similar behaviour. In contrast, crack propagation was
not found in the case of hydrogen additions, above 50 pg/1 hydrogen, as shown in
Figure 24.
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Figure 24: Influence of dissolved hydrogen on the crack rate of sensitised steel SAE 304 (1.4301)
in high purity water at 288 °C [122]

With increasing corrosion potential, the crack rate increases strongly and there is
a critical potential, under which the crack rate is practically zero. This limiting
potential lies at —200 mVgyg, see Figure 25.
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Figure 25: Influence of corrosion potential on the crack rate of sensitised steel SAE 304 (1.4301)
in high purity water at 288 °C [122]
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From reactor practice it is known that dosing with hydrogen reduces the stress
corrosion cracking susceptibility of sensitised 18Cr8Ni because hydrogen combines
with oxygen and as a result the crack propagation reduces, in particular, the cracks
present are stopped from further growth.

In order to more rapidly examine the correlation between sensitisation and the
tendency to intergranular stress corrosion cracking of 18Cr8Ni steel in reactor water,
a new test in high purity water with 15 pg/1 oxygen, pH 6.5 and 85 °C was developed.
Herein the corrosion fatigue behaviour at a frequency of 1 cycle/min and stress
amplitude of 23 MN/m*? was investigated, using fractographic investigations to
determine the form and percentage of the fracture surface. Specimens were sensi-
tised at 620 °C for 1, 10 and 40 h. The results for the solution annealed comparative
samples show 100% ductile fracture, while for the sensitised specimens the propor-
tion of the grain surface fractures increases with the sensitisation time and in the
case of 40 h was almost 100%, i.e. no more ductile fracture was present. The results
show that intergranular stress corrosion cracking in relatively mild media and at
lower temperature (lower than in reactor conditions) with cyclic loading and low
frequency is possible.

By means of experimental data on welded pipes made from SAE 304 (1.4301) a
model for intergranular stress corrosion cracking in high purity high temperature
water was derived. Crack initiation- as well as crack propagation-phases were treated.
The process of sensitisation on grain boundaries, stress gradients in weldments, re-
sidual stresses and the role of surface treatments were also considered [123].

In the case of the presence of crevices on the surface, the stress corrosion crack-
ing susceptibility of 18Cr8Ni steels (here: SAE 304, SAE 304 L, SAE 316, SAE 316 L,
SAE 316 LN) in high purity high temperature water increased. This is shown by
investigations on specimens with constant loading as well as U-bend specimens,
which were tested with an artificial crevice [124]. One observes a considerable
decrease in stress corrosion cracking lifetimes as well as the critical limiting stress
at 240 °C. Intergranular stress corrosion cracking was experienced above 200°C on
specimens without a crevice, on the other hand specimens with a crevice from
175 °C. Below 150 °C no intergranular stress corrosion cracking was observed.

The crack rates for the stress corrosion cracking of the sensitised steel SAE 304 in
high purity water with 0.5 mg/1 oxygen at 288 °C are greatly accelerated by sulphate
ions, by a factor of 4-5 [125]. This is the result of crack rate measurements as a func-
tion of the change in conductivity after the addition of H,SO4. However, only after
numerous dosages (3—4 after one another) does one find such corresponding effects
as well as after an incubation time up to 100 h. However, from the total conductivity
of the test solution alone one cannot conclude the amount of damage — additionally,
the length of time, the level and number of SO, dosages must also be considered.

In the cooling system of boiling water reactors the start up and shutdown of the
plants can lead to cyclical mechanical stresses, in particular in welded pipe compo-
nents. Investigations on the sensitised SAE 304 (1.4301) show that this leads to
intergranular stress corrosion cracking in a short time in high purity water with 5
MQ - cm resistance and in the case of 8 mg/l oxygen at 290 °C. At the same time
the stress corrosion cracking susceptibility is dependent on the trapezoidal shape of
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the load curve, i.e. from the upper and lower stresses as well as the holding times
[126].

The susceptibility of welded 18Cr18Ni pipes (here: up to 100 mm diameter) to
intergranular stress corrosion cracking in high purity water with 6 £ 2 mg/l oxygen
at 288 °C can be considerably improved (by a factor of 15) by an inductive post-heat
treatment in the weld seam region because compressive stresses are formed on the
inner side of the pipe [127]. In doing so the effect of the level of mechanical load is
dependent, i.e. there is a limiting stress, above which the heat treatment effect is
absent. This limiting value (here: 227 MPa) lies much further above the Rp, and as
such in the range of mechanical component loads that are found in practice.

To determine the fatigue corrosion behaviour of boiler steels for pressurised water
reactors (SA508-2 and SA533B-1, see also Table 4) in high purity water at 288 °C,
crack rates were measured as a function of the stress intensity (da—dK diagrams)
[128].

Microbiological influenced corrosion (MIC) was found on SAE 304 (1.4301) in
relatively pure water at 80 °C [129]. A large tank failed by intergranular stress corro-
sion cracking. Microbes were responsible for a deposit forming on the steel surface,
under which the smallest amounts of chlorides are enriched and can also penetrate
the grain boundaries. When localised high mechanical stresses are present, MIC
induced stress corrosion cracking can occur.

In large storage tanks (30 x 10 x 10 m) used for spent fuel rods from nuclear
power plants, which are lined with stainless steel (no further details given) and filled
with demineralised water, the corrosion rate after many years of service was deter-
mined [130]. Under the conditions 20°C £5°C, pH 5 £ 1, 0.1 mg/l oxygen as well as
0.1 mg/1 chloride ions a total container weight loss of 150 mg/a was found by spec-
tral analysis, which corresponds to a corrosion rate of 0.01 pm/a. This means abso-
lutely negligible corrosion attack. Information: since only Fe, Cr and Ni, and no Mo
were found in the spectral analytical data, the described stainless steel involved was
assumed to be an 18/8 CrNi steel.

In another case a pump housing for a boiling water reactor was made from the
steel CF-8M (1.4408; 18-21 Cr 9-12Ni, 2-3 Mo), the impeller was made from CF-8
(1.4308, GX5CrNi19-10). The niobium stabilised CrNi steel Mat.-No. 1.4550 (corre-
sponding to SAE 347) has proven itself for use as a material for »°U enriched
nuclear fuel sheaths [131, 132]. The steels come into contact with high purity water
or the boiling reactor water at temperatures between 260 and 350 °C. In the process,
magnetite and spinel form on the metal surface of which a portion will be trans-
ported from the cooler to the hotter plant components [133]. The observation that
the acid resistant CrNi steels were destroyed in water at 300 °C with 50 mg/] oxygen
+ 100 mg/1 chloride after only 200 hours means keeping these foreign substances
completely free from the circulating water. From the investigations mentioned
below, the susceptibility ranges of the Mo free chromium-nickel steels for the simul-
taneous presence of chloride ions and oxygen were marked out:

e After the addition of 10 mg/] chloride the steel SAE 304 (Mat.-No. 1.4301)
started to crack in the presence of 8 mg/l oxygen after 25.5 h [134].
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e 4 commercial acid resistant chromium-nickel steels suffered no stress corro-
sion cracking in high purity water with 100 to 800 mg/l chloride (added as
NaCl) at 300-350 °C, so long as the oxygen content remained below 0.2 mg/1.
As soon as the oxygen concentration was increased to 0.3 mg/l, fracture as a
result of stress corrosion cracking occurred. Solution annealed steels were
destroyed by transgranular attack, in addition sensitised (welded) steels were
destroyed by intergranular attack [133, 135].

e The steel SAE 304 was not attacked under load in the presence of 0.02 mg/1
chloride + 0.1 mg/l oxygen at 330°C; in water with 0.1 mg/l chloride
+ 3 mg/l oxygen as well as 0.02 mg/1 chloride + 40 mg/l oxygen crack forma-
tion through stress corrosion cracking occurred [136].

e Mo containing austenitic chromium-nickel steels are less susceptible in the
simultaneous presence of chloride ions and oxygen [133].

From these results the requirements for the purity of the circulating water can be
deduced. However, in contrast to the acid resistant chromium-nickel steels, nickel
alloys such as Alloy 600 (2.4816) and Alloy 800 (1.4876 c.f. A 28) withstood the expo-
sure to water with 50 mg/1 oxygen and 100 mg/1 chloride at 300 °C without damage
because they did not suffer from stress corrosion cracking. Therefore nuclear fuel
sheaths are often made from these materials [72].

The water in secondary cycles must also be free of chloride ions, since the heat
exchangers, pipes and the hot side of the turbines, which are made from acid resis-
tant chromium-nickel steels can be heavily damaged by stress corrosion cracking
[72]. The addition of phosphate is not allowed due to the risk of stress corrosion
cracking. Maintaining the pH value (pH 9) can be achieved by using volatile organic
compounds e.g. cyclohexamine or hydrazine [137, 138]. To prevent stress corrosion
cracking one should select steels with low carbon content (ELC grade with < 0.03%
C) or steels which are stabilised with titanium or niobium. The ELC steels are highly
suitable for nuclear fuel sheaths from 0.1 mm wall thickness [72]. The corrosion
rates for austenitic chromium-nickel steels in high purity water for pressurised and
boiling water reactors are given in Table 9.

Alloy Temperature  pH value Water quality Corrosion rate
°C

mm/a
SAE 304 100 distilled 0.13 g/m2 d 0.0005
SAE 304, 300 6.5 degassed, 0.0025
SAE 316 distilled
SAE 304, 260 6.5 degassed, 0.0-0.0025
SAE 316 distilled

Table 9: Corrosion rates of austenitic CrNi steels in high purity water under the conditions of
pressurised and boiling water reactors
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Table 9: Continued

Alloy Temperature  pH value Water quality Corrosion rate
°C
mm/a
SAE 304, 30 3.2 degassed, no attack
SAE 316 distilled,
cation free
SAE 304 reactor <0.01
temp.

SAE 347 260 5-11 0.002
SAE 304 262-280 water + steam 0.003
SAE 304 288 boiling water ~ 0.1-0.2 mg/dmd 0.0027—

+10 ppm NH, 0.0054

In a special case exposure of the gases situated above the water surface was examined

SAE 304, 316 deionised, above crevice depth 0.0-0.2 mm

SAE 304 L 95% N, + 5% O,

SAE 347 316 deionised, above crevice depth 0.2-0.4 mm
95% N, + 5% O,

SAE 304, 316 air crevice depth 0.1-2.8 mm

SAE 304 L

SAE 347 316 air crevice depth 0.25-0.6 mm

Table 9: Corrosion rates of austenitic CrNi steels in high purity water under the conditions of
pressurised and boiling water reactors

Austenitic CrNiMo(N)steels

The Mo containing 18Cr10Ni steel grade SAE 316 LN (c.f. Mat.-No. 1.4406, 1.4429)
is considerably more resistant to intergranular stress corrosion cracking in high
temperature water with 0.3 pS/cm and < 1 mg/l oxygen then than the Mo free
18Cr8Ni steel (SAE 304) [139]. Only after extreme heat treatments/sensitisations at
650-700°C over 100 hours can stress corrosion cracking occur. Solution annealed
material (1050-1100°C/2—4 h) as well as subsequently annealed material (950 or
850 °C/2—4 h) lead to the desired microstructure modification such as grain growth,
carbide distribution and ferrite formation (up to 8%) as well as a slight drop in
strength, but an increase in ductility — however the influence on stress corrosion
cracking susceptibility is negligible. In the temperature range 90-230°C stress cor-
rosion cracking was not observed (CERT test), so long as high purity water with <
0.3 mg/1 oxygen, < 2 mg/1 hydrogen and < 10 mg/l H,0, is present. Also, in a neu-
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tral solution with chloride, sulphate and copper ions (all to a maximum of 5 mg/l)
stress corrosion cracking was not determined up to 320 °C. Only in the case of high
hydrogen contents up to 30 mg/l (simulation of high water radiolysis) was stress
corrosion cracking observed on sensitised samples after 1500 hours exposure. Sam-
ples which were neutron irradiated at 200 °C are resistant to stress corrosion crack-
ing in high purity water with > 10 mg/1 oxygen and > 3 mg/Il hydrogen in tests with
constant deformation. This is also the case for water at > 150 °C with 7 mg/] oxygen
+ 6 mg/l H,O, + 0.1 mg/1 sulphate ions, so long as cracking conditions are present.
On the other hand, 60 pg/l (0.06 mg/l) chloride ions from 200 °C under such crack-
ing conditions lead to stress corrosion cracking (however not using the CERT test).
Based on previous literature the steel SAE 316 LN is considered to be resistant to
intergranular stress corrosion cracking under practical conditions, also in the irra-
diated condition (maximum 3 dpa). A possible metallic compound with copper
(mixed systems in cooling circuits) causes negligible galvanic corrosion (iy < 1IuA/cm’),
although copper is slightly nobler and therefore is the cathode.

The influence of metallurgical factors on the stress corrosion cracking behaviour
of the steel SAE 316 (1.4401) in high purity water with 8 mg/] at 288 °C was tested
[140]. Subsequently, stress corrosion cracking was initiated by coating-like, amor-
phous CaS precipitations on the grain boundaries. On the other hand, Laves phase
on the grain boundaries reduces the susceptibility. High austenite stability (mea-
sured from the Ni/Cr ratio) increases the stress corrosion cracking susceptibility.

The corrosion behaviour of the steel SAE 316 (1.4401) in deionised high purity
water is influenced by high energy y-radiation (here: 20 MeV/340 kRad/h). This is
the result of potential measurements and CERT tests at 50, 90 and 130°C [141]. As a
result of the substances released by radiolysis (H,O,, H, and O,) the corrosion
potential shifts by about 100 mV to ignoble values; passive current densities are an
order of magnitude lower, see Figure 26. CERT tests at 50 °C result in only small
differences in the elongation values between measurements in hydrogen (1500 pg/1)
and those in argon as the inert gas. Thus, under these conditions SAE 316 is not
susceptible to stress corrosion cracking, which is equally valid for the sensitised
(welded) condition.

Current measurements of corrosion potentials were made on the steel SAE 316
(1.4401) between stress corrosion cracking and reference specimens as a function of
time in order to determine a possible effect of stress corrosion cracking under pres-
surised water reactor conditions (here: high purity water with < 0.1 pS/cm,
> 20 mg/l oxygen, 288 °C) [142]. Indeed one finds good correlation between the cur-
rent density-time curve and the observed stress corrosion cracking using the CERT
method. For a sensitised (624 °C/24 h) steel SAE 316 (0.06% C) the current level or
intensity (integral i—t) where stress corrosion cracking occurs is considerably more
pronounced than for the solution annealed condition (1120 °C/1 h), for which stress
corrosion cracking was not observed. Also, the current decline is considerably slower
in the sensitised condition. The method is recommended for determining and esti-
mating (monitoring) possible stress corrosion cracking in stainless steels in high
temperature water.
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Figure 26: Potentiodynamic current density-stress curves for the steel SAE 316 (1.4401) in pure
water at 50 °C deaerated with hydrogen [141]

The high-strength and manganese containing steel XM-19 (UNS S20910, 21 Cr,
12 Ni, 2.15 Mo, 5 Mn, 0.003 C) shows considerably better stress corrosion cracking
resistance in high purity water with < 0.2 pS/cm and 8 mg/l oxygen at 288 °C than
SAE grades 304 and 316. This is the result of tests on flat specimens at constant
load and test times up to 47,000 h [143]. On notched specimens stress corrosion
cracking is also found at stresses < Rpg, as fine incipient cracks, also for non-
cracked samples. The results on un-notched samples are shown in Table 10. Here,
the factor R illustrates the ratio of applied mechanical stress to Rpg;. One finds that
classical stress corrosion cracking occurs at R > 1.35 with relatively short lifetimes.
Below this critical value the highest lifetimes, but also at R = 1 fine incipient cracks
were observed, which propagate slowly up to R = 0.8.

The blades of a pump impeller made from the Mo containing cast steel CF-8M
(1.4408, UNS J92900, 17 Cr, 11.35 Ni, 2.64 Mo, 0.67 Mn, 0.42 Si, 0.075 C) failed
after one year in operation through strong corrosion attack in demineralised water,
however with a low pH value in the range of 2-2.5 [144]. On the underside of the
blades pitting corrosion as well as incipient cracks were found, which after metallo-
graphic examination were found to be exclusively intergranular and continuous
across the material thickness. Furthermore, massive carbide precipitations on the
grain boundaries were found. The attack took place interdendritically with the loss
of whole grains. The damage is clearly traceable to the use of an alloy with excessive
carbon content. This leads to considerable chromium carbide precipitation on the
grain boundaries caused by slow cooling during the production of the cast material,
which then leads to sensitisation of the steel. In acidic solutions this leads to pro-
nounced intergranular corrosion (c.f. Straufl test). Therefore, for the corresponding
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application a high alloyed steel with 20 Cr, 25 Ni, 4.5 Mo, 1.5 Cu, 0.02 C (Mat.-No.
1.4539) is intended, which also has a very low carbon content.

Charge applied mechanical R test period, rupture without rupture fine cracks
stress, MPa h
A 588 2.02 2060 .
1559 .
1432 U
1559 [
392 1.35 9393 .
11014 U
7192 .
46713 . .
294 1.01 47713 J
47713 .
196 0.67 47713 .
47713 J
B 588 2.00 8462 .
7043 .
490 1.67 10053 .
9324 U
392 1.33 40880 . .
41880 . .
294 1.00 41880 . .
41880 . .
196 0.67 41880 J
41880 J

Table 10: Stress corrosion cracking lifetimes of the steel XM-19 (UNS S20910) in high purity
water with 0.2 uS/cm and 8 mg/| oxygen at 288 °C [143]
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Nickel has been used as plating for high purity water storage [145]. An electrolyti-
cally produced nickel plating with 0.2 mm thickness has proven itself as a lining for
high purity water containers due to results from tests running more than six
months [146]. For electroless nickel plating, the corrosion rates after three months
immersion testing in deionised water were:

aerated RT 0.5 mm/a
non-aerated  49°C 0.3 mm/a
non-aerated  82°C slight weight gain

In non-aerated distilled water the corrosion rate after one month was 0.7 mm/a,
which means that electroless nickel coatings are not resistant in high purity water
[147].

Nickel-chromium alloys

Nickel-chromiume-iron alloys (without Mo)

From the main candidates of NiCrFe alloys, Alloy 800 (32 Ni, 20 Cr, rest Fe, Mat.-No.
1.4876) and Alloy 600 (72 Ni, 16 Cr, 9 Fe, Mat.-No. 2.4816), in the USA also the high
Cr containing Alloy 690 (61 Ni, 29 Cr, 9Fe, Mat.-No. 2.4642), are used in BWR/PWR
at high temperatures because they are resistant to stress corrosion cracking in high
purity water up to 360 °C. Unlike stainless steels, anneals which lead to carbide pre-
cipitation on the grain boundaries, reduce stress corrosion cracking susceptibility.
Also a stress relieving anneal at 340 °C after welding improves the stress corrosion
cracking susceptibility. Also, cold formed material shows improved behaviour to
stress corrosion cracking. High sulphur contents (0.03-0.05% S) in the alloy
increase the risk of stress corrosion cracking (better: < 0.01% S). Increasing hydro-
gen dosing in high purity water initially leads to an increase in the stress corrosion
cracking crack velocity, for very high hydrogen dosages a decrease in the velocity is
seen.

Investigations on the crevice corrosion behaviour of Alloy 600 (2.4816, NiCr15Fe)
in high purity high temperature water at 288°C and 0.2 mg/] oxygen were con-
ducted [148)]. One finds that under such conditions slightly alkaline solutions form
in the crevices. However, thermodynamic assessments show that the mechanism
for crevice corrosion induced intergranular stress corrosion cracking is not that cor-
responding to the classical alkaline stress corrosion cracking. Also, the test results
show that diffusion of the solution rather than the kinetics of metal dissolution con-
trol crevice corrosion. Also, the film rupture mechanism does not favour stress cor-
rosion cracking at high temperatures.

The NiCr alloy Alloy 800 (Mat.-No. 1.4876, X10NiCrAlITi32-21) used in boiling
water reactors is only susceptible to intergranular stress corrosion cracking when
high oxygen contents are present in the high purity reactor water at high tempera-
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tures, and only in the sensitised condition. This can be seen from the data in Table
11. Susceptibility was noted for the test samples with higher carbon contents
(0.051% C) and also after an annealing treatment at 1050 °C (Sample M10). For the
sample solution annealed at 1150 °C with a lower carbon content (0.035% C) stress
corrosion cracking did not occur [149].

M10 M9

Test conditions delivery sensitised  delivery  sensitised
condition 500 °C/100 h condition 550 °C/100 h

350°C in deaerated water, after 12960 h 0/2% 0/2 0/2 0/2
350 °C water with 0.5 mg/1 O,, after 9160 h 0/2 0/2 0/2 0/2
290 °C water with 40-140 mg/1 O,, 0/1-480h  2/2-480h  0/2 0/2
after 5661 h 0/1-5661 h

475 °C steam with 6.89 MN/m2 pressure, 0/4 - - -
after 1500 h

*:0/2 = number of susceptible samples in comparison to the number of investigated samples

Table 11:  Stress corrosion cracking results for Alloy 800 in high purity water [149]

The stress corrosion cracking behaviour of the nickel alloys Alloy 600 (Mat.-No.
2.4816) and X-750 (Mat.-No. 2.4669) in demineralised high purity water (< 3 pg/l
oxygen; 350°C) is dependent upon the microstructure [150]. For alloy X-750 one
finds that removal of the mechanical load leads to a sharp increase in the lifetime
until stress corrosion cracking, which does not mean that there is a limiting load,
under which cracks do not occur. Even for loads of 40% of the 0.2% yield strength,
cracks were observed. Also, crack susceptibility of this alloy decreases when there
are less intermetallic phases and thus lower strengths. For Alloy 600 a heat treat-
ment leads to longer stress corrosion cracking lifetimes, if as a result carbide preci-
pitations on the grain boundaries are produced (700°C/1 h). Galvanic contact with
noble metals such as gold or platinum improve the stress corrosion cracking suscep-
tibility, on the other hand contact with carbon steel accelerates stress corrosion
cracking (for contact with stainless steel only slightly). Cracks are mostly intergranu-
lar, in particular for Alloy 600 with grain sizes from 20-40 and 200-300 pm. The
susceptibility to stress corrosion cracking is explained by the presence of granular
precipitates on the grain boundary surface. These are planar or rod-shaped and
occur preferentially in the crack initiation zone, on the other hand hardly in the
crack edges or crack tips. EDAX analysis shows them to be highly enriched in sul-
phur and nickel. Thus a decrease in stress corrosion cracking susceptibility for the
case of a very low sulphur content (here actual: 0.05% S; target: S < 0.01%) is ascer-
tained. The authors point to the fact that all differences in the investigation results
from industrial batches, despite having comparable as-is analyses in the main alloy-
ing elements, are due to fine differences in residual elements such as sulphur and
carbon, also aluminium and titanium. Therefore, melting technology as well as pro-
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cessing are key factors for semi-finished product manufacturers, which is why care-
ful examination of these needs to be made (as-is analyses, hot deformation parame-
ters, heat treatments).

The influence of heat treatment on the stress corrosion cracking behaviour of the
age-hardenable nickel alloy X 750 (2.4669; with about 73 Ni, 15 Cr, 7 Fe, 2.5 Ti,
1 (Nb + Ti), 0.8 Al (as well as Alloy 718 (2.4668), Discaloy)) in high purity water
(< 5 mg/l oxygen, pH 7) at 320-360°C using U-bend specimens was investigated
[151]. Good resistance to stress corrosion cracking was found for the solution
annealed state in the range 1065-1100 °C and after age hardening at 704-732°C. In
particular, water quenching after solution annealing results in very good resistance
to stress corrosion cracking. Furthermore, one finds good correlation between the
form, morphology and coherence of the precipitates on the grain boundaries.

Sensitisation (700°C/2 h) of Alloy 600 (Mat.-No. 2.4816) has only a slight influ-
ence on the corrosion fatigue behaviour in comparison to the desensitised state
(700°C/120 h) in high purity water at 288°C and 0.2 mg/] oxygen [152]. However,
the crack velocity increased with increasing oxygen content and decreasing fre-
quency (10 or 0.1 Hz). Cathodic polarisation has very little effect — quite the contrary
to the effects in acidic solution. In the sensitised as well as in the desensitised mate-
rials the type of cracking identified was transgranular.

Discontinuous grain boundary precipitation is evidently a prerequisite for Alloy
600 not having stress corrosion cracking in high purity water (quite the contrary to
stainless steels). On the other hand solution annealed specimens are susceptible to
stress corrosion cracking. This occurs at potentials both above and below Ug: below
Ug (galvanic coupling with carbon steel) the adsorbed hydrogen plays a role; above
Uy the rupture mechanism of the passive layer has an effect. Contact with carbon
steel accelerates while contact with noble metals reduces the susceptibility to stress
corrosion cracking. An optimal heat treatment at 982-1010 °C/1-5 min, followed by
704°C/15 h should be conducted. As a result thehighest resistance to stress corro-
sion cracking will be achieved. Stress corrosion cracking of nickel alloys based on
Ni-16Cr-9Fe in high purity water is strongly dependent upon the crystallographic
orientation of the grain boundary surfaces. This was seen from CERT tests in deaer-
ated high purity water at 360°C [153]. Accordingly, the percentage of cracked sam-
ples with predominantly high angle grain boundaries was considerably higher (up
to about 10%) than in the case of samples with coincident site lattice boundaries —
0.1%. Samples with low angle grain boundaries showed no cracks, neither in an
inert argon atmosphere nor in high purity water. Evidently, low angle grain bound-
aries produce sliding properties on neighbouring grains, as they absorb lattice dislo-
cations, emit new ones and thus reduce mechanical stresses in the grain bound-
aries. The results show that by controlling grain boundary conditions, which can be
done through corresponding annealing treatments, resistance to stress corrosion
cracking can be improved.

The influence of grain boundary chemistry and structure of Alloy 600 (Mat.-No.
2.4816; here: Ni-16Cr-9Fe-C-B) on the stress corrosion cracking behaviour in high
purity deaerated water with 18 MQ - cm (< 5 pg/l oxygen) at 347 °C has been re-
ported [154]. CERT tests (1.7 x 107 in/s) resulted in all samples being susceptible to
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cracking, due to carbide precipitation on teh grain boundaries, irrespective of the
heat treatment. Maximum crack depths of 100 pm were determined for the highly
sensitised condition (solution annealed at 1100°C/20 min + 550°C/2 h). Surpris-
ingly, for an alloy variation with extremely low carbon content (0.008 compared to
0.029%) one observed no change in behaviour — on the other hand one finds severe
internal intergranular stress corrosion cracking and is explained by the increased
vacany formation on the grain boundaries. For an alloy variation doped with
50 pg/kg boron, only investigations concerning the precipitation behaviour were
conducted. Heat treatment at 873-973°C leads to precipitation of Ni and B rich
M,3Xs phases. Chromium depletion was not seen.

The stress corrosion cracking of Alloy 600 (< 0.01% C) in high purity water (dis-
tilled, deionised, deaerated with < 20 ng/1 oxygen) was found to be a function of the
microstructure condition [155]. Carbon found in solution (after heat treatment:
1100°C/20 min + 850 °C/10 min) does slow the stress corrosion cracking creep rate,
however at 360 °C intergranular induced stress corrosion cracking was observed. On
the other hand, carbon found in the form of chromium carbides on the grain bound-
aries (after heat treatment: 750 °C/80 min) had a positive influence, i.e. the suscepti-
bility to stress corrosion cracking reduced considerably.

Selected tubes made from Inconel® 600 (2.4816) for nuclear reactors were investi-
gated for their resistance to intergranular stress corrosion cracking in high purity
water with < 0.5 pS/cm and < 5 pg/l oxygen at 365, 345, 325 and 290°C [156]. To
determine crack propagation U-bend specimens were used, to determine crack velo-
cities CERT tests were performed. The results on strongly deformed U-bend speci-
mens show that in deaerated high purity water stress corrosion cracking occurs at
all temperatures, at 365 °C within two weeks (otherwise up to 35 weeks). The suscep-
tibility to cracking determined from the CERT tests occurs at considerably shorter
test times and sometimes at lower elongation. Cold deformation reduces the time to
crack propagation and accelerates the crack velocity. Large differences in crack prop-
agation were found for materials from different batches. A heat treatment at 700 °C/
up to 20 h reduces stress corrosion cracking susceptibility of a batch that would nor-
mally be very susceptible. The volume of data was sufficient to establish a formula
which allowed for the prediction of the lifetime of Alloy 600 (Mat.-No. 2.4816) under
the corresponding conditions.

In order to avoid intergranular induced stress corrosion cracking in Alloy 690
(Mat.-No. 2.4642, NiCr29Fe; here with 28-32 Cr, 6-13 Fe, 0.5 Si/Mn/Cu, up to
0.06 C, rest Ni) in high purity water (pressurised water conditions) an anneal on
semi-finished products (here: tubes) should be performed as follows: anneal in the
region 954-1177°C over 15-60 min., followed by an homogenising anneal at 704—
927 °C up to max. 2 h for the purpose of producing a favourable carbide distribution
on the grain boundaries [157].

By means of CERT tests the influence of microstructure on the stress corrosion
cracking behaviour of solution annealed (1100°C/20 min) Alloy 600 in deaerated
(< 10 pg/1 oxygen) high purity water at 360-400 °C was examined [158]. Intergranu-
lar stress corrosion cracking is always found at these temperatures. Increased car-
bon contents in the matrix cause a reduction in the percentage of transgranular frac-
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ture. Phosphorus and boron have a similar effect. Neither chromium depletion nor
carbides on the grain boundaries increase the susceptibility to stress corrosion crack-
ing. On the other hand cold deformation considerably increases the susceptibility to
stress corrosion cracking. The extent of intergranular crack formation is larger in
material with a smaller grain size (30 um) than in a material with a larger grain size
(130 pm).

Furthermore, investigations were performed on U-bend and C-ring specimens at
330°C in deionised water with < 10 pg/l oxygen on 180 speciemens from four
batches and various microstructure conditions or heat treatments (as delivered, solu-
tion annealed, sensitised, pickled, cold deformed surface). Intergranular stress cor-
rosion cracking was sporadically found on pickled samples. In summary, for all
commercially important microstructure conditions and for all mechanical stresses
found in practice Alloy 600 is not susceptible to stress corrosion cracking, even after
long exposure times in high purity water at 330°C, so long as the material has a
non-pickled surface condition [159].

Stress corrosion cracking can occur on Alloy 600 (Mat.-No. 2.4816) when used in
pressurised water reactors when the chemistry of the high temperature water is not
sufficiently controlled. The microstructure also has an influence: solution annealing
(870-1100°C) and stress relief annealing after welding (here: 1150 °F/625 °C, 18 h)
must be optimal. For this purpose U-bend specimens were tested in autoclaves at
340°C (650°F) in high purity water [160]. Intergranular induced stress corrosion
cracking can occur when annealing at > 870 °C occurs and the grain boundaries are
free of precipitates. Annealing which leads to carbide precipitation reduces the sus-
ceptibility to stress corrosion cracking. Stress relief annealing after welding (post
weld heat treatment) at the relatively low temperature of 340°C (650 °F) leads to
long incubation times and thus improves stress corrosion cracking behaviour.

Similar results are found in [161]. The susceptibility of X-750 (2.4669) in high
purity water (< 0.5 pS/cm) at 320°C and 100 bar to stress corrosion cracking
(U-bend specimens) and also hydrogen embrittlement was found to be dependent
on ageing as well as solution annealing. Both a high solution annealing temperature
(> 1100 °C) before ageing as well as a single (instead of double) ageing treatment at
700°C/ 20 h improves the resistance to hydrogen embrittlement and equally to
stress corrosion cracking. The results indicate that stress corrosion cracking and
hydrogen embrittlement are controlled by the same microstructural processes.

As an alternative to X-750 the equally age hardening alloys Inconel® 718 (2.4667),
Incoloy® alloy 925 (UNS N09925), Incoloy® alloy 926 (UNS N09926) as well as the
non age hardening alloys Inconel® 600 (2.4816), 625 (2.4856) and in particular
Inconel® 690 (2.4642) were tested for their behaviour to stress corrosion cracking
and hydrogen embrittlement under the conditions of a boiling water reactor, see
Table 12 [162].
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Alloy UNSNr. C Mn Fe Cr Ni Al Ti Mo Nb+Ta
X-750 N07750 0.04 0.5 7.0 155 73.0 07 25 - 1.0
Inconel® 718 NO07718 0.04 0.2 185 19.0 525 0.5 09 3.0 5.1
Incoloy® alloy 925 N09925 0.02 0.6 29.3 21.9 43.0 02 20 2.7 -
Incoloy® alloy 926 N09926 0.02 0.9 47.2 16.1 28.0 0.1 1.7 2.0 4Cu
Inconel® 690 N06690 0.01 0.2 9.4 292 60.7 02 03 - -

Table 12:  Compositions of tested nickel alloys [162]

Furthermore, cold deformation processes as well as the usual hardening proce-
dures which influence the resistance to stress corrosion cracking and hydrogen
embrittlement were examined. A considerably negative influence was found for cold
deformation of Inconel® 625 which was proven by the strong decrease in ductility
after hydrogen charging. On the other hand, Inconel® 690 retains its relatively high
ductility. As stress corrosion cracking examinations on stirrup specimens in non-de-
aerated water with pH 10 and at 350°C (662 °F) show, the stress corrosion cracking
lifetimes for 20 and 30% cold deformed Inconel® 690 are considerably higher than
for the normally precipitation hardening (non cold deformed) X-750. It could be con-
cluded that cold deformed Inconel® 690 is more resistant to stress corrosion crack-
ing although it exhibits higher strength than X-750. Therefore, for practical condi-
tions one could apply lower cold deformation and still achieve strength that would
be comparable to X-750 — with improved stress corrosion cracking resistance.

The nickel based alloy X-750 is susceptible to stress corrosion cracking in high
purity and deaerated water [163]. Crack formation starts at > 204 °C, crack propaga-
tion at < 145°C. Crack propagation lies at higher temperatures at 0.1 mm/d and
increases rapidly to values of 2500 mm/d at low temperatures. As a result, the heat
treatment condition has a large influence: stress relief annealed material (885 °C/
24 h) is the most susceptible; the conditions solution annealed with immediate tem-
perating (1093°C/1 h + 704°C/20 h) as well as only tempering (704 °C/24 h) are
least susceptible. A stress corrosion cracking model based on hydrogen embrittle-
ment makes predictions for stress corrosion cracking due to grain boundary chemis-
try as well as chromium carbide distribution on the grain boundaries. Phosphorus
increases the susceptibility to stress corrosion cracking at both lower and higher
stress corrosion cracking test temperatures because it will be precipitated on the
grain boundaries in all heat treatment conditions and thus reaches a concentration
100 times higher than in the matrix (measure: up to 2.4% P). The presence of M,;Cq
carbides and the absence of MC carbides on the grain boundaries improve the resis-
tance to stress corrosion cracking.

The stress corrosion cracking behaviour of X-750 can be considerably increased
by a heat treatment at 760 °C/96 h in combination with improved strength, as tests
in high purity water with pH 10 at 360 °C have shown [164]. As well, zirconium addi-
tions to the alloy improve the resistance to stress corrosion cracking, since the y’
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phase is stabilised on the grain boundaries. For a yield strength 10% lower, the resis-
tance to stress corrosion cracking is improved by 50%.

The influence of hydrogen on the crack propagation velocity of Alloy 600 and X-
750 was tested in high purity water (pH < 10, < 10 mg/] oxygen) at 338 and 360 °C
[165]. At 360 °C a maximum was measured, up to seven times higher, whereby the
lowest crack velocities at higher hydrogen concentrations were observed. At 336°C
the crack velocity decreases with increasing hydrogen content. The results were dis-
cussed together with a literature review.

If nickel alloys such as Alloy 625 (2.4856) and Alloy 690 (2.4642) are assembled by
diffusion bonding, one produces a material with higher strength so long as an inter-
mediate layer of pure nickel of only 0.01 mm thickness is inserted before the bond-
ing process. However, in high purity high temperature water such bonds are very
susceptible to stress corrosion cracking [166, 167]. The very low chromium content
in the nickel joining layer was responsible for this. After an annealing treatment at
1052 °C chromium homogenisation had taken place and the stress corrosion crack-
ing susceptibility decreases. After 16 hours heat treatment on Alloy 625 a chromium
content in the joining zone of 14% and after 36 hours 20% is found, which corre-
sponds to the nominal content of Alloy 625. For this reason there is an accompany-
ing decrease in the fracture percentage for intergranular stress corrosion cracking
over 16% down to 0%. For Alloy 690 after 4 hours 20% chromium and after 24
hours 26% chromium were determined (nominal value for Alloy 690: 30% chro-
mium) and the fracture percentage goes from over 14% down to 0%. One also finds
good correlation to the stress corrosion cracking behaviour of other nickel alloys
with low chromium contents, in accordance with intergranular crack growth using
CERT tests and U-bend specimens. A longer heat treatment at relatively higher tem-
peratures improves the resistance to stress corrosion cracking of such composite
materials in all cases, so long as chromium dilution in the nickel joining layer
occurs up to contents which approach those of the composite materials.

The influence of the potential on the susceptibility to stress corrosion cracking of
sensitised (615 °C/10 h) filler materials made of Alloy 182 (67 Ni, 14.12 Cr, 7.44 Mn,
7.43 Fe, 0.41 Ti, 1.95 Nb) in high purity water with < 0.2 uS/cm, pH 6, at oxygen
contents up to 200 mg/l and 288°C was examined [168]. Test methods included
CERT tests and CBB (creviced bent beam) tests. The potential was adjusted using
oxygen dosing, see Figure 27.

As can be seen in Figure 28 stress corrosion cracking occurred in two regions:
highest susceptibility to stress corrosion cracking using both techniques was found
to be in the potential region 0 to +50 mVgyg, in the potential region —400 to
—550 mVgyg slight susceptibility to stress corrosion cracking was observed, however
only according to CERT tests. In the potential region 0 bis —350 mVgy stress corro-
sion cracking was not detected, neither by CERT tests nor by CBB tests.

In order to improve the stress corrosion cracking resistance of age hardening ni-
ckel alloys (based on Ni, Cr, Mo, Fe) for use in boiling water reactors, alloys with
various chromium and molybdenum contents were melted on a laboratory scale and
in the form of notched stirrup samples, were tested in high purity water with 8 mg/1
oxygen at 288 °C for 500 h [169]. Within the 500 h test time molybdenum free sam-
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ples with 15 and 20% chromium failed by stress corrosion cracking. Together with
the dissolution rates as well as the repassivation potentials in strongly diluted
Na,SOy solutions at 250 °C the results show that for the age hardening nickel alloys
an optimal matrix is one that contains 20-25% Cr, 2—-4.5 Mo and 10-30% Fe.
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Figure 27: Influence of dissolved osygen on the free corrosion potential of sensitised alloy 182
weld metal in high purity water at 288 °C [168]
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Figure 28: Influence of potential on the stress corrosion cracking susceptibility of sensitised alloy
182 weld metal in high purity water at 288 °C in accordange with CERT test [168]
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The influence of structure and composition of the nickel alloys Alloy 600 (c.f.
2.4816) and 690 Alloy 690 (c.f. 2.4642) on the stress corrosion cracking behaviour in
high purity water with < 5 pg/l oxygen at 365 °C has been thoroughly investigated
using SEM and TEM images [170]. Intergranular precipitates exist predominantly as
chromium rich carbides, possibly with boron impurities. Higher chromium con-
tents in the alloy improve the behaviour of intergranular stress corrosion cracking
which is probably based on inner oxidation. A high density of precipitates on the
grain boundaries reduces crack propagation in Alloy 600.

The intergranular stress corrosion cracking of alloy 600 in high purity water at 315
365 °C is strongly dependent upon temperature: with increasing temperature the life-
times of U-bend specimens (0.01% C) up to stress corrosion cracking failure in the
above mentioned region decrease by an order of magnitude, as shown in Figure 29.

Furthermore, stress corrosion cracking is observed at both above and below the
corrosion potential. The presence of hydrogen accelerates stress corrosion cracking,
as shown in Figure 30. It shows the dependence of stress corrosion cracking rates
on temperature under various water conditions [171].

A newly developed welding electrode made from Inconel® Filler Metal 52 (UNS
N06052) is recommended for the gas shielded welding of nickel alloy Inconel® alloy 690
(2.4642) [172]. According to a new alloy digest the alloy’s chromium content is decisive
for the resistance to stress corrosion cracking in high purity water in pressurised water
reactors (in addition also for use in strongly oxidising acids as well as containers for
the final storage of nuclear waste). The most important alloying elements of the
Filler Metal 52 are: 28-31.5 Cr, 7-11 Fe, 1 Mn, 1.5 (Ti + Al), 0.04 C, rest Ni.

Temperature, °C
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Figure 29: Lifetimes of U-bend specimens made from Alloy 600 (0.01% C) up to stress corrosion
cracking failure in high purity deaerated water [171]
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Figure 30: Influence of hydrogen dosing on the crack rate of Alloy 600 (0.01 and 0.03% C) at var-
ious temperatures; according to CERT tests [171]

A further alloy digest addressed a sheathed rod electrode for the same purpose
[173]. The analysis of these sheathed rod electrodes used for electrode manual weld-
ing essentially differed in the alloying elements manganese (5%) and, due to the
possible burn off of titanium, through a higher niobium content with 1.0-2.5 (Nb
+Ta).

Nickel chromium iron alloys are very resistant to high purity water in a wide tem-
perature range. Since these alloys are well suited for the plating of steel, alloys such
as Alloy 600 (Mat.-No. 2.4816) and Alloy 800 (Mat.-No. 1.4876) are resistant to mod-
erate oxygen and chloride quantities, and are used in nuclear reactors. Alloy 600 is
used as a lining for steel tanks [174] as well as for tubing and pipes in heat exchan-
gers [72, 175]. The bahaviour of nickel and a few of its alloys is summarised in Table
13.

Metal Temperature °C Water quality Corrosion rate
mm/a
Nickel <204 high purity water hardly any attack
Nickel > 315 high purity water >36g/m’a
> 0.004 mm/a

Table 13:  Behaviour of nickel and nickel alloys in deaerated high purity water [72, 175]
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Table 13: Continued

Metal Temperature °C Water quality Corrosion rate
mmj/a
Inconel 260 high purity water no attack
Monel 360 high purity water > 0.004 mm/a
Nickel room temperature distilled or high >0.003 mm/a
purity water
Inconel® 600 (2.4816) 316 distilled, deionised crack depth 0.0-2.8 mm

water, above 95% N,
+5% O,, pH 10

Inconel® 600 (2.4816) 316 the same as above, crack depth 1.0-2.8 mm
however with air
Nickel room temperature distilled water 0.0002 mm/a
Inconel® 600 (2.4816) 24 flowing distilled water no attack in the course
of 2 years

Monel® 400 (2.4360) room temperature aerated distilled water 0.003 mm/a

Incoloy® 800 (1.4876) 316 high purity water 1.2-1.7 g/m’a
with 8.6 g boric acid
per kg, 2.4 ppm
LiOH, pH 5.5;
flow velocity 6 m/s

Inconel® 600 (2.4816) 290 high purity water 0.00119 mm/a
with 0.4 ppm oxygen,
pH 10,
flow velocity 7.5 m/s

Inconel® 600 (2.4816) 300 high purity water 0.00097 mm/a
with 5 ppm Cl, + 0.06

ppm oxygen,
pH 5.0-7.4, still

Table 13:  Behaviour of nickel and nickel alloys in deaerated high purity water [72, 175]

Alloy 600 and Alloy 800 withstand exposure to high purity water at 300 °C with
100 mg/1 chloride and 50 mg/1 oxygen (test time 80 days). Thus both these alloys are
superior to the acid resistant chromium nickel steels [72, 76]. Under reactor condi-
tions stress corrosion cracking was not observed on the nickel alloys in high purity
water, however these metals are inclined to undergo crevice and pitting corrosion,
also in oxygen free water [76]. Radiation in the nuclear reactor has a positive impact
on the resistance. In the presence of 10 mg/1 NH; or 10 mg/1 nitrate in the reactor
water crevice or pitting corrosion on Alloy 600 or Monel® 400 are of no concern [57,
63).
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Steam created in boiling water can become overheated so that the materials can
come into contact with steam with a temperature of at least 560 °C, which contains
up to 20 mg/l oxygen and 2.5-3.5 mg/l hydrogen. Figure 31 describes the weight
loss of a few alloys under these conditions in the steam section of a superheated
steam reactor [133].
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Figure 31: Behaviour of chromium steel (13% Cr), 18Cr8Ni steel SAE 304 and nickel alloys in flow-

ing superheated steam at 560 °C [133]

a) 18Cr8Ni steel SAE 304 (1.4301, X5CrNi18-10)

b) Incoloy® 825 (2.4858, NiCr21Mo)

c) Hastelloy® X (2.4665, NiCr22Fe18Mo)

d) Incoloy® 800 (1.4876, X10NiCrAITi32-21)

e) Inconel® alloy 625 (2.4856, NiCr22Mo9Nb)

f) Inconel® alloy 600 (2.4816, NiCr15Fe)

Nickel-chromium-molybdenum alloys

The NiCrMo(Fe) alloys of the type Hastelloy with molybdenum contents between 9
and 16% (Mat.-No. 2.4819, 2.4610, 2.4605, 2.4856 amongst other new developments
with comparable compositions) are resistant to high purity water, also at high tem-
peratures so long as they are in a solution annealed condition. Molybdenum
improves the resistance to stress corrosion cracking in these alloys, similar to the
stainless steels.

Nickel-copper alloys

Monel® 400 (NiCu 30 Fe) are used for floors in heat exchangers as well as for lin-
ings in steel tanks used for high purity water in nuclear reactors [177].
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The NiCu alloys (typical candidates: Mat.-No. 2.4360, NiCu 30 Fe) are used in
nuclear reactors for cooling circuits and therefore have excellent corrosion resistance
in high purity water up to high temperatures.

Nickel-molybdenum alloys

The main representatives of the nickel molybdenum alloys, Alloy B-2 (70 Ni, 28 Mo,
0.7 Cr, 1.7 Fe; Mat.-No. 2.4617) as well as improved variations such as Alloy B-4 (68
Ni, 28 Mo, 0.7 Cr, 1.7 Fe; Mat.-No. 2.4600) have excellent resistance to strongly re-
ducing media such as hydrochloric acid and highly concentrated sulphuric acid, also
at high temperatures. Nevertheless they are very susceptible to corrosion when oxy-
gen ingress through venitilation, oxidising heavy metal ions as well as other oxidis-
ing agents are present. Therefore, nickel molybdenum alloys should have good
resistance to high purity water under non-oxidising conditions, also at high temper-
atures.

Zinc

The Pourbaix diagram for zinc at 25 and 300 °C was revised in 1997, namely for the
concentrations 107, 107 und 10® M, whereby the last concentration corresponds to
high purity water. For the first time the neutral aqueous hydrolysis complex Zn(O-
H),(aq) was taken into account. Accordingly, zinc passifies in the solution at 25°C
and 10° M not due to the neutral complex but rather first above 10”7 M. The oxide
and not the hydroxide is the stable phase of zinc at 25 and 300 °C [176].

Since zinc does not form a protective scale, it is attacked by distilled and high
purity water [64]. The corrosion products in distilled water at room temperature are
zinc hydroxide and a little zinc oxide, at 85°C zinc oxide which can contain zinc
hydroxide [177]. In high purity water dissolved carbon dioxide attacks zinc; however
as soon as the CO, content reaches 27 mg/l a protective scale of zinc carbonate is
formed [178]. The corrosion behaivour of zinc in distilled water (up to 3 bar, up to
100°C) free from air and aerated shows two corrosion maxima: one at 30-40°C
which increased with increasing pressure; and another at 65-70 °C which decreased
with increasing pressure [179]. Paint containing a zinc pigment on steel does not
give adequate protection to distilled water.
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Drinking Water — Survey Table

The table below contains general data on the corrosion behaviour. For additional
comments, refer to the corresponding text.

Type Behaviour*
Unalloyed steels and cast steel ®
Unalloyed cast iron D

High-alloy cast iron, high-silicon cast iron

Structural steels with up to 12% chromium D

Ferritic chromium steels with more than 12% chromium +t0 D
Ferritic-austenitic steels with more than 12% chromium +to @
Austenitic chromium-nickel steels +t0 @
Austenitic chromium-nickel-molybdenum steels +to®
Austenitic chromium-nickel steels with special alloying additions +t0 @

Special iron-based alloys

Nickel

Nickel-chromium alloys

Nickel-chromium-iron alloys

Nickel-chromium-molybdenum alloys

Nickel-copper alloys

Nickel-molybdenum alloys

Other nickel alloys

Zinc, cadmium and their alloys +to—

o

* + resistant/ @ fairly resistant/ — unsuitable. Where no indication of corrosion resistance is made,
experimental data are not available.
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Introduction

— General —

Drinking water is water suitable for human consumption and use. When materials
or coatings come into contact with it, no substances should be released which lead
to a deterioration in its quality. The EC Directive [1] and the drinking water legisla-
tion specify limiting values both for toxic and non-toxic substances. These define a
restricting framework for drinking water which must be observed within the Eur-
opean sector. Differences exist between the EC Directive and the drinking water leg-
islation, which will be referred to where necessary. The parameters relevant to corro-
sion have been taken from [2] and summarised in Tables 1, 2 and 3.

Chemical Limiting value Calculated as  Corresponding to Allowance in
substance mg/l approximately  measured value
mmol/m’ + mg/l
Arsenic 0.04 As 0.5 0.015
Lead 0.04 Pb 0.2 0.02
Cadmium 0.005 Cd 0.04 0.002
Chromium 0.05 Cr 1 0.01
Cyanide 0.05 CN™ 2 0.01
Fluoride 1.5 F 79 0.2
Nickel 0.05 Ni 0.9 0.01
Nitrate 50 NO;~ 806 2
Nitrite 0.1 NO,” 2.2 0.02
Mercury 0.001 Hg 0.005 0.0005

Table 1:  Limiting values for chemical substances in drinking water [2]
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(calculated as O,)

Parameter Limiting value Allowance in
measured
value
Temperature 298 K (25°C) +1K(1°C)
pH not below 6.5 and not above 9.5 +0.1
a) the pH of the water in the range 6.5-8.0 with metallic
or cement-containing materials should not be more than
0.2 pH units below the pH of calcium carbonate satura-
tion
Electrical 2000 pS/cm at 298 K (25 °C) +100 uS/cm
conductivity
Oxidisability 5 mg/1 -

marble = calcium carbonate

Table 2:  Physico-chemical parameters of drinking water [2]
Chemical Limiting Calculated Corresponding Allowance in Remark
substance value as to measured
mg/l approximately value
mmol/m’ + mg/l

Aluminium 0.2 Al 7.5 0.04 -

Ammonium 0.5 NH," 30 0.1 except with water from a
strongly reducing soil

Iron 0.2 Fe 3.5 0.01 does not apply for the
addition of iron salts in
the treatment of drinking
water

Potassium 12 K 300 0.5 except with water from a
potassium-—containing
soil

Magnesium 50 Mg 2050 2 except with water from a
magnesium—containing
soil

Manganese 0.05 Mn 0.9 0.01 -

Sodium 150 Na 6500 6 -

Table 3:  Limiting values for chemical substances in drinking water [2]
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Table 3: Continued

Chemical Limiting Calculated Corresponding Allowance in Remark
substance value as to measured
mg/l approximately value
mmol/m’ + mg/l
Silver 0.01 Ag 0.1 0.004 does not apply by the

addition of silver or silver
compounds in the treat-
ment of drinking water

Sulphate 240 S0, 2500 5 except with water from a
calcium~—containing soil

Table 3: Limiting values for chemical substances in drinking water [2]

The limiting values referred to clearly differentiate drinking water from all other
types of water.

When evaluating the suitability of materials, the deterioration described in the
corrosion medium drinking water due to the release of constituents of the material
must also be taken into account in the sense of DIN EN ISO 8044 [3], as well as the
corrosive attacks leading to weakening of walls or wall fractures. In the majority of
cases drinking water comes into contact with the inner surfaces of pipes, tanks and
fittings made of various materials. Under these circumstances, as well as depending
on the quality of the drinking water, the corrosion behaviour of the individual mate-
rials is determined by other influencing parameters, such as the operating condi-
tions (flow rate, temperature), construction and installation [4].

Since the influencing parameters referred to are not always constant and known,
only probability statements can be made on the resistance of materials [3]. The pos-
sibility of corrosion damage to the outer surfaces of the components must be taken
into account when evaluating the resistance of materials [5]. This particularly applies
to underground pipelines and components, which may be attacked on the outer sur-
faces by aggressive soils, by the formation of electrochemical cells [6] or by stray
currents [7]. In the case of plastic pipes, substances of a dubious hygienic nature
may pass from contaminated soils through the pipe wall into the drinking water.

The pipelines and components which come into contact with drinking water on
their inner surfaces can be briefly described as follows in the sequence following
drinking water treatment by the water supply companies (WSC): drinking water
tanks, long-distance lines, distribution lines, domestic service lines, domestic instal-
lation (consumer).

— Water quality —

Drinking water contains dissolved ions and gases which largely determine its corro-
sion-influencing properties. This is always caused by the interaction of several con-
tents in the water. It is not possible to make statements which apply universally to
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all materials. The following comments are a brief review of the main contents of
water which can be used to evaluate the behaviour of the material.

The content of dissolved ions is summarised by the electrical conductivity, which
according to Table 2 should not exceed the limiting value of 2000 pS/cm at 298 K
(25°C). It is influenced particularly by the content of hydrogen and hydroxyl ions,
and by cations (mainly Ca**, Mg®* and Na*) and anions (mainly CI-, SO,*, HCO;",
CO;3* and NOj). The pH within the limits of 6.5 to 9.5 permitted according to
Table 2 and the cations and anions mentioned have various effects on the corrosion
behaviour of the individual materials.

Of the dissolved gases, oxygen (O,) and carbon dioxide (CO,) should be men-
tioned above all. On metallic materials — depending on the conditions which exist —
oxygen can either promote corrosion or have the effect of forming a surface layer.
CO, is particularly important for evaluating the resistance of cemented materials in
connection with the bicarbonate content.

To evaluate the corrosion properties of drinking water on metallic materials, the
following data are necessary according to [8];

water temperature, pH, acid capacity K,4.3, Ca**, SO, CI", NO5~, O,, DOC, Na*,
Mn?*, Fe?*, SiO, and P.

In the case of cemented materials, such as, for example, the cement mortar
linings on steel and cast iron pipes, according to [9] the following data must be
known:

pH, Q.=Ka4.3 + K5 8.2, S0,%, excess CO,, saturation index Ig.

— Temperature —

According to the data in Table 2, drinking water intended for immediate human
consumption should not exceed a temperature of 298 K (25 °C). Within the tempera-
ture range of about 283 to 298 K (10 to 25 °C) stated for cold water, the temperature
does not have a very substantial influence on the corrosion behaviour of materials.

If drinking water is heated for human consumption, an increased risk of corro-
sion compared with cold water can be expected on ferrous materials, especially unal-
loyed ferrous materials, because of the increased temperature. In contrast, copper
materials tend to be less at risk from corrosion in hot water than in cold water.

At higher temperatures, agents which cause hardness precipitate as the tempera-
ture rises, depending on the hardness of the cold water. The deposits formed on the
surfaces of materials by this process can lead to the formation of electrochemical
cells, especially if the surfaces are not coated uniformly, with the consequence of
increased local corrosive attack. However, even if the surfaces are coated uniformly,
pitting phenomena may occur due to the concentration of anions, especially chlo-
ride. This should be remembered, for example, in the case of heat exchanger pipes
made of stainless steel.
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— Flow conditions —

Static drinking water initially leads to non-uniform general corrosion on unalloyed
ferrous materials, leading to the development of non-protective surface layers and
therefore the formation of anodic and cathodic regions. The consequence is then
the occurrence of local corrosive attack in the form of wide or deep pitting. The pH
drops in the pitting regions and rises in those regions outside the pitting, that is to
say an electrochemical cell forms as a result of different pH values (Evans cell). At
relatively high flow rates, differences in pH cannot always develop, so that in these
cases it is often not local corrosion but uniform corrosion which can occur [10].

In domestic installations, there are alternating periods of static, gently flowing
and faster flowing water, depending on what is being drawn off for use. The corro-
sion conditions are thus less clear, so that no general statements can be made, only
material-specific statements.

— Installation —

In the construction of systems for drinking water transport and distribution, con-
nection elements, for example pipe connections, whose design can significantly
affect the corrosion phenomena, must be made. This is clear particularly in the case
of domestic installation, where pipe connections are made in the form of screwed,
soldered or welded joints [11].

In a domestic installation, a combination of different metallic materials is una-
voidable, that is to say the possibility of contact corrosion must be taken into
account. Indications of the contact corrosion risk are contained in [12].

Another aspect of constructing a drinking water installation in buildings is the
introduction of solids, such as, for example, sand, iron filings etc., into the pipelines.
If solids are deposited at certain points on the inner surfaces and remain there, the
formation of a protective layer is prevented here. Pitting at these points can cause
fractures in the pipe wall.

— Overview of the use of materials and material protection measures —

Practical experience with materials used for the drinking water supply has shown
that the use of a material, as already stated, is largely determined both by the operat-
ing conditions and the production possibilities for the components and the produc-
tion costs. The historical development is outlined and the materials and coatings
currently used are mentioned in the following paragraphs.

Unalloyed ferrous materials, that is to say cast iron and steel materials, are pre-
dominantly used in drinking water plants in association with active and passive pro-
tective measures. Suitable active measures are cathodic corrosion protection (prefer-
ably in water tanks) and the addition of inhibitors to the drinking water. Passive
measures include coatings using organic and inorganic coating materials, and
metallic coatings.



Unalloyed steels and cast steel

Unalloyed ferrous materials are used without additional protective measures to a
strictly limited degree. The reason for their limited use is the lack of resistance of
these materials to local attack, such as wide or deep pitting. In domestic installa-
tions, it is the brown discolouration and change in taste of drinking water (rusty
water), above all, which are unacceptable to the public — although they are not a
health hazard.

— Long-distance pipelines

Pipes made of unalloyed ferrous material, that is to say, cast iron and steel pipes, are
used for strength in long-distance pipelines, because of the larger pipe dimensions
and the high pressures. Unalloyed steel and cast iron materials are protected by lin-
ings because of the possible brown discolouration due to even relatively small
amounts of iron dissolving out into the drinking water.

Unalloyed steels and cast steel

The corrosion behaviour of unalloyed steels without protective measures is of impor-
tance in respect of evaluation of older long-distance and distribution lines. This also
applies to older pipelines in domestic installations, especially in cases where the
hot-dip galvanised layer is worn away non-uniformly and too rapidly, so that forma-
tion of a good surface layer is no longer possible.

The fundamental importance of acids and bases of high ionic strength in corro-
sion on unalloyed steel has been demonstrated by laboratory experiments [13]. For
local corrosive attack due to electrochemical cell formation, anions such as Cl™ and
SO,% are needed for stabilisation of the anode. However, the cathodes must also be
stabilised, which requires the presence of alkali metal ions (not alkaline earth metal
ions). The site of formation of Fe(OH), is important in the formation of protective
layers. At low flow rates, Fe(OH), is oxidised by O, in the water, that is to say surface
coatings which provide little protection are formed. At high flow rates, O, arrives at
the steel surface and oxidises Fe(OH), here, so that the conditions for the formation
of protective surface layers exist.

Steel pipes according to DIN EN 10255 which were pickled and scaled were tested
in hard and partly softened drinking water (Table 4) at continuous flow rates of 0.5
and 1.5 m/s in field experiments [14].

The increase in iron corrosion products in the surface layers shown in Figure 1
gives an indication of the corrosion processes. Under the intermittent flow condi-
tions which were also investigated similarly, there was a significantly increased
amount of iron compounds in the surface layers. The finding that as the hardness
decreases more calcium is incorporated into the surface layers was remarkable
(Fig. 2). This resulted in a significant reduction in the protective action of the sur-
face layers, i.e. less impervious, inhomogeneous surface layers which tend to flake
off resulted, pustules being formed. The start of wide pitting with pit diameters of
up to 1 mm was found in the water softened the most, with K,4.3 = 2.5 mol/m>. No
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reliable conclusions could be made on the influence of the neutral salt content. The
fact that practically no naturally occurring inhibitors (which — as other experiments
show — have a significant influence, especially on local corrosion attacks) are present
in the water samples analysed is important.

500

400

300

200

100

Fe content of the surface layer, g/m2

1 1 1 1 1 1 1 1

0
0 100 200 300 400 500 600 700 800
Test duration, d
Figure 1: Influence of pH on the accumulation of iron corrosion products during protective layer

formation on an unalloyed steel pipe at a flow rate of 0.5 m/s [14]
@ pH 7.2; intermittent flow rate

@pH 7.9

®pH 7.6

@pH 7.2

pH and contents Untreated water Water partially Water partially
mol/m’ Rheinau waterworks  softened (medium-hard)  softened (soft)

(hard)

pH 7.2 7.6 7.9
Calcium 3.2 2.4 1.9
Magnesium 1.0 1.0 1.0
Hydrogen carbonate 5.3 35 2.5
Sodium 0.8 0.8 0.8
Chloride 1.8 1.8 1.8
Sulphate 1.0 1.0 1.0
Nitrate 0.4 0.4 0.4

Table 4:  Test values from test waters in Mannheim (RHE) [14]
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Figure 2: Influence of a pH increase on the incorporation of CaCO; into the protective layers dur-
ing a reduction in the hardness [14]
@ pH 7.9; flow rate 1.5 m/s
@ pH 7.6; flow rate 1.0 m/s
® pH 7.2; flow rate 1.5 m/s

By recording the cell distribution in the rust spots which formed in the field
experiments described in [14] using a microprobe, it was possible to detect the accu-
mulation of chlorides on the steel surface in [15]. On the other hand, no CI” ions
were detectable on the cathodes. Little calcium was determined in the upper region
of the surface layers in hard water of Kx4.3 = 5.3 mol/m?®, while a large quantity of
calcium was present in the entire surface layer in softened water of Ky4.3 =
2.5 mol/m>. The calcium content in a surface layer is therefore no measure of its
protective action, and thus justifies abandoning of the term lime-rust protective
layer for unalloyed steels. This is also shown in the standard DIN EN 12502-5 [16],
in which, in contrast to the previous version, this term is no longer used for evaluat-
ing the corrosion behaviour of unalloyed and low-alloy ferrous materials.

The formation of surface layers in synthetic waters was investigated in laboratory
experiments in [15], a distinction between the following surface layers being possible:

o in water of high salt content containing Ca** and HCO;" ions, rust layers of
low impermeability form almost regardless of the flow rate, Cl” ions promot-
ing local corrosion.

e at flow rates of 0.35 to 1.5 m/s in ND 20 steel pipes, good surface layers are
formed in CI™-low or Cl-free equilibrium water; the decreases in thickness
here are 5 to 10 um.

e in Ca*-free, acidic, CO,-containing water, as in Ca**- and HCO; -free water,
no protective layers form.
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o in Ca’*free equilibrium water containing NaHCOs, the reproducibility of
protective layer formation is low.

The results reported apply to inhibitor-free water.
The influence of O, content, pH and flow rate in drinking water given the follow-
ing parameters was investigated in a field experiment lasting 3.5 years [17]:

¢ steel pipes DIN EN 10255, scaled and pickled,
e O,content0.02,1, 2 and 4 g/m3,
¢ flowrate 0.03, 0.1 and 0.5 m/s (constant) and 0.5 m/s intermittently,
e pH7.2and8.0,
¢ chemical composition of the original water, see Table 5.

The following ratings are used to evaluate the corrosion state:

1 = general corrosion, roughening < 50 pm

2 = general corrosion, isolated wide pits < 100 pm

3 = general corrosion, wide pitting < 200 um
4 = wide pitting corrosion > 200 um

Measurable variable ~ Average  Standard deviation  Units
Temperature 286.1 (13.1) 3.2 K (°C)
pH 7.15 0.14
Kx4.3 (m value) 2.57 0.17 mol/m’
c(Ca™) 1.97 0.20 mol/m’
c(Mg™) 0.46 0.20 mol/m’
c(Fe*) 0.25 0.09 mmol/m’
¢(Mn*) 0.42 0.27 mmol/m’
¢(NH," 1.11 0.56 mmol/m’
¢(C) 4.39 0.76 mol/m’
c(S047) 0.81 0.07 mol/m’
¢(NOy) 0.11 0.06 mol/m’
c(NOy) 0.43 0.43 mmol/m’
¢(POH) 0.32 0.21 mmol/m’
(Si0,) 78.2 10 mmol/m’
¢(0,) 8 4 mg/m’
Table 5:  Chemical composition and parameters of the original water [17]
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Table 5: Continued

Measurable variable ~ Average  Standard deviation  Units
Conductivity 826 72 mS/m
Organic C 0.8 0.2 g/m3
pH 8.03 0.08

K;p8.2 (p value) 0.04 - mol/m’
Kx4.3 (m value) 3.11 0.21 mol/m3
Conductivity 855 70 uS/cm

dissolved gases (except O, and CO,) saturated with N,
¢(COy) = Kg8.2; c(HCO; ) Ko4.3

Kj = base capacity

K, = acid capacity

Table 5:  Chemical composition and parameters of the original water [17]

The results of the study (Figure 3 below) showed that the corrosion increases as
the O, content and flow rate increase, with an increased tendency towards local
attack (wide pitting). The water adjusted to pH 8.0 by addition of sodium hydroxide
solution had a favourable effect, although the local corrosive attacks were not sup-
pressed completely.

[18] describes measurement methods used to evaluate surface layers and the for-
mation of rusty water. By determination of the accumulation of iron on test zones, it
is possible to evaluate the quality of the surface layer, while information on the for-
mation of rusty water is not possible directly.

As an introduction to the studies described in [19], it is pointed out that the
experiments reported in [13, 14] do not allow an unambiguous conclusion of the
influence of neutral salts on the formation of rusty water. Experiments were there-
fore carried out in water which forms a good surface layer (Table 6) and has very low
contents of substances such as organic carbon and phosphate, at a constant flow
rate of 0.5 m/s in ND 20 steel pipes. Table 7 provides information on the neutral salt
concentrations chosen. The results shown in Table 8 reveal the following trends in
respect of the uptake of iron and the formation of rusty water:

e as the test duration increases up to 9 months, the material consumption rate
and the uptake rate of iron decrease (Figures 4 and 5); overall, however, the
probability of the formation of rusty water increases as the neutral salt con-
tent increases.

¢ non-uniform surface layers are formed at an increased neutral salt content,
whereby an increased tendency towards local corrosive attacks is assumed,
without measurement values being available.

e anincrease in the nitrate content up to 250 mg/1 has practically no influence
on the corrosion behaviour.
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Measurable variable Measured value  Units
Temperature 283 (10) K (°C)
pH 7.26

Acid capacity up to pH 4.3 5.08 mol/m’
Base capacity up to pH 8.2 0.75 mol/m3
Buffer intensity 1.40 mol/m’
Nitrate (NO;") 1 mg/1
Chloride (CI') 18 mg/1
Sulphate (SO,%) 50 mg/1
Silicate (Siital) 5.90 mg/1
Nitrite (NO,) <0.01 mg/1
Monophosphate (PO,>) <0.01 mg/1
Calcium (Ca™) 96.40 mg/1
Magnesium (Mg”) 10.20 mg/1
Sodium (Na*) 5.40 mg/1
Potassium (K") 1.90 mg/1

Table 6: Main parameters of the physico-chemical analysis of the original water from the Rhein-
wald waterworks [19]

Salt Concentration Arithmetic Standard Number of
Reference Maximum  Minimum mean deviation measurements
mg/l mg/l mg/l

Sulphate 150 166 128 148 8.12 73

250 271 235 248 9.44 65

350 367 323 348 9.99 73

500 540 465 499 24.78 11
Nitrate 20 30 13 21.5 4.14 66

50 68 36 53 6.12 76

100 125 84 106 8.20 76

250 274 226 253 19.93 12
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Salt Concentration Arithmetic Standard Number of
X . mean deviation measurements
Reference Maximum Minimum
mg/l mg/l mg/l

Chloride 50 57 40 46 3.14 67

100 108 87 97 4.72 78

250 272 229 250 8.16 78

350 360 327 345 9.53 12

Table 7:  Concentration of the different neutral salts during running time (previewed, maximum,
minimum, mean and standard deviation) [19]
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Figure 4  Corrosion rates of the test loops vs. chloride/sulphate concentration at different running
times [19]
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Tests were carried out on a rotating disk to study the influence of the chloride content
on the corrosion of unalloyed steel in drinking water [20]. The killed steel RSt 37-2
(1.0038, cf UNS K02502) with a ground surface was used. Chloride was added to the
initial water types listed in Table 9 in concentrations of 4.3, 7.1 and 11.3 mol/m’. The
peripheral speeds of the disks were chosen so that they corresponded to flow rates of
0.04,0.3 and 1.2 m/s — partly constant and partly intermittent.

Running time Material consumption rate Iron uptake rate

Months g/m’d g/m’d %

Low neutral salt content

1 0.55 0.05 9
6 0.25 0.02 8
9 <0.05 <0.01 -

High neutral salt content

1 1.40 0.78 57
6 0.95 0.45 47
9 0.60 0.23 38

Table 8: Comparison of the material consumption rates and iron uptake rates for low and high
neutral salt contents as a function of the running time as well as the percentage iron uptake rate,
referring to the material consumption rate [19]



96

Drinking Water

The graph shown in Figure 6 shows the marked influence of the test duration on
the material consumption rate per unit area. According to this graph, the chloride
content even has an influence on general corrosion, but only in the initial phase at
contents of 4.6 mol/m>. The evaluation of the pitting depth shows that it increases
initially at low chloride concentrations, only to change into a more general attack at
a chloride content of 4.6 mol/m>. When the surface layer was analysed, chloride was
detected only at the steel/surface layer phase boundary and calcium only on the side
of the surface layer adjacent to the water. Table 10 contains data on the composition
of the surface layers after a test duration of 10,000 h.

A further 3 experiments carried out over a year on Berlin drinking water (Table 11) to
which chloride was added up to 15.5 mol/m?® are reported in [20]. The flow rate in 3/4”
steel pipes DIN EN 10220 was intermittent, that is to say, the flow rate was 10 1/min in
each case for 12 h and zero for 12 h. As can be seen from Figure 7, the material con-
sumption rate per unit area also decreases here with the test duration, without any
influence due to the chloride content. The long-term results summarised in Figure 8
show a corrosion rate of 30 to 60 um/y, from which it can be concluded that under the
given conditions unalloyed steel is resistant to local corrosive attacks.

Measurable Units Annual average Annual average 1981  Annual average 1982
variable 1% year 2" year 3" year

Bayer BASF Bayer BASF Bayer BASF
pH 7.6 7.6 7.6 7.6 7.6 7.3
Conductivity ~mS/cm 0.308 0.315 0.310 0.320 0.312 0.325
Ca”+Mg”  mol/m®  3.26 1.42 2.98 1.40 2.52 1.46
Ku4.3 mol/m®  3.57 3.81 3.36 3.77 2.97 3.79
¢(Ca™) mol/m®  2.56 1.17 2.32 1.17 1.94 1.20
c(Na®) mol/m®  3.65 1.17 3.52 1.17 253 1.34
C(K+) mol/m3 0.17 0.06 0.16 0.05 0.13 0.07
c(NH,") mol/rn3 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
C(Fez+) mol/m3 <0.001 <0.001 0.001 <0.001 <0.001 <0.002
¢(Mn”) mol/m®  <0.001 <0001 <0001 <0001 <0001 <0.001
¢(S0.%) mol/m®  1.08 0.02 0.98 0.02 0.79 0.03
c(cl mol/m® 423 0.31 3.95 0.31 3.30 0.31
¢(NO3) mol/m3 0.34 0.035 0.32 0.03 0.29 0.038
c¢(NOy) mol/m3 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
C(PO437) mol/m3 <0.001 0.005 <0.001 0.005 < 0.001 0.002
(0,) mg/1 8.8 6.6 8.8 7.9 8.7 6.3
Number of 53 53 52 52 52 52
measurements

Table 9: Results from test waters used for the study of the influence of chloride on the corrosion
behaviour of RSt 37-2 (1.0038, cf UNS K02502) [20]
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the corroded surface, as a function of the chloride content at various rotational velocities and at
room temperature (293-298 K (20-25 °C)) [20] after
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The initially apparently contradictory results of the experiments in [19] and [20]
must be seen from the point of view of the types of corrosion. [19] deals primarily
with uniform general corrosion (removal of iron) and the formation of rusty water,
while the conclusions in [20] primarily relate to wide or deep pitting corrosion.

To clarify whether the saturation index I, and the pH can be used for evaluating
drinking water, experiments were carried out with scaled and pickled steel pipes in
Witten water [21]. Sodium hydroxide solution was metered into the original water
(Table 12) so that 4 types of water with the pH and I, values shown in Table 13 could
be analysed. The flow rates were a constant 0.5 and 1.0 m/s, and intermittently
0.5 m/s, as is usual in field experiments. On the basis of the analyses carried out on
the surface layers over 900 days, one can conclude that the given experimental con-
ditions, the flow rate, pH and I values and scaled and pickled surface states have no
influence on the phenomenological pattern of the surface layers. This result is
thought to be influenced considerably by the high content of phosphate and organic
compounds.
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Measurable variable Chloride ion concentration, mol/m’

7.1 11.3

Measured values, %

ar 0.09 0.13
S0,> 4.17 3.71
Sio, 0.87 1.22
P,0s 0.14 0.34
Na* 0.13 0.15
Ca® 16.30 13.70

Table 10:  Analysis of the deposition layers on rotating disks made of RSt 37-2 (1.0038) after a test
duration of 1000 h, n = 500 rpm [20]

One field experiment was based on the question of whether and to what extent
various deacidification measures influence the corrosion behaviour of galvanised
and black steel pipes [22]. The soft untreated water containing carbonic acid (Ebnet/
Freiburg waterworks) was deacidified by metering in Mg(OH), and Ca(OH), and by
filtration over limestone (for the water analyses, see Table 14). Here also, the corro-
sive attacks decreased over the test duration of three years, largely independently of
the flow rate of 0.5 and 1.0 m/s. The highest material consumption rates occurred in the
untreated water at 2 g/m* d for up to 600 days, and then remained constant at about
0.8 g/m?” d. The initially high material consumption rates of 1.5 g/m?” d in water deacidi-
fied by CaCO; filtration were reduced after 730 days to about 0.1 g/m?* d, uniform,
largely impervious surface layers being formed. In the pure water which had been
deacidified by Ca(OH),, the material consumption rates were below 0.1 g/m? d. In
respect of resistance, the deacidification methods investigated can be used in prac-
tice, depending on the possibility of monitoring.

Measurable variable Annual average  Units
pH 7.6

¢(Ca® + Mg™) 2.35 mol/m’
Ka4.3 3.89 mol/m’
c(Ca®™ 2.07 mol/m’
c(Mg™) 0.28 mol/m’
c(Na") 1.65 mol/m’

K, = acid capacity

Table 11:  Water analysis of drinking water (Berlin) in studies on steel pipes according to [20]
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Table 11: Continued

Measurable variable Annual average  Units
(K 0.08 mol/m’
¢(NH,) 0.004 mol/m’
c(Fe™) <0.001 mol/m’
¢(Mn”) <0.001 mol/m’
¢(S0.%) 0.73 mol/m’
c(cl) 1.41 mol/m’
c(NOy) 0.01 mol/m’
c¢(NO;y) <0.001 mol/m’
(PO 0.001 mol/m’
¢(Si0,) 0.25 mol/m’
c(Oy) 7.1 mg/1
Number of measurements 92

K, = acid capacity

Table 11:  Water analysis of drinking water (Berlin) in studies on steel pipes according to [20]

Measurable variable Measured value  Units
pH 6.8

m value 1.2 mol/m’
Negative p value 0.35 mol/m’
¢(Ca™) 1.2 mol/m’
c(Mg™) 0.25 mol/m’
c(NOy) 0.25 mol/m’
¢(S0.5) 0.6 mol/m’
c(Cl) 0.8 mol/m’
c(Fe™) <0.1 mmol/m’
¢(Mn”) 0.2 mmol/m’
(PO 5 mmol/m’

Table 12:  Water analysis of drinking water (Witten) [21]
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Water sample 1 Water sample 2~ Water sample 3 ~ Water sample 4

pH 6.8 75 8.0 85

Saturation index -1.2t0-1.5 0.5 to 0.7 approx. =0 +0.5

Table 13: | and pH values of drinking water (Witten, see Table 12) after metering in different
concentrations of NaOH [21]

Rusty water may form if different types of water are mixed. To clarify the corrosive
attacks which occur here, unalloyed steel pipes were exposed for in each case about
one year to water of constant quality at a flow rate of 0.5 m/s (constant and intermit-
tent). The steel pipes were then installed in a different experimental plant with a
different water quality under the same flow conditions. The consequences of chang-
ing the water shown in Table 15 were investigated. By way of example of this exten-
sive series of investigations, Figures 9 and 10 show the material consumption rates
per unit area and the iron uptake rates with respect to time. In general it can be said
that the water to which the steel pipes are exposed after the change determines the
material consumption and iron uptake rates. The time taken for the non-influenced
state to be reestablished after changing the water can vary from a few weeks to
months. Where constantly varying water qualities are distributed, the material con-
sumption and iron uptake rates are higher than in the case of a single type of water.
Intermittent flow rates additionally have an unfavourable effect here [23].

Measurable variable  Units  Untreated water Measured value untreated water  Pure water
+ Mg(OH), + CaCo;

pH 6.2 8.4 7.6 8.0

m value mol/m’ 0.48 1.41 2.11 1.27

p value mol/m’ -0.93 - —0.14 -0.05

Ca™ mol/m’ 0.30 0.23 1.13 0.7

Mg** mol/m’ 0.10 0.53 0.33 0.15

Table 14:  Partial analysis of the test waters used according to [22]
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Figure 9: Material consumption rate and iron uptake rate on an unalloyed iron material before

and after a change in the water quality. Change from non-deacidified (pH 6.2 — 6.5) to deacidified
water (pH 8.0 - 8.2) [23]

Unalloyed cast iron

Pipes of unalloyed cast iron have been used for more than 100 years for long-dis-
tance and distribution lines. By the end of the fifties, grey cast iron was used exclu-
sively for these pipes, and since that time has been replaced by ductile cast iron.

The inner surfaces of the pipes of both materials were, and today still are, pro-
vided with a coating or lining. The inner coating of grey cast iron pipes consisted of
an approximately 60 to 120 um thick layer of coal tar pitch produced by dipping [24].
These relatively thin layers are resistant in non-aggressive or only weakly aggressive
drinking water, providing adequate protection from corrosive attack on the inner
surfaces. In aggressive water — as described in [25] — rust nodules form which
weaken or break through the pipe wall. Furthermore, encrustations develop, causing
a reduction in pipe cross-section.
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Figure 10: Material consumption rate and iron uptake rate on an unalloyed iron material before
and after a change in the water quality. Change from deacidified (pH > 8) to non-deacidified water
(pH < 6.5) [23]

Soft, acidic water (low pH) soft, alkaline water (high pH)

Soft, alkaline water (slightly buffered) hard equilibrium water (well buffered)

d

Soft, alkaline water (low mineral content) < soft, alkaline water (high mineral content)
-
-

Surface water low in neutral salts (low tem- riverine filtrate rich in neutral salts (high
perature, negligible neutral salt content) temperature, elevated neutral salt content)

Table 15: Water changes in a test series on steel pipes according to [23]

Because of the disadvantages described, the thin coating of tar pitch was replaced
by a cement mortar lining [26]. Ductile cast iron pipes [27] with a cement mortar
lining (CM lining) have since been used exclusively in Germany since the mid-
seventies.

The resistance of the CM lining is of importance in respect of exposure to drink-
ing water.
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Structural steels with up to 12% chromium

These materials are of only limited resistance to drinking water. Ferritic CrNi steels
with 12 % chromium - as described in the following section — may thus be suscep-
tible to pitting, depending on the corrosion conditions.

Ferritic chromium steels with more than 12% chromium
Ferritic-austenitic steels with more than 12% chromium
Austenitic chromium-nickel steels

Austenitic chromium-nickel-molybdenum steels

Austenitic chromium-nickel steels with special alloying additions

Amongst the stainless steels, ferritic Cr steels and the austenitic CrNi steels with
and without added molybdenum must be considered as passivatable materials for
domestic installations. These materials are of particular interest for hot water pipes
and hot water tanks, as well as for cold water pipes. The stainless steels suitable for
domestic installations are summarised in Table 16.

General corrosion of all the materials is low, so that a very good resistance may be
reported in this respect. Local corrosion attack in the form of pitting may occur on
the materials under certain conditions. Since stainless steels which are susceptible
to intergranular corrosion (IC) are more susceptible to pitting, only those materials
which are IC-resistant due to the choice of an appropriate alloy composition are suit-
able. Pitting corrosion and the crevice corrosion associated closely with this depend,
amongst other things, on the chloride concentration, on the structural conditions
[28, 29] and on the flow conditions. The steel/water heat transfer can cause chlorides
to concentrate in lime deposits and hence lead to increased pitting.
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Austenitic chromium-nickel steels with special alloying additions

DIN-Mat.No. Designation

Ferritic steels

1.4510 SAE 439 UNS 543035 X3CrTil7

Ferritic Mo-containing steels

1.4521 SAE 444 UNS 544400 X2CrMoTil8-2

Austenitic steels

1.4301 SAE 304 UNS $30400 X5CrNil8-10
1.4306 SAE 304 L UNS 530403 X2CrNil19-11
1.4541 SAE 321 UNS $32100 X6CrNiTi18-10

Austenitic Mo-containing steels

1.4401 SAE 316 UNS S31600 X5CrNiMo17-12-2
1.4404 SAE316L UNS 531603 X2CrNiMo17-12-2
1.4436 SAE 316 UNS $31600 X3CrNiMo17-13-3
1.4435 SAE316L UNS 531603 X2CrNiMo18-14-3
1.4571 SAE 316 Ti UNS S31635 X6CrNiMoTil7-12-2
1.4439 SAE 317 LMN UNS S31726 X2CrNiMoN17-13-5
1.4539 SAE 904 L UNS N08904 X1NiCrMoCu25-20-5

Ferritic-austenitic steels

1.4462 UNS 531803 X2CrNiMoN22-5-3

Table 16: Stainless steels suitable for domestic installations, water heating units and pipes [28]

In a detailed laboratory investigation [30], some possibly suitable stainless steels
were investigated. From the results compiled in Table 17, the following conclusions
can be drawn:

e Ferritic Cr steels with 18 % Cr are suitable as pipes for hot water up to 368 K
(95 °C), especially if they are additionally alloyed with 2 % Mo. On the basis
of this result, only steels with at least 16 % Cr were approved in
DIN EN 12502-4 [31].

e Although the usual austenitic CrNi steel 1.4301 (SAE 304 UNS S30400) can
be used for hot water pipes because of its good resistance, it cannot be used
for heat exchanger pipes. The steel 1.4571 (SAE 316 Ti, UNS S31635) or
materials with a higher molybdenum content must be used for these.

In the context of the studies in [30], the pitting or crevice corrosion potential of
the steel 1.4301 in tap water which had, due to addition, a CI” content of 500 mg/l,
was determined as Up = + 0.3 V at 368 K (95 °C) by electrochemical analyses. The
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rest potential in the nonexposed starting state was determined as Uy = + 0.52 V to
+ 0.42 V, that is to say the material ought to have suffered pitting, although this was
not the case. In the finished state, the rest potential was Uy = + 0.2 V, and hence the
absence of pitting in the experiment was confirmed, U} being greater than Uy.

When evaluating pitting data in the literature, the displacement of the potential
in the negative direction caused by exposure of the material during the experiment
must be taken into consideration.

The hard solder compounds also investigated in [30] showed a loss in adhesion
between the solder and steel in the case of the ferritic Cr steels, that is to say knife-
line corrosion occurred. It is possible to use a solder which contains 56 % Ag, 26 %
Cu, 14 % In and 4 % Ni on austenitic CrNi steels. Solders containing Zn could not
be used because of dezincification at the steel/solder phase boundary.

In another study on hard solder compounds, it was found that the silver hard
solder L-Ag 40 Cd proved to be resistant in association with the steel 1.4301 in hot
water containing up to 50 mg/1 chloride [32].

Field experiments were carried out for up to 2 years to study the suitability of
1.4301 in domestic installations [33]. Table 18 shows the test site, the test duration
and the operating conditions chosen. The associated water parameters are given in
Table 19.

In each unit 8 m long, longitudinally welded pipes with pressed fittings were
installed. These pipes were made of the steel 1.4301 (SAE 304 UNS S30400) and
had the dimensions 22 mm x 0.7 mm and 15 mm x 0.7 mm. The results of these
studies are summarised below:

¢ Neither local nor general corrosion occurred on the inner surfaces of the
pipes. Where discolouration was found, this could be attributed to entrained
constituents.

e In the Bremen unit, very firmly adhering encrustations occurred on pipes
operated at a constantly high temperature of 363 K (90°C). After removal of
the encrustations, no corrosion was detectable on the steel surface. No
encrustations occurred when the same unit was operated intermittently with
hot water.

e Inthe case of all the pressed fittings, the surface underneath the butyl rubber
sealing rings was still bright after 740 days.
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Test site Plant type’ Pipe samples Test duration
DIN-Mat.No. 1.4301
mm d
Stuttgart A1l 670
A2 15x 0.7 391
A3 670
Al 740
Wiesbaden A2 15 % 0.7 616
A3 740
Al 678
Bremen A2 15 % 0.7 419
A3 666
Al 15x 0.7 420
Hamburg? A2 - -
A3 15x 0.7 420
Berlin®
— Kladow cold 22x0.7 428
warm 428
- Jungfernheide cold 22x0.7 458
warm 458

1)
A1 plant -

A2 plant -
A 3 plant —

cold, continuous operation

hot, continuous operation
hot, intermittent operation:
downtime 16 h

remaining period in rotation:
5 min flow,

25 min interruption

Temperature, K (°C) flow, 1/h
wetting temperature

278 -285 (5-12) approx. 15
approx. 363 (90) approx. 35
approx. 363 (90) approx. 75

2) A 2 plant in Hamburg operating since 6.6.1974
3) industrial water pipes — both hot and cold (328 K (55 °C))

Table 18: Data from field tests [33]
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Test site pH Conductivity Free CO, Total Carbonate SO~  CI (o)
hardness hardness

uS/cm mg/l °dH °dH mg/l mg/l  mg/l
Stuttgart 7.3 650 29 18.0 15.2 33 16 10.9
Wiesbaden 7.53 860 15.2 16.9 10.1 71 165 8.6
Bremen 8.34 1819 0.3 21.7 5.7 150.1 498 9.7
Hamburg 7.88 150 3.1 5.4 0.03 10 13 5.6
Berlin
— Kladow 7.27/7.66 350/540 8.8/15.0 10.6/14.3 8.4/10.4 29/69  13/47 7.7/12.9
- Jungfernheide 7.23/7.80 738/945 16.4/19.6 19.1/21.9 10.4/12.9 132/157 63/124 4.8/10.3

Table 19: Test water parameters used in the investigation of the corrosion behaviour of 1.4301 (SAE 304, UNS
$30400) in domestic installation units [33]

Experiments studying the corrosion behaviour of pipes and pipe connections
made of the steel 1.4301 (SAE 304 UNS S30400) were carried out in cold drinking
water in field tests lasting five years [34]. Table 20 contains data for pipes in various
heat treatment states. The pipe connections were made of the same material as the
pipes. Pressed fittings with a non-metallic seal and solder fittings were tested. The
chemical composition of the solders used is shown in Table 21.

The results of these field tests can be summarised as follows:

e Outside the pipe connections, the pipes were completely corrosion-resistant,
regardless of the heat treatment state investigated. According to [30], inter-
crystalline corrosion should not exceed 10 mm when testing for resistance to
this form of corrosion.

e After exposure for five years, crevice corrosion occurs below the non-metallic
seal in pressed fittings at chloride contents of > 1.3 mol/m?® and pH < 7. This
finding is of great importance, since no crevice corrosion was observed after
2 years in the experiments described in [32]. In [34], it is suggested that the
crevice corrosion which occurred after 5 years was due to changes in the com-
position of the water, e.g. concentration of salts in the region of the pipe con-
nections. On the basis of the results of these studies, pipes and pressed fit-
tings of the corrosion-resistant steels 1.4401 (cf. SAE 316, UNS S31600) and
1.4571 (cf. SAE 316 Ti, UNS S31635) are proposed in [35] for use in drinking
water installations.

Knife-line corrosion occurs at the solder joints at chloride contents of > 1 mol/m?>.
The solder L-Ag 40 Cd is more sensitive to corrosion than the other two solders.

The results reported for the investigations have, furthermore, led to on-site weld
joints with hard and soft solders not being approved in the new DIN 1988-7 [36].
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Mechanical joints (e.g. pressed fittings) on-site are possible, in which case the
manufacturer’s instructions must be strictly observed.

A summary of the studies on the use of stainless steels for water heaters and
pipelines has been compiled by the CEOCOR [37]. Reference is made to the very
small amounts of corrosion products released by the materials, which is of great
importance in respect to drinking water hygiene.

If stainless steels are used for domestic installations, the release of chloride from
sealing materials, amongst other things, must be monitored in order to guarantee
the good resistance of the material. If the release of chloride ions is too high, there
is the risk of increased concentration of chloride, with the possible consequence of
pitting and/or crevice corrosion.

Gas bubbles must be avoided in the heated water, since the probability of pitting
corrosion or crevice corrosion is greatly increased at the three-phase boundary of
stainless steel /water/air as a result.

According to [31], 1.4571 (cf. SAE 316 Ti, UNS S31635) is suitable for water hea-
ters. 1.4558 (X2NiCrAlITi32-20) is recommended for heating elements in water hea-
ters.

In addition to the material properties described for stainless steels in drinking
water, the possibility of external corrosion must be considered. [38] provides infor-
mation on the aspects to be noted in this context.

Chemical composition

C Si  Mn P N Cr Ni N Fe

0.06 0.04 1.68 0.037 0.015 17.88 9.85 0.029 balance

heat treatment state

— solution annealed in plant

- solution annealed, subsequent sensitisation by annealing for 10 min at 923 K (650 °C)/air
— solution annealed, subsequent sensitisation by annealing for 20 min at 923 K (650 °C)/air

Table 20: Chemical composition and heat treatment state of longitudinally welded ND 20 pipes
(22 mm x 0.7 mm) consisting of 1.4301 (SAE 304, UNS S30400) [34]

Solder no.  Chemical composition, %

Ag Cu Zn Cd In Sn Ni

1 40 19 21 20 - - -

2 56 26 - - 14 - 4

3 56 22 17 - - 5 -

Table 21: Solder designations and chemical composition of solders used in the production of
solder joints on pipes made of 1.4301 [34]

111



112

Drinking Water
Zinc

Zinc is widely used as a coating on steel pipes in domestic installations. The require-
ments of zinc coatings applied by hot-dip galvanising are listed in DIN EN 10240
[39]. The maximum contents allowable (percent by weight) of accompanying ele-
ments in the zinc coating are listed in Table 22. These are of importance in respect
to the release of toxic substances into drinking water. The weight of the coating per
unit area must be at least 400 g/m” to achieve good corrosion protection and the
coating should have a suitable layer structure characterised by a pure zinc phase and
an alloy phase. Practical experience has shown that the probability of corrosion is
very high, especially in respect to local attack, in the case of zinc coatings with a
structure which does not comply with the standard. Steel pipes which have been
blown out with air and not with superheated steam after hot-dip galvanising have a
foam-like galvanised layer which tends to release white rust. The zinc coating is fis-
sured in the region of the internal flashes of weld seams which have not been
removed, and thus forms starting points for local corrosion [40]. According to
DIN EN 12502-3 [41], zinc coatings which do not comply with the standard are clas-
sified into groups A, B and C.

Accompanying elements Content, %
Aluminium 0.1
Antimony 0.01
Arsenic 0.02
Lead 0.8
Cadmium 0.01
Copper 0.1
Bismuth 0.01
Tin 0.1

Table 22: Maximum contents allowable of accompanying elements in the zinc coating according
to DIN EN 10240 [39]

There is extensive literature on the corrosion behaviour of hot-dip galvanised steel
pipes in cold water. In an experiment lasting 3 months on hot-dip galvanised ND 20
steel pipes in the types of water shown in Table 23 at a continuous flow rate of
0.12 m/s, it was found that the corrosion rate depends on the flow rate and the pH
[42]. From theoretical considerations, this result is interpreted as follows: a virtually
stationary state is established in the three-phase system of metal/surface coating/
water, in which the transportation of Zn(OH)" ions from the surface of the coating
into the water by diffusion is the rate-determining factor.

It has, furthermore, been demonstrated by electrochemical measurements that,
in agreement with the investigations according to [43], it is not possible to calculate
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the corrosion rate using the Stern-Geary equation with the aid of the polarisation
resistance. To investigate the removal of Zn(OH)*, which determines the corrosion
rate, small amounts of ZnCl, solution were added to tap water and the material con-
sumption rate (zinc removal rate) was determined on rotating disks [44]. The result
shown in Figure 11 confirms the opinion that the material consumption rate is de-
termined by the content of Zn®* ions in the water.

The degradation of zinc coatings in hot-dip galvanised 3/4” steel pipes at a con-
stant flow rate of 1.4 m/min was monitored in tap water with the aid of metallo-
graphic microsection studies [43]. According to these, the pure zinc layer had the
task of allowing transition to a pit-free, long-acting, protective layer.

As already indicated in [43], aging of the surface coatings occurs as the test dura-
tion increases, this being associated with a decrease in the corrosion rate which is
not detected in short-term studies.

Measurable variable Units Water no.

5 6 7 8 9 10"
Temperature K(°C) 282(9) 287 (14) 283(10) 285(12) 286(13) 289 (16)
pH 6.90 6.50 6.91 7.38 7.17 6.82
m value mmol/l 1.6 2.4 6.0 3.4 4.4 1.6
p value mmol/l -0.48 -1.2 -1.0 -0.14 -0.48 —0.48
Total hardness mmol/l  1.40 2.65 4.3 2.85 3.15 1.5
Calcium mmol/l  1.20 2.05 4.0 2.55 2.6 1.1
Sulphate mmol/l  0.55 1.25 1.45 1.15 3.35 1.15
Chloride mmol/l  0.90 5.4 1.5 0.79 2.5 1.7
Nitrate mmol/l  0.18 0.18 0.02 0.01 0.29 0.29
Oxygen mg/l 48 6.2 10.8 8.5 3.0 3.9

1) The water contains 3.6 mg/l phosphate (P,0s), 10 % being polyphosphate

Table 23: Test water analyses used in the investigation of the corrosion behaviour of zinc-coated
steel pipes in cold water [42]

By means of the long-term studies described in [45], it was possible to describe
the nature, build-up and time course of the corrosion-protecting action of surface
coatings in more detail. Long-term studies lasting 18 and 28 months were carried
out on 1/2” steel pipes hot-dip galvanised to comply with the standard in Berlin tap
water (Table 24) using the test parameters described in Table 25.
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Figure 11: Material consumption rate of hot-dip galvanised disks as a function of the rotational
velocity and the zinc content of the water (tap water, pH approx. 7.1) [44]

Zn** content <0.05 mg/l, pH 7.10-7.20

Zn** content 25-26 mg/l, pH 7.05-7.15

From the abundance of experimental results, the pH dependence of the corrosion
behaviour of hot-dip galvanised steel pipes also found in all other studies will be
discussed first using the example of the time-dependence of the material consump-
tion per unit area shown in Figures 12 and 13. While the weight loss tends to rise
significantly initially, but then to a lesser degree at pH 7 and 2 mg/1 O,, it increases
linearly with respect to time at pH 6.9 and 0.5 mg/1 O,. The integral material con-
sumption rate depends on the flow rate. However, this dependence becomes negligi-
bly low over a prolonged test duration (see Figure 14). According to Figure 15, the
pH dependence of the integral material consumption rate also decreases with
respect to time, but is still distinctly pronounced after 18 months. It also decreases
with time largely independently of the O, content (Figure 16). Metallographic stud-
ies have shown a virtually complete removal of the entire zinc layer after only 13
months in acidified water (pH 6.9). In the other types of water, the iron/zinc alloy
phase was retained in a uniform layer even after 28 months. The Zn, Fe and Ca
contents of the surface layers shown in Table 27 indicate that the primary layers
firmly adhering on the metal side consist of zinc corrosion products. The loose sec-
ondary layers which form on the water side on or from the primary layers have zinc
contents which decrease and iron and calcium contents which increase with respect
to time.



Measurable variable Measured value  Units
pH of sample 7.35 to 7.45

(284.4-286 K (11.4— 13°C))

Electrical conductivity 53.2t0 55.0 mS/m
at 293 K (20°C)

Acid capacity, pH 8.2 -0.36t00.21  mol/m’
Acid capacity, pH 4.3 3.67t0 3.74 mol/m’
Total alkaline earths 2.43102.90 mol/m’
Calcium (Ca™) 220t02.51  mol/m’
Magnesium (Mg”) 0.23t00.39  mol/m’
Chloride 1.03t01.20  mol/ m’
Sulphate 0.94 t0 0.97 mol/m’
Nitrate 0.03t00.096  mol/m’
Total silicon approx. 350 mmol/m’

Table 24: Data obtained from Berlin tap water during the test period [45]

No. «x y z

pH Oxygen content Flow rate

mg/l m/s
1 7.9 8 0.3
2 7.4 2 0.1
3 69 0.5 0.03

Table 25: Test conditions [45]

Zinc

Overall, it can be demonstrated from the experimental results that zinc layers are
degraded too rapidly in acidic water with a low oxygen content, so that local corro-

sive attack with the consequence of premature rupture of the pipe wall occurs. In
Berlin water, carbonation of the zinc hydroxide layer and incorporation of com-
pounds of calcium, silicon and phosphate take place, surface layers which provide
good protection being formed in the long term. The experiments with non-galva-
nised steel in Duisburg tap water already described [17] gave the results shown in

Figure 3 with varying pH, O, content and flow rate.
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Figure 12: Material consumption per unit area (O) and surface layer increase (@) on zinc-coated
steel pipes in Berlin tap water (pH 7.9, 2 mg/| oxygen) as a function of the test duration and the
flow rate a) 0.3, b) 0.1 and c) 0.03 m/s [45]
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Figure 13: Material consumption per unit area as a function of the test duration with various flow
rates, pH 6.9, oxygen content 0.5 mg/l [45]
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pH 7.4, oxygen content 2 mg/| at various flow rates [45]
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Field tests on hot-dip galvanised steel pipes and pipe connections lasting five
years are described in [46]. The data on the nature of the materials, the test duration
and the operating conditions are summarised in Table 28.

The water parameters are the same as those already described in Table 26. The
dependence of the homogeneity of surface layers on the water quality could be seen
from metallographic studies. Water samples having relatively large neutral salt con-
tents gave significantly less homogeneous surface layers in pipes through which the
water flowed intermittently. The experimental results for smooth lengths of pipes
have been assessed in [47], the evaluation being based on the material consumption
per unit area m;(100 d), m;(1000 d extrapolated), m,(1000 d) and = (m;(1000 d) —
m,(1000 d)). Hot-dip galvanised steel pipes can be classified into three groups
according to Figure 17:

e Group 1: m;(100 d) > 300 g/m? and d) < 100 g/m?. No protective surface
layers are formed, e.g. water sample 05 according to Table 26, severe risk of
corrosion.

e Group 2: my(100 d) > 100 g/m? d) increases linearly with m;(100 d). As the
removal of zinc increases, surface layers rich in iron oxide are formed initial-
ly, turning into protective layers of rust; e.g. water samples 01, 03, 04, 08, 10
and 11, local corrosive attack cannot be excluded in water which is often sta-
tionary [41].

e Group 3: my(100 d) < 100 g/m? and d) < 100 g/m?% After 5 years, metallic
zinc is still present on the pipes, good corrosion resistance; e.g. water sample
02 (pH increased by NaOH metering to pH 8), no influence on the reduction
in the humic acid content in water samples 06 and 07; water sample 09 has a

high pH of 9.2.

Characteristics/ Water samples
contents

01 02 03 04 05 06 07 08 09 10 11
pH 72 80 69 6.9 7.8 70 9.2 72 74
AC (pH 4.3) 45 25 20 6.4 17 52 06 56 37
AC (pH 8.2) 0.76 0.06 0.57 1.5 0.05 095 005 082 027
Con- mS/m 97 43 39 99 60 127 19 58 69
ductivity
(293 K
(20°C))
Ca** mol/m® 3.2 13 45 2.3 41 044 26 23

3 — 2 NaOH dosing up to the saturation index SI =0
5 — 4 polyphosphate dosing
6 — 7 reduction in the humic acid content

Table 26: Water analyses carried out on samples in the field tests (AC = Acid capacity) [48]
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Characteristics/ Water samples
contents

o1 02 04 05 06 07 08 09 10 11
Mg”  mol/m’ 0.66 0.26 0.30 0.21 1.9 016 01 04
Na* mol/m® 27 18 12 1.2 35 035 12 17
NO;”  mol/m* 0.36 0.21 0.06 <003  0.18 0.08 0.02 0.04
cr mol/m’ 3.3 1.3 1.6 1.7 57 01 065 18
SO,  mol/m’* 1.1 0.5 1.4 1.6 22 034 025 07
Pogal mmol/ 5.0 40 36 3 <0.7 08 04 16 05

m3

Organic g/m’ 0.6 1 2.0 71 40 21 15 2.5
C
0, g/m’ 4 5 10 10 10 10 10 6

3 — 2 NaOH dosing up to the saturation index SI =0

5 — 4 polyphosphate dosing
6 — 7 reduction in the humic acid content

Table 26: Water analyses carried out on samples in the field tests (AC = Acid capacity) [48]
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Figure 15: Integral material consumption rate as a function of the pH after various test durations,

oxygen content 8 mg/I, flow rate 0.3 m/s [45]
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Figure 16: Integral material consumption rate as a function of the oxygen content after various
test durations, pH 7.4, flow rate 0.3 m/s [45]

@ 0.5 months

© 2 months

® 6 months

@ 18 months

Unit Layer Zn content, % Fe content, % Ca content, %

4 9 13 28 4 9 13 28 4 9 13 28

122 primary layer 59 58 61 54 1 1 15 5 03 05 07 12

secondary layer 36 19 25 8 25 7 9 17 9 20 13 21

222 primary layer - 58 57 5 - 09 1 4 - 02 02 03
total layer 59 - - - 15 - - - 0.2 - - -
secondarylayer - 38 44 37 - 40 4 10 - 09 16 09

322 primary layer 54 70 60 - 1 5 6 - 01 02 03 -
total layer - - - 9 - - - 39 - - - 10
secondary layer 43 38 39 - 3 9 7 - 07 11 10 -

332 total layer (72)* 12 45 1.9 (11)* 25 37 41 (0.1)* 09 11 09

* metallic Fe/Zn particles

Table 27:  Time dependence of Zn, Fe and Ca contents (%) in various surface layers [45]
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Steel pipes:

Welded, stretch-reduced ND 20

Chemical composition, %

C Si Mn P S Al

0.1 0.03 0.50 0.03 0.02 0.01

Hot—dip galvanising:

a) According to DIN EN 10240, 586 g/m”, 81 zinc layer

Chemical composition, %

Al Pb Cd Cu Sn

0.04 0.55 0.057 0.024 0.059

b) According to Group B, DIN EN 12502-3, 200 zinc—iron
alloy phase

¢) According to Group C, DIN EN 12502-3, blown out with
pressurised air, 1130 g/mz, 157

Operating conditions:

a) Constant flow, 0.5 m/s

b) Intermittent operation

—downtime 12 h

—12h, 12” per h flow

Test duration:

4.5 10 5.5 years

*test duration in d

Table 28: Test conditions [46]

Overall, a clear dependence of the corrosion rate on the carbonic acid concentra-
tion (Kg8.2) was found in these experiments:

e Group 1: K38.2 = 1.5 without polyphosphate addition

e Group 2: Kg8.2 = 0.27 to 1.5, water sample 04 demonstrates the favourable
influence of the polyphosphate addition

e Group 3: Kz8.2 =0.05 to 0.06

It should also be noted that no influence of the neutral salt content was found in

these experiments.

The marked influence of the CO, concentration can also be seen from experi-
ments with galvanised steel pipes carried out under the experimental conditions
described in [22]. The results of these experiments reveal, in addition to group 2
with Kp8.2 = 0.93, the significant risk of corrosion in soft water containing carbonic
acid (Ka4.3 = 0.48). The water samples in group 3 (Kz8.2 = 0.05 and 0.14) are formed
by the deacidification measures described.
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Figure 17:  Relationship between the material consumption per unit area m;(100)* and the mate-
rial consumption difference = (m;(1000)* — m,(1000)*) — the figures correspond to the water
according to [47]

The evaluation [49] of the experiments [45] according to the data in [47] showed
substantial agreement with the results of the experiments [47] for a test duration of
18 months.

Investigation of the long-term behaviour in the experiments described in [45] was
continued on 9 specimens for up to 10 years [49, 50]. The oxygen content was kept
constant at 6 to 8 g/m’ and the pH and flow rate were varied. The clear dependence
of the material consumption per unit area at a flow rate of 0.3 m/s is shown in Fig-
ure 18.
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Figure 18: Relationship between the material consumption per unit area of hot-dip galvanised

steel pipes in flowing water and the test duration (oxygen content 8 mg/l, flow rate 0.3 m/s) at
various water pHs [49]

The influence of the pH and flow rate can be seen by comparing the residual zinc
layers after 2.5 and 10 years with the aid of micrographs (see Figure 19). At pH 7.5
and 8.0 and flow rates of 0.1 and 0.3 m/s, residual zinc layers 25 to 40 um thick are
present even after 10 years, while after 10 years at pH 7.5 and a flow rate of 0.3 m/s,
the residual zinc layer still present after 2.5 years has been removed completely. At a
low pH (7.0) and a low flow rate (0.03 m/s), a zinc layer is no longer present after
2.5 years; but the corrosive attack on the steel progressed further for up to 10 years.
Microprobe studies show the increasing incorporation on the water side of com-
pounds due to the calcium, silicon (silicate) and phosphorus (phosphate) contents
of the water. The finding that the surface layers provide a protective action under the
experimental conditions described only as long as zinc is present is important. If
zinc is no longer present, rust spots are formed and wide pitting corrosion occurs.
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Figure 19: Comparison of the residual zinc layer on zinc-coated pipes after different service times
in various waters [50]

A) pH 8, oxygen content 6-8 g/ms, flow rate 0.3 m/s

B) as A) but 0.1 m/s

C) as A) but 0.03 m/s

D) as A) but 0.1 m/s

E) as D) but 0.1 m/s

F) as D) but 0.03 m/s

G) pH 7, oxygen content 6-8 g/m3, flow rate 0.3 m/s

The diagram in Figure 20 reflects the material consumption/time relationship
with the original zinc layer. Curve @ applies to an increased pH and low flow rate; it
indicates residual layers of zinc after 10 years. At a low pH and higher flow rate, the
zinc layer has been removed after about 2 years and corrosive attack starts on the
steel (Curve @). While Curves @ and @ apply to an initial oxygen content of 6 to
8 mg/l, Curve ® is typical of pH 7.0 and ¢(O,) of 0.5 mg/l. Mathematical analysis of
the material consumption/time curves plotted showed a good fit on these curves
when the logarithmic function

(m/gx m™) = (a/g x m~) In ((b/a™)(t/a) + 1))
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was taken as the basis. The exponential function chosen in previous publications
(m/g x m™) = (a/g x m™ x a”)(t/a)"

does not lead — as Figure 21 shows — to a description of the actual relationships.
Some characteristic values of the logarithmic function are summarised in Table 29
[50].
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Figure 20: Typical material consumption per unit area curves for zinc in tap water in relation to
the original zinc layer as a function of time [50]

@ increased pH and low flow rate

@ low pH and high flow rate

® low pH and low oxygen content

Test conditions a/m>a”’ bfa”'

pH 8.0 103.7 0.0267
0,=6-8mg/l
v=03m/s

pH7.5 155.0 0.0303
0,=6-8mg/l
v=03m/s

pH7.0 180.3 0.0382
0,=6-8mg/l
v=03m/s

Table 29: Characteristic values of the logarithmic function [50]

When evaluating the results of field and laboratory studies, it should be remem-
bered that a higher water throughput has been used in these — in comparison with
conditions in domestic installations. However, a higher water throughput causes
higher corrosion rates in domestic installations than a lower throughput.
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Figure 21: Correlation functions ® and @ at different tap water pHs (oxygen content 6-8 g/m’,
flow rate 0.3 m/s) with regard only to short-term values (tm, =28 d) [50]
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Experiments were carried out for 2.5 years under the conditions listed in Table 30
to study the influence of the nitrate content in drinking water [51]. A good surface
layer was formed in pipes with galvanising which complies with the standard
according to DIN EN 10240, regardless of the nitrate content. Selective corrosion in
the form of zinc tricklings was found in water with a high nitrate content of
1.26 mol/m? in pipes blown out with air, corresponding to group A, and in pipes
with an intergrown FeZn alloy layer, group B, according to [41]. Severe corrosive
attack occurred in pipes from group B in the same water.

The occurrence of white rust in pipes from group A was detected in a study last-
ing 9 years, while this was not the case in pipes galvanised according to the standard
[52].

Steel pipes: ND 20 according to DIN EN 10240

Hot-dip galvanising:  a) according to DIN EN 10240
b) according to Group B, DIN 12502-3
¢) according to Group C, DIN 12502-3

Operating conditions: a) constant flow 0.5 and 1.5 m/s
b) intermittent flow 120 min/d throughput 0.25 m/s

Test duration: 2.5 years

Table 30: Test conditions according to [51]

In the experiments already described [14], the pH dependence found elsewhere,
that is to say the decrease in removal of zinc as the pH rises, was also confirmed —
as Figure 22 shows.

It can be seen from Figure 23 that under the given experimental conditions, the
iron corrosion which starts after removal of the zinc layer results in the same iron
contents in the surface layers as in the experiments with unalloyed steel pipes.

No clear adverse influence of ozone and chlorine treatment was found in
experiments in water from Lake Constance (Table 31) over a test duration of five and
a half years [53]. According to Figure 24, the material consumption rate of the zinc
layer per unit area averaged for the period between 500 and 2000 days is about
0.1 g/m*d.
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Figure 22: Influence of pH on the material consumption rate of zinc in 26 different water qualities
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Figure 23: Comparison of the iron content in the surface layer of steel pipes after removal of the
zinc layer (pH 7.2, flow rate 1.5 m/s) [14]

A residual zinc layer; @ iron content in the surface layer of the zinc-coated steel pipes; B iron
content in the surface layer of the unalloyed steel pipes (2 test lines)
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Measured value  Units
pH 7.8-8.0
m value 2.5 mol/m’
Ca” 1.1 mol/m’
cr 0.13 mol/m’
ek 0.3 mol/m’
PO 3-35x10°  mol/m’®
org. C 1.1-1.3 mg/1

Table 31: Partial analysis of Lake Constance water — Sipplingen waterworks [53]

The reduction in corrosive attack by increasing the pH found in all the experi-
ments is confirmed by studies in Switzerland [54]. By increasing the pH of Ziirich
lakewater by only 0.3 units (Table 32), a large reduction could be achieved in the
material consumption per unit area (Figure 25). In Diibendorf groundwater
(Table 32), the material consumption is higher — because of the noticeably lower pH
of 7.1 compared with Ziirich lakewater — and increases sharply with time (Figure 26).
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Figure 24: Material consumption rate per unit area of the residual zinc layer as a function of time
during different water treatment steps using Lake Constance water and under various flow condi-
tions [53]

@ untreated water 1.5 m/s

@ untreated water 0.5 m/s

® untreated water 0.5 m/s intermittent

@® untreated water, ozonised 1.5 m/s

® untreated water, ozonised 0.5 m/s

® untreated water, ozonised 0.5 m/s intermittent

@ untreated water, ozonised and chlorinated 1.5 m/s

untreated water, ozonised and chlorinated 0.5 m/s
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The corrosion behaviour of pipe connections in cold drinking water was also
investigated in the field tests according to [46]. Table 33 provides information on the
corrosive attack found with the aid of rating figures. Non-galvanised threads of mal-
leable cast iron fittings are severely attacked in comparison with galvanised threads.
Pronounced contact corrosion occurred on the non-ferrous metal fittings because of
the relatively large non-ferrous metal cathodes. No noticeable contact corrosion was
found on the hard solder connections because of the small area of the cathodes.

Measurable variables Diibendorf groundwater Ziirich lakewater
pH 7.1 pH 8.0

mol/m’ mg/l mol/m®>  mg/l

Acid capacity (K, 4.3) 5.7 - 2.62 -
Calcium (Ca”™) 2.9 116 1.33 53
Sulphate (50,%)" 0.92 44 0313 15
Chloride (CI) 0.76 27 0.127 45
Nitrate (NO3") 0.32 20 0.054 3.3

*) value refers to half the molecular weight

Table 32: Water analyses according to [54]
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Figure 25: Internal corrosion on zinc-coated steel pipes. Influence of the pH [54]

@ Zurich lakewater, untreated, pH 7.7
@ Ziirich lakewater, treated, pH 8.0
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Figure 26: Internal corrosion on zinc-coated steel pipes. Influence of the water quality [54]

@ Diibendorf groundwater
@ Ziirich lakewater

Water Malleable cast iron fittings Non-ferrous fittings Hard solder
sample no. Non-galvanised  Galvanised threads connection
threads
Inter-  Flowing  Inter-  Flowing  Inter-  Flowing  Inter-  Flowing
mittent mittent mittent mittent
1 4 5 2 2 4 6 3 4
2 4 2 1 1 4 4 1 1
3 4 4 2 2 6 6 4 5
4 5 5 5 4 5 4 4 4
5 6 6 6 4 6 6 5 5
6 4 4 2 2 2 3 2 4
7 3 4 2 2 3 5 2 3
8 5 4 3 3 6 6 3 4
9 5 4 3 3 6 6 3 4
10 5 4 2 3 5 5 3 4
11 4 5 2 4 4 6 3 4

The figures have the following significance:

1 uniform surface layer, grey

2 uniform surface layer, brown

3 non-uniform surface layer, white/grey

4 non-uniform surface layer, brown

5 pronounced local corrosion, countless tiny rust spots

6 pronounced local corrosion, fewer but larger rust spots

Table 33: Evaluation of the corrosion on fittings in different waters [46]
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The increased occurrence of corrosion damage to hot-dip galvanised steel pipes in
heated drinking water (hot water) in mixed installations had already been attributed
early on to the influence of copper ions.

Experiments were carried out in Berlin tap water (Table 34) with various pHs and
copper ions of various origins to study the laws which apply [55].

Table 35 contains the test conditions. It can be seen from the corrosion results
summarised in Table 36 that shallow pitting corrosion occurs already in water of pH
7.4 at a copper ion content of 0.1 mg/l. This form of corrosion also occurs in acid-
ified water of pH 6.5 without copper ions; but is significantly increased by the latter,
and is also found in the vertically arranged pipes. Copper ions only influence shal-
low pitting corrosion if the zinc layer has been removed locally and the steel surface
is exposed. Typical points of local attack were found at the three-phase boundary of
air/pipe surface/water. According to the experimental results, as long as no steel
surfaces are exposed, copper which has been deposited, e.g. on new hot-dip galva-
nised surfaces, cannot induce local corrosion. However, if copper ions are constantly
arriving at the inner surfaces of the pipes, pitting corrosion is induced.

Measurable variables Measured value Units
Sampling temperature 284.4 —287.6 (11.4 — 14.6) K(°C)
pH, electrometric 7.35-7.45

Electrical conductivity at 293 K (20 °C) 530-610

m value 3.53-3.74 mmol/1
p value -0.22t0-0.3 mmol/1
Calcium (Ca™) 88.2 - 101 mg/l
Magnesium (Mg’ 5.73-9.47 mg/1
Sulphate (SO,>) 68.3 -115.5 mg/l
Chloride (CI') 27.4-52.5 mg/l
Nitrate (NO3’) <2 mg/1
Iron (Fe™) <0.05 mg/1
Manganese (Mn™") n.d.

Copper (Cu™) <0.05 mg/l
Zinc (Zn™) <0.05 mg/l
Silicic acid as SiO, 15-20 mg/1
Phosphate n.d.

n.d. not detectable

Table 34:  Fluctuation in measured values from Berlin tap water in a period of two years [55]
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In [56], microprobe studies on the distribution of the elements in the surface
layers of the pipes in the experiments [55] demonstrated areas of chloride and sul-
phate concentration at the metal/surface layer phase boundary. This gives the sur-
face layers semi-conductor properties, leading to partial separation of regions at
which anodic and cathodic part reactions proceed. As the concentration of copper
ions increases, the cathodic part current is increased, so that pitting corrosion is
intensified at the anodic regions.

Unit no. Test conditions

Unit1: tap water, pH 7.35 to 7.45 (measured at sampling temperature)

Unit2:  tap water, pH 7.35 to 7.45. In the flask 20 sheets of CuNi20Fe-F30 with a total surface
area of 2000 cm” were placed. Dimensions of a single sheet 50 x 100 x 1.5 mm

Unit 3:  tap water, pH 7.35 to 7.45. In the flask 20 sheets of SF-Cu (CW024A) with a total
surface area of 2000 cm” were placed. Dimensions of a single sheet 50 x 100 x 1 mm

Unit4: tap water, pH 7.35 to 7.45, ascending pipe at the front internally copper—plated

Unit5:  tap water acidified with CO,, pH 6.45 to 6.55

Unit 6:  tap water, pH 6.45 to 6.55, flask with 20 sheets of CuNi20Fe, total surface area = 2000
2
cm

Unit7:  tap water, pH 6.45 to 6.55, flask with 20 sheets of SF-Cu, total surface area = 2000
2
cm

Unit 8:  tap water, pH 6.45 to 6.55, ascending pipe at the front internally copper—plated

Unit9:  tap water, pH 6.45 to 6.55, copper concentration= 0.1 mg/1 cu®

Unit 10: tap water, pH 6.45 to 6.55, copper concentration= 0.3 mg/1 cu®

Unit 11: tap water, pH 7.35 to 7.45, copper concentration= 0.1 mg/1 cu®*

Unit 12: tap water, pH 7.35 to 7.45, copper concentration= 0.3 mg/1 Cu™*

Table 35: Test conditions used in the investigation of the corrosion resistance of hot-dip galva-
nised steel pipes in mixed installations [55]

Experiments in two different types of water (Table 37) at temperatures of 285 to
346 K (12 to 73 °C) under a constant water flow revealed, with the aid of rest poten-
tial measurements, the existence of a critical potential range for the occurrence of
pitting [57]. By comparative studies on pure zinc and hot-dip galvanised steel pipes
— as can be seen from Figures 27 and 28 — a potential shift in the noble direction
was also found on pure zinc as the temperature increases, and not only on hot-dip
galvanised steel pipes. The critical potential range for pitting corrosion on zinc,
which depends on the water quality, lies coincidentally in the rest potential range of
steel and is not to be attributed to a potential shift of zinc in the noble direction with
respect to steel (potential reversal). A reduction in the potential shift in the noble
direction and therefore the suppression of pitting corrosion was found, depending
on the water quality, on addition of monomeric phosphates.
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Unit Operating conditions Horizontal pipes Vertical pipes
(see also Table 33) Test duration, months
9 13 13
1 tap water - — _
pH 7.4
2 pH 7.4 - - -
flowing over CuNi20Fe
3 pH 7.4 + + -
flowing over SF-Cu
4 pH7.4 - - -
copper—plated ascending pipe
11 pH7.4 - + -
0.1 mg/l Cu®*
12 pH7.4 + ++ -
0.3 mg/l Cu®*
5 tap water + CO, + air + + +
pH 6.5 negligible  negligible  negligible
6 pHG6.5 + ++ ++
flowing over CuNi20Fe
7 pH 6.5 + ++ +
flowing over SF-Cu
8 pH 6.5 + + +
copper—plated ascending pipe negligible  negligible  negligible
9 pH6.5 + ++ +
0.1 mg/l Cu® negligible
10 pH 6.5 + ++ +
0.3 mg/l Cu®*

- no shallow pitting corrosion
+ shallow pitting corrosion
+ + extensive shallow pitting corrosion

Table 36: Corrosion behaviour of pipes under the test conditions mentioned in Table 35 [55]




Measurable variables

Dortmund Ewersbach Units

pH at 293 K (20°C) 6.90 6.65

Electrical conductivity at 293 K (20 °C) 29.0 16.0 mS/m
Base capacity up to pH 8.2 at 293 K (20°C) 0.48 0.50 mol/m3
Acid capacity up to pH 4.3 at 293 K (20°C) 1.60 1.43 mol/m’
Calcium (Ca™) 1.2 0.66  mol/m’
Magnesium (Mg”") 0.20 036  mol/m’
Sulphate (S0O,>) 0.55 022  mol/m’
Chloride (CI) 0.45 031  mol/m’
Nitrate (NO;") 0.18 0.056  mol/m’
Oxygen (O,) 4.8 8.7 g/m’

Table 37: Parameters used for test waters [57]
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Studies have been carried out in Berlin tap water (Table 38) under the experimen-
tal conditions shown in Table 39 to investigate the influence of phosphates and/or
silicates on the pitting corrosion induced by copper ions [58]. X-ray scanning photo-
graphs have shown the formation of a primary layer of zinc reaction products and a
secondary layer of inhibitors and calcium. The latter develops into corrosion-inhibit-
ing protective layers in the course of time, the protective function of these being
improved by inhibitors. The effectiveness of inhibition of general corrosion is given
by the following sequence:

o-phosphate - silicate — silicate/phosphate — o/p-phosphate and p-phosphate. The
mixture silicate/phosphate is the best as regards inhibition of local corrosive attack,
while o-phosphate shows the lowest inhibition. All the other inhibitors can be classi-
fied in between. Although most of the inhibitors studied reduce the incidence of

pits, the pit depth and therefore probability of damage are not substantially reduced.
The inhibitor mixture silicate and phosphate prevents pitting on hot-dip galvanised
steel pipes under the given experimental conditions, which can be applied to hot

water circulation systems.
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Measurable variables Measured value  Units
Electrical conductivity at 293 K (20 °C) 50-62 mS/m
pH at 284 — 287 K (11— 14°C) 7.3-7.5

Base capacity up to pH 8.2 0.33-0.44 rnol/rn3
Acid capacity up to pH 4.3 3.9-4.0 mol/m’
Total alkaline earths (hardness) 2.4-2.94 mol/m’
Nitrate (NO;") 0.05-0.1  mol/m’
Chloride (CI) 1.36-1.88  mol/m’
Sulphate (SO,*) 0.7-1.32  mol/m’
Total phosphorus as P,0; <0.2 mg/1
Total silicon as SiO, 18-22.2 mg/1

Table 38: Analysis of Berlin tap water in a period of two years [58]

Unit no. Test conditions

0 tap water without additions

1 tap water flowing over copper sheet, no additions

2 tap water flowing over copper sheet + 5 mg/1 P,0s as trisodium monophosphate"

3 tap water flowing over copper sheet + 5 mg/1 P,0s as trisodium monophosphate?

4 tap water flowing over copper sheet + 5 mg/1 P,0s as sodium hexametaphosphate®

5 tap water flowing over copper sheet + 5 mg/l P,Os as combination of disodium mono-

phosphate and sodium tripolyphosphate®

6 tap water flowing over copper sheet + 20 mg/1 SiO, as sodium waterglass 40/42° B&”)
7 tap water flowing over copper sheet + 20 mg/1 SiO, as sodium waterglass 58/60° B&”
8 tap water flowing over copper sheet + (mg/l) 4 P,Os + 22 SiO, as a combination of

sodium waterglass and sodium tripolyphosphate”

All chemicals used are commercial products.

1) trisodium monophosphate, technically pure with a P,Os content of 49.9 %

2) sodium tripolyphosphate, technically pure with 55.9 % P,0s

3) sodium hexametaphosphate (trade name) also Graham’s salt, a long-chain polyphosphate with a
chain length in the middle of 25 - 30 (10), P,O5 content 68.7 %

4) a mixture of 70 % sodium tripolyphosphate and 30 % disodium monophosphate, total P,O5 content =
62.5 %

5) sodium silicate with a molar ratio SiO,: Na,0 =3.42; D=1.4 g/cms, total solids content = 38.0 %

6) sodium silicate, molar ratio SiO,: Na,0 =2.09; D=1.71 g/cms, total solids content = 54.5 %

7) a mixture of 45.9 % SiO, as sodium silicate and 8.3 % P,0s as sodium tripolyphosphate (Ferrosil® 160)

Table 39: Test conditions used in the investigation of the effect of phosphates and silicates on
copper ion-induced pitting corrosion on zinc-coated pipes [58]
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Attempts were made under conditions close to those in practice to clarify whether
modified zinc layers have a better corrosion resistance than standard galvanisation
[59]. Inhibition by pure o-phosphate and a long-chain polyphosphate was also inves-
tigated. The electrolytic water treatment process proven in practice (called the elec-
trolysis process for short) was included in the studies. The experimental conditions
can be seen from Figure 29, and Table 40 contains the water analysis.

Measurable variables Measured value  Units
pH 6.76

Electrical conductivity at 293 K (20°C) 37" mS/m
Base capacity up to pH 8.2 0.43? mol/m3
Acid capacity up to pH 4.3 1.75 (4.9°d)  mol/m’
Calcium Ca™* 1.45(9.6°d)  mol/m’
Magnesium Mg”* 0.27 (9.6°d)  mol/m’
Sodium Na* 0.91 21)"  mol/m’
Sulphate SO, 0.55(53)”  mol/m’
Chloride CI” 1.16 (41)Y  mol/m’
Nitrate NO;~ 0.35(22))  mol/m’
Silicate SiO, 5.4 mg/1
Phosphate PO,> 0.35 mg/1
Oxygen O, 7.4 g/rn3
KMnO, consumption 5.4 mg/l

1) A370 pS/cm
2) 219 mg/1 CO,
3) & mg/l

Table 40: Water analysis [59]

The best corrosion protection is achieved by the electrolysis process, as can be
seen, for example, by comparing the material consumption per unit area on the five
materials investigated in accordance with Figures 40 and 41. From the current den-
sity/potential curves plotted, it was found that the protective action by the electroly-
sis process is based on inhibition of the cathodic part reaction. This is evidently
caused by incorporation of aluminium hydroxide into the surface layers which
form. This has the effect of a significantly lower conductivity of the surface layer
compared with the surface layers otherwise formed from zinc oxide. The studies
also showed that the modified zinc layers tested, without the electrolysis method,
show a distinctly poorer corrosion behaviour than standard galvanisation according
to DIN EN 10240.
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Figure 30: Material consumption in test line no. 4, see Figure 29 (Materials ®, @, ®, @ and ®
according to Figure 29) [59]
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Figure 31: Material consumption in test line no. 5, see Figure 29 (Materials @, ®, ®, @ and ®
according to Figure 29) [59]
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The advantageous formation of surface layers found in [59] due to the incorpora-
tion of Al,O; is confirmed by the chemical composition of the protective layer
shown in Table 41 [60]. On hot-dip galvanised steel pipes in particular, protective
layers are formed similar to those found by investigating installed, hot-dip galva-
nised control lines for more than 10 years [61].

Chemical composition, %

Fe,0; AlLO, CaO ZnO CO, SiO,

Hot water outflow

Scaling 523 176 4.8 0.68 4.65 2.0

Sand-blasted 54.0 21.5 23 1.04 286 2.2

Pickled 554 254 39 0.76 3.53 23

Zinc-coated 12.8 30.5 trace 43.0 6.52 34

Circulation

Scaling 650 42 41 08 385 25

Sand-blasted 66.4 4.6 1.1 1.08 243 2.2

Pickled 674 39 31 072 289 24

Zinc-coated  23.2 20.1 trace 42.0 4.29 4.4

Table 41:  Chemical composition of the protective layers [60]

Studies were carried out in cold and hot water in Denmark to investigate the
influence of the quality of hot-dip galvanised steel pipes [62]. The water analysis is
summarised in Table 42 and the test conditions in Table 43. The origin of the steel
pipes investigated, the thickness of the zinc layer and data on the structure of the
zinc layers are contained in Table 44. The result found was a tendency towards
increased corrosion at low thicknesses in the absence of pure zinc. The most severe
corrosion was observed on pipes from Hungary with the lowest coating thickness of
50 um. Corrosive attack three times more severe than in cold water was found in
circulating hot water or in hot water with intermittent operation.

The matter of reduction of nitrate to nitrite is discussed in respect of hygiene con-
ditions when hot-dip galvanised steel pipes are used in domestic installations. The
conditions which lead to nitrate reduction — especially in respect of the limit for
nitrite of 0.1 mg/1 stated in Table 1 — are discussed in [63—65]. The conditions can be
described with the aid of Figure 32 as follows:

¢ The reduction to nitrite clearly depends on the flow conditions and the age of
the hot-dip galvanised steel pipes installed.
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e ¢(NOy) > 0.1 mg/l occurs in stagnant water overnight (16 h) and over the
weekend (64 h), compared with the daily average (daytime water).

e As the age of the installation increases, nitrite values lower than 0.1 mg/l are
obtained even after prolonged stagnation times.

Measurable variables Measured value  Units
pH 7.25

Electrical conductivity 75 mS/m’
Ka4.3 5.4 mol/m’
c(Ca™ 3.2 mol/m’
¢ (S0, 0.98 mol/m’
c(cn) 0.93 mol/m’
¢ (NOy) 0.10 mol/m’
c (Na¥) 0.48 mol/m’
¢ (Mn™) <02 mmol/m’
¢ (Si0,) 0.33 mol/m’
¢ (PO 0.00 mol/m’

Table 42: Water analysis according to [62]

Temperature Operation
k()

Cold water 298-301 (25-28) v=1.2m/s, constant

Hot water 338 (65) v=0.3 m/s, circulation

Hot water 338 (65) v=1.2 m/s, intermittent

251/3 h, tapping for 1 min

Table 43: Test conditions according to [62]
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Figure 32: Mean nitrite content in daily water samples and stagnant samples overnight (16 h) and
over the weekend (64 h) as a function of the test site (floor level) and service life of the installation

63, 64]

The oxygen content in drinking water is another parameter which influences
nitrate reduction. As can be seen from Figure 33, nitrite formation decreases as the
oxygen content increases. At oxygen contents of about 6 mg/1 and a pH of about 7.5

usually present in drinking water, the nitrite content is less than 0.1 mg/1.
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Figure 33:  Effect of O, content on nitrite reduction [64]
Country of Type Inside coating Inside coating thickness, = Outside Comments on the
origin analysis, % um coating, structure and appearance
um  ofthe zinc coating
Pb cd max. min. mean mean
Germany  welded 1.14 0.097 110 70 90 75 smooth, regular, pure
Mannes- zinc all over
mann
Germany  welded 250 70 150 fairly smooth, regular,
Mannes- 120 60 85 pure zinc all over
mann
Germany  welded  0.52 0.039 140 60 95 75 smooth, regular, pure
Mannes- 150 60 100 zinc all over
mann
Table 44: Examination of steel pipes in delivery state [62]
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Country of Type Inside coating Inside coating thickness, Outside Comments on the
origin analysis, % um coating, structure and appearance
um  of the zinc coating
Pb cd max. min. mean mean
Germany  seam- 0.95 0.114 80 slight roughnesses,
Mannes- less otherwise regular, no
mann metallographic
examination
Germany seam- 0.50 0.021 90 60 75 85 smooth, regular, only
Maximi- less iron-zinc alloy and no
lians Hiitte pure zinc layer since the
steel is killed steel
(Si: 0.37 %)
Hungary  seam- 0.64 0.055 60 50 50 95 smooth, longitudinal
less scratches produced by
mechanical removal of
excess zinc. Iron-zinc
alloy only, no pure zinc
layer since the steel is
killed steel (Si: 0.31%)
Sweden welded  0.44 0.003 130 50 85 55 very irregular, zinc foam
heavy and heavy thickening at
seam some places
Russia welded 140 40 100 irregular, varying thick-
ness of coating, layer of
pure zinc all over
Russia welded  0.80 0.002 210 60 125 60 highly varying thicken-
visible 0.78 0.002 390 100 235 ing at some places, layer
seam of pure zinc all over
Russia welded  0.38 0.002 210 60 120 50 smooth, regular, at some
visible 0.37 0.002 places slight thickening,
seam layer of pure zinc all over
Unknown  welded 630 80 260 165  very rough, large areas
280 140 170 without pure zinc
Great welded  0.50 0.005 220 60 110 90 fairly regular, at some
Britain 200 100 150 places slight thickening,
layer of pure zinc all over
Table 44: Examination of steel pipes in delivery state [62]
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Table 44: Continued

Country of Type Inside coating Inside coating thickness, = Outside Comments on the
origin analysis, % um coating, structure and appearance
um  ofthe zinc coating
Pb cd max. min. mean mean
Austria welded  0.83 0.001 slightly rough, small irre
gularities, no metallo-
graphic examination
India welded  0.71 0.005 330 70 150 75 very irregular, formed
heavy 0.71 0.006 480 30 220 zing, heavy thickening
seam
France/ welded 400 55 70-80 80 smooth, regular, thicken-
Belgium ing longitudinally, pure
Valexy zinc all over
France/ welded, 120 40 60 70 smooth, regular, thicken-
Belgium faintly ing longitudinally, pure
Valexy visible zinc all over
seam
Table 44: Examination of steel pipes in delivery state [62]
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Seawater
V 1 Marine atmosphere, splash, tidal and immersion zones

Over 70% of the surface of the earth is covered with seawater. This makes seawater
the most widespread corrosive medium next to the atmosphere. Most metals, alloys
and construction materials are corroded by seawater and marine atmospheres. The
conditions of exposure are the main parameters determining the behaviour of the
different materials. Exposure is classified roughly into four zones:

e marine atmosphere

e splash zone (SZ)

e tidal zone (TZ)

e immersion zone (I1Z).

Atmospheric corrosion is not grouped with reactions in gases, but is rather an
instance of electrolytic corrosion that occurs only when a film of liquid, moist depos-
its or corrosion products have formed on the metal surface. The rate of corrosion in
seawater is determined mainly by the amount of oxygen that reaches the cathode,
whereby the electrolyte resistance is of no consequence due to the large cross-section
and good conductivity. In atmospheric corrosion, on the other hand, the relatively
high level of electrical resistance of the thin film of moisture is a major determinant
of the corrosion rate, since oxygen access is practically unhindered over the short
diffusion pathways involved. Due to the good conductivity of the medium, the
anode and cathode of a corrosion cell in seawater can be some distance apart. Such
macroelements are frequently found on sheet piling or submerged surfaces of ships
and can be made use of in applications of cathodic corrosion protection (CCP). In
atmospheric corrosion, the elements act over very short distances only, rendering
cathodic protection practically ineffective.

At an air temperature of 283 K (10 °C), an air pressure of 1,013 hPa and 60% rela-
tive humidity the water content is around 5.7 g/m’. At 303 K (30°C) and relative
humidity of 100%, the water content rises to 31.4 g/m’. The water film that con-
denses when the temperature drops or on relatively cold surfaces is always saturated
with oxygen. Whereas corrosive action in a non-marine atmosphere is mainly deter-
mined by moisture content and potential industrial contaminations, the marine
atmosphere is characterised by a raised content of salt particles carried on the wind
from the sea spray. Since the salt particles deposited on the metal surface, or aero-
sols containing salt, also contain hygroscopic components, e.g. calcium and magne-
sium chlorides, liquid films form on the surface with very high salt content levels,
even if the air is still above the dewpoint.

As the chloride content increases, not only does the electrical conductivity of the
electrolyte solution, and thus the activity of the corroding elements, increase. The
capacity of the solution to penetrate through protective layers and stabilise anodes
locally increases as well. The chloride content drops rapidly as one moves away from
the sea. How far away from the coast its influence is still felt depends to a large
extent on wind force and wind direction as well as on wave height and cannot be
stated in general terms. Normally, the influence of seawater salts can be ignored at a
distance of about 1 km from the coast. Frequent and heavy rains can reduce corro-
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sion since they dilute or wash off the salt concentrations. This is the reason why
corrosion is more pronounced on the undersides of samples exposed at an angle
and on the lee side of structural elements, since these surfaces remain moist longer
and the washout effect is missing.

In the splash zone (SZ), the materials are under the influence of high moisture
levels and high salt content levels. Stress factors from solar exposure and UV light
are also of consequence for organic materials or coatings. No fouling takes place in
the splash zone.

In the tidal zone (TZ), unrestricted oxygen access to the moist surfaces in the low
water phase enhances corrosion. In this zone, fouling and wave movements can
also have a considerable influence on corrosion processes.

In the immersion zone (IZ) as well, the water is practically saturated with oxygen.
In addition to fouling, solute contaminants, suspended solids and water currents
are additional factors to be reckoned with here.

As a result of these different stress factors, in particular the widely varying level
of oxygen access, structural elements exposed in all of the zones, e.g. sheet pilings
or ram mooring piles, macroelements may form resulting in increased corrosive
activity on certain anodic segments and corresponding cathodic protection of others.
Erosion levels measured on isolated samples mounted in the different zones are
therefore of limited value only in evaluations of the behaviour of structural elements
extending through most or all of the exposure zones.

V 2 Seawater corrosion parameters

Seawater is a complex aqueous salt solution and its principal influential factors on
corrosion are summarised in Table 1.

Chemical factors Physical factors Biological factors
Solute salts temperature fouling

Solute gases movement animals

® oxygen ® wave movement ® oxygen consumption
e carbon dioxide e current e CO, production

o sulphate-reducing

pH level pressure plants
 oxygen production
e CO, consumption

solids

Table 1: Main seawater corrosion parameters
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V 2.1 Salt content

The salt content of seawater is defined as the total mass of salt in solution in 1 kg of
seawater. Seawater in the open sea far from land in the major oceans has an average
salt content within the range of 32-37.5 g/kg. This salt content shows considerable
consistency in given regions and throughout the years. Nearer to the coast, in mar-
ginal seas and enclosed seas, the salt content level may deviate widely from this aver-
age (Table 2) [1]. Higher salt content levels result from higher evaporation rates, e.g.
in the Persian Gulf and Red Sea; lower levels result when the influx of fresh water
exceeds evaporation, e.g. in the Baltic Sea. The North Sea, with a salt content of
about 35 g/kg, tends towards the levels in the Atlantic Ocean. Along the German
North Sea coast, however, the salt content drops to about 32 g/kg.

Oceanic region Salt content,
g/kg
Baltic Sea 8
Black Sea 22
Atlantic Ocean 37
Mediterranean Sea 41
Caspian Sea 13
Dead Sea 260
Irish Sea 33
Red Sea 41
Persian Gulf 39-42

Table 2:  Salt content of different oceanic regions [1]

Generalised conclusions can be based on salt content levels of approx. 35 g/kg
and a chloride ion content of 19 g/kg. An assumed total salt content (or salinity) of
35 g/kg (3.5%) results in the seawater composition shown in Table 3 [2, 3].

Component Content level,
g/ke
Chloride 19.35
Sodium 10.78
Sulphate 2.71
Magnesium 1.29

Table 3: Average composition of seawater at a salt content level of 3.5% [2, 3]
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Table 3: Continued

Component Content level,
g/kg
Calcium 0.41
Potassium 0.39
Hydrogen carbonate 0.14
Bromide 0.067
Strontium 0.008
Boron 0.004
Fluorine 0.001

Table 3: Average composition of seawater at a salt content level of 3.5% [2, 3]

Ignoring the components that are of practically no consequence in terms of corro-
sion, the salt content can be calculated based on the chloride ion content as per [4, 5]:

Salt content in % = (1.81 x chloride ion content in %) + 0.003

At a chloride ion content of 1.9%, the resulting salt content is 3.44%.

The term “salinity” is generally used to express total salt content as “chlorinity” is
used for chloride ion content.

The pH level of seawater is generally 7.7-8.2 [5].

The aggressiveness of seawater near the coast may be increased by uptake of
gases such as carbon dioxide and sulphur dioxide from emissions and sewage.
Raised amounts of hydrogen sulphide from rotting matter, as well as raised
amounts of ammonium salts, sulphides and mordant residues from industrial sew-
age can also add to the aggressiveness of seawater [5].

So-called synthetic seawater is often used for laboratory corrosion experiments,
the composition of which is either that listed in DIN 50905-4 [6] or ASTM Standard
Specification D1141-90 [7]. These test solutions contain concentrations of the ions
according to the relative amounts listed in Table 3. The pH level of these solutions is
adjusted with sodium hydroxide solution to 7-8 (DIN) or 8.2 (ASTM). Experiments
with such synthetic water solutions do not, however, take into account the influ-
ences of animals, plants and water movement so important to the effects of natural
seawater and can therefore only provide comparative data on material behaviour.

In simplified test designs, NaCl solutions are also frequently used, e.g. with a
sodium chloride concentration of cy,c = 1 mol/1 or 0.5 mol/l, approximately equiva-
lent to a 5% or 3% NaCl solution. Since these solutions contain no buffering sub-
stances, pH level changes, and therefore inconsistent test conditions must be
expected in long-term experiments. Due to the lack of alkaline earth salts, these
NaCl solutions also do not result in the deposits and covering layers that can exert a
major influence on the corrosive action of natural or synthetic seawater. In electro-
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chemically controlled experiments in particular, calcium or magnesium salts are
separated out with cathodic polarisation due to the raised pH levels. Therefore, the
window of comparison for results of studies done in NaCl solutions with results
from natural or synthetic seawater is narrow.

However, results of experiments with highly concentrated salt solutions can pro-
vide useful information concerning the behaviour of materials under the conditions
involved in seawater desalination.

Brackish water has a lower salt content than seawater, varying with the tides and
seasons between that of seawater and river water. The specific electrical resistance of
such water can therefore be between 30 Q cm and 1,000 Q cm, with electrical con-
ductivity levels between 33 mS/cm and 1 mS/cm. The pH level is between 6.5 and 8,
the oxygen content, depending on aeration and temperature, is between 0 and
13 mg/l. The widely varying content levels of hydrogen carbonate, hydrogen sul-
phide, ammonium compounds and organic components all strongly influence the
aggressiveness of brackish water [5].

V 2.3 Solute gases

The solute oxygen content is of primary importance as a component influencing the
corrosion behaviour of most metals in seawater. The solute oxygen content can
either increase or inhibit corrosion. In nearly neutral aqueous salt solutions, i.e. in
seawater as well, the reduction of solute oxidants is the principal cathodic reaction
step. The cathodic reaction step in corrosion of metals in seawater is the reduction
of the oxygen dissolved in the water as per this formula

2H,0+0,+4e —40H"

The equivalent anodic reaction step in metal corrosion is thus controlled by the
amount of solute oxidant and its transport to the cathodic parts of the metal surface.
In surfaces with no covering layers the corrosion rate is directly proportional to the
oxygen concentration of the water and largely independent of the type and concen-
tration of the solute salts [5, 8]. With increasing oxygen content levels and increasing
water movement, most metals exposed to seawater in the active state show increased
corrosion. The oxygen content of seawater is temperature-dependent and is approx.
Co, = 0.5-0.6 mmol/l at temperatures around 283 K (10°C).

In the case of some metals, e.g. stainless steels, the solute oxygen affects a poten-
tial shift to more positive levels and thus a passivation of the metal surface. When
effectively adhering oxide covering layers form, corrosion may be appreciably
reduced at higher seawater oxygen content levels, even on non-passive metals [5].

The content of solute oxygen depends mainly on temperature and salt content.
The gases dissolved in seawater do not reach saturation levels by a long shot, not
even in areas close to the surface. Table 4 lists the balanced saturation values for
oxygen, nitrogen and carbon dioxide at a gas pressure of 101 kPa and at different
temperatures and salt contents [9].
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Chloride content Temperature Oxygen Nitrogen Carbon dioxide”
s/kg k() ppm ppm ppm
273 (0) 70.4 28.8 3,370
0 285 (12) 52.5 22.7 2,198
297 (24) 42.1 18.3 1,541
273 (0) 56.0 18.4 2,860
16 285 (12) 429 14.2 1,888
297 (24) 34.8 11.5 1,342
273 (0) 52.8 17.3 2,746
20 285 (12) 40.4 13.4 1,814
297 (24) 329 10.9 1,299

including H,CO;, HCO; ™ and CO;”

Table 4: Saturation values for different gases in salt solutions of varying concentration and tem-
perature at a gas pressure of 101 kPa [9]

Table 5 shows the content levels of solute oxygen in seawater in balance with air
at atmospheric pressure. Dependence on temperature and salt content are shown [3,
10].

Chloride content 0 5 10 15 20
g/kg

Salt content (] 9.06 18.08 27.11 36.11
g/kg

Temperature Oxygen content

k() ppm

273 (0) 14.62 13.70 12.78 11.80 11.00
278 (5) 12.79 12.02 11.24 10.49 9.74
283 (10) 11.32 10.66 10.01 9.37 8.72
288 (15) 10.16 9.67 9.02 8.46 7.92
293 (20) 9.19 8.70 8.21 7.77 7.23
298 (25) 8.39 7.93 7.48 7.04 6.57
303 (30) 7.67 7.25 6.80 6.41 5.37

Table 5:  Oxygen content of seawater at different temperatures and salt content levels in balance
with air at atmospheric pressure [10]

The oxygen content of seawater drops when temperature or salt content increases.
In the Dead Sea, the oxygen content is therefore very low, approximately 1-1.5 ppm
[11]. In the middle and northerly latitudes, oxygen content levels in the range of 8-
12 ppm are measured depending on the temperature [10].
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In [5], an oxygen content level of 8-10 mg/l is given for a temperature of 283 to
288 K (10°C to 15 °C). In the open sea, the oxygen content level remains within the
same order of magnitude up to a water depth of about 20 m. Measurements taken
off the French coast show that oxygen content is not even appreciably reduced up to
depths of 2,000 m [12]. The oxygen content is also dependent on the presence of
oxygen-consuming or oxygen-producing substances, as well as on wave movement
and related aeration processes in water layers near the surface. Oxygen content can
drop to near-zero levels in highly polluted port and coastal waters.

Our knowledge of the content levels of solute oxygen is not only important for
evaluation of corrosion conditions, but also in determining the necessary current
density levels required for cathodic protection.

The carbon dioxide content of seawater is determined in waters close to the sur-
face by exchange with atmospheric carbon dioxide. Plants consume CO, in the pro-
cess of photosynthesis. The solute carbon dioxide influences the balance of carbon-
ate/hydrogen carbonate and thus the formation of lime deposits and covering layers.
This balance is the basis for the buffering properties of seawater and its relatively
high pH level.

Possible balanced reactions in the CO,/seawater system [13]:

* CO2 (gaseous) < CO;y (dissolved)
° COZ (dissolved) + HZO R H2C03

* H,CO;+ H,0 < H3;0" + HCO;~
* HCO;y +H0 < H;0" + COs>
e HCOs; +H,0 < H,CO; + OH”
e Ca’+CO5” « CaCoO;

V 3 Corrosion types

The corrosion behaviour of a material is not a material property such as ductility or
strength, but must be considered as a complex characteristic of the corrosion system
comprising material and medium, in which the ambient conditions such as, flow
rate, etc. also play their respective roles. Corrosion in seawater and in marine atmo-
spheres represents the reaction of the material with its environment. In the case of
metallic materials, corrosion is caused by electrochemical exchange reactions involv-
ing the electrons and ions at the metal surface. For this reaction to take place, ca-
thodic and anodic areas on the metal surface must be interconnected in the electro-
lyte solution so as to conduct electrons. Anode and cathode can be different materi-
als in the structural element or different surface areas on a given material, e.g.
resulting from structural inhomogeneity, surface films or covering layers.
The following corrosion types can occur on metallic materials in seawater:

o uniform surface corrosion
¢ shallow pit corrosion

e  pitting corrosion

e crevice corrosion

e corrosion cracking
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The occurrence of these corrosion types depends on the material, its chemical
composition, its structural status, its surface, the construction and the operating
conditions.

V 3.1 Uniform surface corrosion and shallow pit corrosion

These corrosion types occur in seawater on metals that are exposed in the active
state such as unalloyed or low-alloyed steels. The main factor in the rate of corrosion
of these non-passivatable materials access to the surface by solute oxygen. In oxy-
gen-free seawater, the reaction rate is practically zero.

Figure 1 shows the connection between mass loss in unalloyed steel samples (see
Section “unalloyed and low-alloyed steels”) in NaCl solutions of differing concentra-
tion at 298 K (25°C) and the proportion of solute oxygen [14]. The higher the salt
concentration the lower the level of solubility for oxygen. Erosion is reduced accord-
ingly. Test results after 1-2 days are shown.

45
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35 -1 6
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E 30+ dss
£ st S
5 x
S
2 20 o
o) . 3 o}
= Corrosion of steel g
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Figure 1: Dependence of corrosion rates of unalloyed steel in NaCl solutions on NaCl concentra-
tion and oxygen content at 298 K (25 °C) [14]

Evaluation of this seawater must consider its movement as well as its oxygen con-
tent, since both factors are of equal importance when it comes to transporting oxy-
gen to the steel surface. This is why the corrosion rates in the tidal zone (TZ) are
greater by a factor of 1.5 than in the immersion zone (IZ) [15].

Figure 2 provides a summary of exposure tests for seven different structural steel
types at the Helgoland seawater test platform. The chemical composition of the
structural steels are listed in Table 18 (see Section “unalloyed and low-alloyed
steels”). The mean corrosion rates w and for the splash zone the initial rate of corro-
sion w, are entered next to the scatter band for surface loss of mass m, [15, 16].
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Figure 2: Corrosion of unalloyed and low-alloyed steels on Helgoland, materials see Table 18 [15,
16]

(O weather-resistant WT steel (laboratory melt), cf. e.g. WTSt 37-3, DIN-Mat. No. 1.8961 or
WTSt 52-3, DIN-Mat. No. 1.8963)

With increasing air contact, the corrosion rates increase and deviation of the mea-
sured values in the direction of smaller corrosion amounts begins at an earlier
point. The rate of corrosion is raised by the increased air contact because more oxy-
gen is available for the corrosions reaction. Since the oxidation process, however,
continues to produce hardly soluble Fe(III) compounds, the formation of protective
layers that make it more difficult for oxygen to reach the surface is also facilitated.
Certain alloying elements have an enhancing effect as is demonstrated by a compar-
ison of the measured values for a laboratory melt of a weather-resistant WT steel
(points O, cf. e.g. WISt 37-3, DIN-Mat. No. 1.8961 or WTSt 52-3, DIN-Mat. No.
1.8963) in Figure 2 with the scatter range of the other steels. In the splash zone, the
values for the WT steel are below the scatter band, in the tidal zone at the lower edge
of the scatter band and in the immersion zone they fall within the scatter band, i.e.
the protective effect is no longer present in the immersion zone.

Inhomogeneous covering layers that hinder oxygen access to varying degrees, are
one of the causes of local shallow pit corrosion. Figure 3 shows that for the steels
tested in Table 18 there is a close correlation between lower mass losses in the
splash zone and increasing shallow pit depth in the immersion zone. Materials with
alloying elements that favour formation of protective coatings in the presence of suf-
ficient oxygen access, logically show the lowest mass losses in the splash zone (A,
O). In the immersion zone, these covering layers show incomplete development, so
that instead of uniform surface corrosion in these steels shallow pit-like corrosion
occurs [16].
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Figure 3: Connection between corrosion mass loss in the splash zone and locally varying corro-
sion depth in the immersion zone after 3.5 years, materials see Table 18 [15, 16]

In cases involving inhomogeneous covering layers or damaged homogeneous cov-
ering layers, surfaces with different oxygen access levels are adjacent, resulting in
the development of corroding elements. Such a corroding element is called an aera-
tion element due to the different oxygen content levels at anode and cathode. Due to
diffusion inhibition the areas under the covering layers are exposed to less oxygen
and thus become anodes at which metal dissolution tends to occur. On the surfaces
with more exposure to water containing oxygen, with the thinner covering layers or
less damaged covering layers, the cathodic reaction of oxygen reduction tends to pre-
dominate.

Cathode: O, +2H,0+4e — 4 OH"

The increase in pH level due to the OH™ ions thus formed results in the increas-
ing passivation of these areas.

Anode: Fe— Fe** +2¢
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The following hydrolytic reactions
Fe** + H,0 — Fe(OH)" + H*
and FeCl, + 2 H,0 — Fe(OH), + 2 H" + 2 CI”

result, at the anode, in a lowering of the pH level and thus to increased corrosion.

Uniform surface corrosion, i.e. corrosion at a nearly uniform corrosion rate over
the entire surface, is usually less problematic from an operational point of view.
This factor can be taken into account in the structural element design in the form of
an anticorrosive additive and can be controlled in many structural elements by
means of regular wall thickness measurements, e.g. by ultrasonic means. Much
more difficult problems result from local corrosion types such as pitting corrosion
and stress corrosion cracking (SCC). The corrosion types are difficult to control and
can rapidly lead to failure of structural elements after only a low level of mass loss.
Damage from such corrosion types are rarely predictable and not only cause consid-
erable losses in economic terms but also entail risks to safety and environmental
protection. This applies in particular to system elements that must function under
pressure.

V 3.2 Pitting corrosion and crevice corrosion

In general, susceptibility to local corrosion becomes greater as resistance to uniform
surface corrosion increases. Uniform surface corrosion is practically negligible in
metals that form a passivation layer or homogeneous protective layer in seawater,
such as aluminium materials, stainless steels and copper materials. However, if the
passivation or protective layer is not produced uniformly over the entire metal or if
it is locally disrupted by certain components of the water or if the protective layer
suffers local damage, these become anodic sites that are many times smaller than
the surface areas of the intact passivation or protective surface. Since the ratio of
these small, locally active sites to the large passivated areas is very unfavourable, the
dissolution current density at the small anodic sites is very high in accordance with
the area rule, so that, for example, pitting corrosion can achieve considerable pene-
tration depths within a short period of time.

Chloride ions in aqueous solutions represent a specific corrosive agent for pitting
corrosion on passive materials. In seawater as well, the chloride ions are responsible
for pitting corrosion. The starting point for pitting corrosion is a locally increased
adsorption of chloride ions to damaged or weak points in the passivation layer.

Such sites may be created on the metal surface by:

¢ inclusion of sulphides, oxides or nitrides
e dislocation
¢ broken slip lines.

Pitting corrosion of passive materials can result in corrosive damage within a
short time despite the low mass losses at the small anodic sites. Hemispheric, crater
or pinpoint corrosion sites may develop. There is then practically no surface corro-
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sion besides the pitting corrosion. Determining the mass loss rates is therefore not
a suitable means of assessing corrosion behaviour in seawater in these passive mate-
rials.

The general electrochemical corrosion behaviour and pitting corrosion behaviour
of a stable passive or passivatable metal can be assessed in terms of the current-
potential curve (or current density-potential curve). Figure 4 schematically presents
such a curve for a passive metal corroded in acids, e.g. chromium in sulphuric acid.
Corrosion current I per unit of surface area (current density in A/cm?) is plotted
against the potential U.

As the potential increases, the material goes through the states “active,” “passive”
and “transpassive.” At low potential levels, the corrosion current increases with the
potential in the active range, as does metal dissolution according to Faraday’s law.

When the passivation potential Uy, is exceeded, the corrosion current value i,
drops to very low levels and metal dissolution practically ceases. In practical terms,
the corrosion current then remains at a constant low level even as the potential con-
tinues to increase. The metal surface is protected by a very thin, invisible oxide layer
(passivation layer).
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Figure 4 Anodic current-potential curve of a passivatable metal (schematic)

Ur = Rest potential

Up.s=  Passivation potential

U, = Activation potential

Uy = Transpassive breakthrough potential

ias = Passivation current density

i, = Dissolution current density in the passive state
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For passivation, the passivation current density i, must be applied either by
means of an anodic current (polarisation) or in the reaction with an oxidant at passi-
vation potential Up,. In the active and passive range, trivalent chromium (Cr* is
dissolved. Above the transpassive breakthrough potential Uy, i.e. after the transition
to the transpassive range, the current density, and with it the rate of corrosion, rises
once again, since at this high oxidation potential chromium then dissolves in hexa-
valent form (Cr®") as chromate.

In stable passive metals, for instance stainless steels, the weak oxidant water is
sufficient to effect the transition to the passive range. The presence of oxygen in the
water is not required for this purpose. The passivating oxide layer is quickly replaced
following a mechanical rupture (repassivation). As a rule, the balance potential of
the existing redox system, i.e. the redox potential of the corrosive agent, is estab-
lished within a brief period. Stainless steels are therefore preferred for use in med-
iums the redox potential of which passivates them. In these mediums, the uniform
surface corrosion levels are so small with free corrosion that the structural element
can be expected to have a technically acceptable service life.

Generally speaking, the practical limit for corrosion resistance is considered to be
a corrosion rate w of w < 0.1 mm/a (< 4 mpy).

In steels, a relation holds between the three corrosion parameters

e corrosion current density: i in A/m?

o mass loss rate per unit of surface area: v in g/(m?h)

e  corrosion rate: w in mm/a (mpy)
as follows:

i=1A/m® Av=1g/(m*h) & w=1mm/a (39.37 mpy)

Besides a critical concentration of chloride ions, an additional precondition for
development of pitting corrosion is exceeding a critical potential, the breakthrough
potential for pitting corrosion (or: pitting potential) Upp. In the current-potential
curve, this value is characterised by a sharp increase in corrosion current. Therefore,
pitting corrosion only results from corrosion stress due to a corrosive agent contain-
ing chloride if the corrosion potential of the steel assumes higher positive values
than the pitting potential.

The resistance of a steel to pitting corrosion can be determined by comparing its
current-potential curve in the relevant medium with the redox potential. This is
explained in Figure 5.
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Figure 5: Schematic current-potential curve of stainless steels in neutral solution containing chlo-
ride

Ug = Rest potential

Uree= Redox potential

Upp = Breakthrough potential for pitting corrosion (pitting potential)

If the potential Upp for stable pitting corrosion shows more positive values than
the redox potential Ugeq, no pitting corrosion can occur, since under long-term cor-
rosion exposure the corrosion potential of the steel shifts in the direction of the
redox potential, but cannot assume higher potential levels.

Uieqa < Upp — resistant
In the opposite case, the risk of pitting corrosion is always present.
U,eqa = Upp — susceptible

Higher redox potential Uy, i.e. higher content levels of oxidants, thus raise the
risk of pitting corrosion because they shift the rest potential Uy of the steel in the
direction of the pitting potential Upp.

The pitting potential Upp therefore represents in simple terms the susceptibility
of a material to pitting corrosion. The resistance to pitting corrosion is greater the
more positive the pitting potential. With increasing chromium or molybdenum con-
tent, the pitting potential of stainless steels is shifted to more positive values, i.e.
resistance to pitting corrosion is increased, whereby the effect of molybdenum is
about three times that of chromium.

The alloying elements nickel and manganese have no influence on the pitting
potential. However, as the nickel content increases, the active dissolution rate in the
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pit decreases. Existing pits grow more slowly and take longer to reach a critical size
for the structural element. Nickel also facilitates the repassivation of existing pitting
corrosion sites once the material has temporarily fallen into the critical potential
range for pitting corrosion.

The resistance of the stainless steels to pitting corrosion is determined mainly by
their content of the alloying elements chromium and molybdenum. The pitting
resistance equivalent of a given steel can therefore be estimated based on its compo-
sition. The varying effectiveness of the alloying elements is taken into account by
introducing the parameter pitting resistance equivalent PRE [17].

PRE = mass% Cr + 3.3 x mass% Mo

As the PRE increases, the pitting resistance of the steels increases. The chro-
mium and molybdenum amounts in the form of carbides, nitrides or bound in
intermetallic phases are without effect.

Figure 6 demonstrates the mainly linear dependence of pitting potential on the
pitting resistance equivalent in a number of stainless steels.
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Figure 6: Dependence of pitting potential Upp stainless steels in NaCl solution with c(NaCl) =
1 mol/kg at 293 K (20 °C) on the pitting resistance equivalent (PRE) [17]
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Deviations from linearity in high-alloyed molybdenum steels are due to the
favourable effect of nitrogen. For these steels, the nitrogen content can be taken into
account in the pitting resistance equivalent. For austenitic stainless steels alloyed
with at least 3% molybdenum:

PRE = mass% Cr + 3.3 x mass% Mo + 30 x mass% N
For austenitic-ferritic steels, for example DIN-Mat. No. 1.4462 (X2CrNiMoN22-5-3):
PRE = mass% Cr + 3.3 x mass% Mo + 16 x mass% N

The nitrogen component does increase resistance to pitting corrosion compared
to steels containing the corresponding amounts of chromium and molybdenum,
but it cannot compensate for lower chromium or molybdenum content levels [5].

The pitting resistance equivalent equations with nitrogen apply to welded connec-
tions only if the same high nitrogen content is assured in the welded connection. If
this is not possible when using welding fillers of the same type, the reduced nitro-
gen content in the welded connection can be compensated by use of higher alloy
content levels of chromium and molybdenum in the welding filler. At any rate, the
significance of the pitting resistance equivalent, which actually only allows for an
estimation of the pitting resistance equivalent, should not be given too much weight
when selecting the material.

Figure 7 shows, based on a schematic current-potential curve, how the different
alloying elements and the steel companion elements effect the corrosion behaviour
of stainless steels.
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Figure 7:  Influence of alloys and companion elements on corrosion of stainless steels [18]

Ug = Rest potential

Up.s=  Passivation potential

U= Activation potential

Uy = Transpassive breakthrough potential

ias = Passivation current density
ip, = Dissolution current density in the passive state
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Besides the chemical composition, the other major factors in behaviour of stain-
less steels in terms of risk of pitting corrosion include:

e structure and purity of the steel
e  processing

e surface status

e construction

e  corrosive agent

e operating conditions.

Therefore it is not the average chemical composition of the steel that is responsi-
ble for its corrosion resistance, but rather the locally present chemical composition.
All metallurgic processes that result in poorer homogeneity reduce corrosion resis-
tance. This includes in particular the separation of carbides or intermetallic phases,
withdrawing alloying elements from the matrix that can then not contribute to the
“local pitting resistance equivalent”.

Molybdenum shows a strong tendency to precipitate. High-alloyed molybdenum
steels therefore require particular care in production and processing to preserve the
full effect of this alloying element.

Pitting usually starts at material inhomogeneity sites, e.g. sulphide inclusions in
the surface. Not only the sulphur content of the steel plays a role here, but also the
number and distribution of sulphides [19]. Since the sulphur contents of steels have
dropped constantly in new steel production processes, modern steels are less sus-
ceptible to pitting corrosion than comparable qualities from earlier production.

The modern pan metallurgic processes not only reduce the amounts of sulphur
in the steel, but also have favourable influences on the inclusion and distribution of
sulphides. However, in many corrosive mediums the dissolution of the sulphide
inclusions results in stable pitting corrosion only in steels with a low pitting resis-
tance equivalent. In steels with a higher pitting resistance equivalent, the corrosion
sites are repassivated.

In materials used and exposed in the active state, such as unalloyed and low-
alloyed steels, conditions favour shallow pit and pitting corrosion if oxygen reduc-
tion is inhibited less than iron dissolution due to covering layers of all kinds and
iron dissolution is unhindered at damaged sites on the covering layer. This is always
the case in porous covering layers. Examples of such covering layers are mill scale
with oil film or paint coatings and other unsuitable coatings.

Removal of mill scale is generally helpful in terms of corrosion protection.
Whereas in seawater unprotected steel loses the mill scale relatively quickly due to
rusting loss, the scale can adhere longer in brackish water and, if oil films are pres-
ent, lead to pitting corrosion. In such cases, abrasive blasting can prevent the much
less desirable pitting corrosion in favour of the less dangerous general corrosion.
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Cathodic protection is generally a reliable protective measure against pitting corro-
sion.

Crevice corrosion in stainless steels is also only observed in corrosives containing
chloride. As with pitting corrosion, crevice corrosion is initiated after a critical poten-
tial is exceeded. This threshold potential for crevice corrosion is always at a level
further into the negative range than the pitting potential for the same material in
the same solution. Crevice corrosion can therefore also occur in a material that is
resistant to pitting corrosion in a given medium.

The reason for this is that oxygen access to the crevice is hindered and, the
adsorption of chloride ions in the crevice and hindrance of liquid exchange. The
result is a raised concentration of chloride ions in the electrolyte solution in the cre-
vice compared to the rest of the electrolyte solution. The corrosion potential is
exceeded in the crevice once the concentration of these ions is high enough.

In the ensuing crevice corrosion process, chloride-rich corrosion products with
high iron and chromium contents are produced. The pH level of the electrolyte solu-
tion in the crevice is reduced by hydrolysis of these salts, accelerating the corrosion
process. The probability of corrosion for a surface with crevices is thus greater than
for a surface with no crevices. The level of the critical potential is determined mainly
by the crevice geometry and the material involved [20, 21].

In unavoidable, construction-related crevices and in cases where deposits must be
reckoned with, under which corrosion can also occur, a material with a higher pit-
ting resistance equivalent must be selected than the pitting resistance equivalent
alone would require.

With increasing chloride concentration and temperature and falling pH level, the
threshold potential values for occurrence of pitting and crevice are shifted further
into the negative range of potentials. Figure 8 illustrates the example of the connec-
tion between pitting potential and the chloride concentration for the steel 1.4439
(X2CrNiMoN17-13-5, cf. SAE 317 LMN) at two temperatures.

To ensure resistance to pitting corrosion or crevice corrosion, it is therefore also
necessary to select a material with a higher pitting resistance equivalent in mediums
with higher temperatures and/or with higher chloride ion content levels.

Table 6 shows examples of the pitting resistance equivalents required for steels to
achieve sufficient levels of pitting resistance at various temperatures in seawater
[23].
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Figure 8: Dependence of pitting potential Upp of the steel 1.4439 (X2CrNiMoN17-13-5, cf. SAE
317 LMN) on chloride ion concentration at 293 K and 353 K (20°C and 80°C) [22]

Pitting resistance equivalent Threshold temperature for
pitting resistance equivalent

35 313 K (40°C)
30 298 K (25°C)
25 283 K (10°C)

Table 6: Threshold temperatures for pitting resistance equivalent in seawater at a given pitting
resistance equivalent [23]

Figure 9 shows resistance to pitting corrosion of the high-alloyed steels and nickel
alloys most frequently used in seawater [23]. The pitting resistance equivalent is
listed for comparison [5].
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Figure 9: Resistance to pitting corrosion of high-alloyed steels and nickel alloys in seawater based
on the pitting resistance equivalent (PRE) [5, 23]

Pitting and crevice corrosion can be avoided by means of cathodic corrosion pro-
tection (CCP). The effectiveness of cathodic protection for crevice corrosion is, how-
ever, limited by the crevice geometry.

Higher flow rates can have a positive effect on both pitting corrosion and crevice
corrosion, since the enhanced substance exchange with external electrolyte solution
reduces the accumulation of chloride ions, lowers the pH and reduces oxygen deple-
tion in the pit or crevice. Washout of the pitting or crevice electrolyte solution makes
stabilisation of the pitting or crevice corroding element more difficult. In favourable
cases, corrosive processes that have already begun can be stopped and the corrosion
sites repassivated.
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V 3.3 Stress corrosion cracking
Stress corrosion cracking (SCC) can occur under the following conditions:

e Presence of a critical system “material/corrosive agent”, i.e. a specific corro-
sive agent acting upon a material susceptible to SCC.

e Material load resulting from static or dynamic tensile stresses (either con-
stant over time, increasing over time or with low-frequency oscillation).

e These are critical conditions regarding the temperature and concentration of
the medium and the potential.

Characteristic of this type of corrosion is low-deformation separation, in most
cases without formation of visible corrosion products and without measurable mass
losses. The necessary tensile stresses can result from either internal stresses in the
structural element or from operational stress loads. A material resistant to stress
corrosion cracking (SCC) when delivered can be sensitised for stress corrosion
cracking by means of improper heat treatment, e.g. during welding or from defor-
mation.

A special type of stress corrosion cracking may occur if atomic hydrogen, pro-
duced during corrosion reactions or pronounced cathodic polarisation at the steel
surface, diffuses into the interior of the material. The diffusion of this hydrogen
into the material enhances by promoters, e.g. hydrogen sulphide, in the corrosive
agent. In materials with low levels of ductility and high strength, this hydrogen can
then prevent reduction of internal stresses to the extent that cracking occurs (hydro-
gen-induced stress corrosion cracking, H-SCC).

Under critical conditions in high-strength steels (Table 23), hydrogen-induced
stress corrosion cracking in seawater is conceivable. If at all, it would be expected in
the increased hardness zones around the welding seam and under conditions of ca-
thodic polarisation. Analyses of the welding seam areas in bending samples of high-
strength steels with yield strengths of 355-890 N/mm? revealed no cracking after
exposure periods of three years and cathodic polarisation of the samples by means
of contact with zinc anodes. These tests support the conclusion that the risk of
hydrogen diffusion into the materials is minimal, even in welded high-strength
steels, and even with cathodic polarisation within the normal potential ranges used
for cathodic corrosion protection (CCP) [24].

However, these findings apply only to the constant elongation stress mode and
under the condition that no conditions enhancing hydrogen absorption apply, exam-
ples of which are:

e The presence of promoters, for instance in the form of sulphides from sul-
phate-reducing bacteria in anaerobic areas under fouling

e Low pH levels due to hydrolysis of corrosion products

e Gradual plastic-dynamic deformations.

In cases of plastic deformations within a critical rate range, however, even rela-
tively soft structural steels in seawater may be at risk for hydrogen-induced stress
corrosion cracking [25].
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The austenitic chromium-nickel steels are highly resistant to this type of damage
due to their high levels ductility, ready solubility for hydrogen in the austenitic
matrix and low diffusion rates. Higher-strength ferritic and martensitic steels are
more sensitive to this type of hydrogen-induced stress corrosion cracking. Alloying
with nickel increases ductility to reduce the hydrogen diffusion risk. The sensitivity
of nickel martensites is thus much lower than that of carbon-hardened chromium
steels of comparable strength.

Cracks resulting from stress corrosion cracking (SCC) can occur in stainless
steels in solutions containing chloride ions at temperatures above approx. 323 K
(50°C). The cracks are mainly transgranular and they occur when a critical thresh-
old potential is exceeded. Figure 10 shows test results obtained in the boiling 42%
magnesium chloride solution frequently used in laboratory tests [26].
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Figure 10: Influence of potential and tensile stress on the material life of tensile-test specimens
made of 1.4301 steel (SAE 304, X5CrNi18-10) in boiling 42% MgCl, solution [26]

To reduce internal stresses in the material by means of stress-relief annealing,
high temperatures exceeding 1173 K (900 °C) are required for stainless steels due to
their high levels of thermal strength. Due to these high temperatures stress-relief
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annealing of stainless steels is problematic, since warping is to be expected in thin-
walled structural elements. The effectiveness of such annealing processes in avoid-
ing stress corrosion cracking is also questionable, since the threshold stress levels
that must be exceeded to initiate stress corrosion cracking are very low in many
cases.

As shown in Figure 10, tensile stress levels of 20 N/mm? suffice to produce cracks
resulting from stress corrosion cracking in austenitic 18/10-CrNi steels in aggressive
chloride solutions at higher temperatures. This level is easily reached by both opera-
tional and internal stresses. The threshold tensile stress levels listed for stress corro-
sion cracking in stainless steels should therefore not be used as a basis for calcula-
tion in structural element designing.

Sufficient tensile stress levels to initiate stress corrosion cracking can also be cre-
ated by coarse grinding of the surface in austenitic CrNi steels. Therefore, stressed
surfaces ground in this manner must be etched off with strong mordant [27].

The extrapolation of the results obtained in boiling magnesium chloride solution
to operational conditions is highly problematic. Concentrated acidic chloride solu-
tions, such as MgCl,- or CaCl, solutions, can initiate stress corrosion cracking
directly. In practically neutral aqueous chloride solutions, including seawater, prior
pitting corrosion is generally a precondition for the initiation of corrosion cracks.
The preconditions for corrosion cracks are created by accumulation of chloride ions
and reduction of pH level due to hydrolysis of the corrosion products in the electro-
lyte solution present in the pit. The notch factor of the pitting also adds to local
stress.

Stress corrosion cracking starting at pitting corrosion sites can therefore also
occur in less aggressive mediums that do not cause stress corrosion cracking
directly. In stainless steels, this means resistance to stress corrosion cracking is
coupled to resistance to pitting corrosion.

The following steels can be used instead of stainless austenitic 18/10-CrNi steels
if there is a risk of stress corrosion cracking:

e stainless ferritic chromium steels with 17-18% chromium with or without
addition of molybdenum,

e ferritic-austenitic chromium-nickel steels (duplex steels) or

e austenitic chromium-nickel steels with increased nickel and/or molybdenum
content.

As shown in Figure 11, nickel is the main alloying element used to increase the
resistance of austenitic materials to stress corrosion cracking [28].
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Figure 11:  Influence of nickel content in steels with 18% chromium on stress corrosion cracking
in boiling 42% MgCl, solution [28]

V 3.4 Corrosion fatigue

Corrosion fatigue (CF) can occur in all metallic materials when stress corrosion
occurs concurrently with alternating mechanical stress. In contrast to stress corro-
sion cracking, which occurs only with specifically acting corrosive agents, CF can be
produced in practically all corrosive mediums, that is in seawater as well. There are
also no critical threshold conditions for the occurrence of CF as to the corrosion sys-
tem or level of mechanical load required. It depends essentially on the material,
material surface and mechanical stress parameters. A strong local corrosive effect
results in increased susceptibility to corrosion fatigue due to the notching effect of
corrosions troughs or pitting. Smooth samples can be protected by cathodic polarisa-
tion, but notched samples cannot. Therefore, cathodic corrosion protection (CCP)
cannot prevent corrosion fatigue itself, although it can prevent development of criti-
cal shallow pits and thus indirectly prevent corrosion fatigue as well.

Compared to the Wohler curve determined in exposure to air, the fatigue strength
curve under CF conditions is steeper and the materials no longer reach a fatigue
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limit. Instead of fatigue limit values, fatigue life values must be used for calculations
under conditions of corrosion stress.

In view of the importance of this problem, especially in the field of offshore tech-
nology, a number of research projects have investigated it over the years. Special
themes have also been covered, e.g.

¢ the influence of aftertreatment of welding seams,

¢ behaviour of UP-welded samples

e crack discovery and crack propagation measurement

¢ influence of frequency on behaviour of higher-strength steels.

Stainless steels are, generally speaking, passivated, but they can also be used in
the active state if the attendant corrosion rates are sufficiently low. CF can occur in
both states, although the appearance does differ:

¢ CF in the active state: numerous cracks
¢ CF in the passive state: few cracks or a single initial crack

In the passive state the corrosion fatigue usually originates at pitting corrosion
sites. Resistance to corrosion fatigue therefore increases

e  with increasing corrosion resistance and
¢ with increasing fatigue strength of the steel.

V 3.5 Contact corrosion

Contact corrosion can occur when two or more metals or metallic materials and
electron-conducting solids with different free corrosion potentials Uy (rest potential)
are interconnected so as to conduct electrons in the same electrolyte solution. The
contact site not necessarily needs to be in the corrosive medium. The position of the
materials in the practical electrochemical series for seawater decides which material
will become the anode and which the cathode of the corroding element when they
are paired. The corrosion potential of the cathode is lowered, that of the anode is
raised.

Compared to the values for free corrosion, in contact corrosion the mass loss per
unit area in the anodic material increases and is greatly reduced in the cathodic
material, although it is not reduced to zero. The corrosion risk to the less noble
material increases with the ratio of cathode surface area to anode surface area. The
greater aggresiveness at the anode is particularly noticeable near the cathode.

The electrochemical series published in the literature must be differentiated as
either the standard electrochemical series or the different practical electrochemical
series, since the latter apply only to a certain given medium. The standard electro-
chemical series lists only the potentials of the pure elements in the list measured
under standard conditions in a solution of their own salts against the normal hydro-
gen electrode.

The practical electrochemical series lists metallic and nonmetallic materials or
chemical compounds, for example iron oxide, in the order of their free corrosion
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potentials and apply only in the specific solution. The electrochemical series do not
justify any conclusions concerning the corrosion behaviour of a single material.
They serve only as an assessment of potential corrosion risk of the materials in elec-
trical conducting contact. They also specify anode and cathode in particular material
pairings, but provide no basis for a quantitative conclusion concerning the degree of
corrosion.

The practical electrochemical series in Table 7 lists the relative free potentials of
important metals and nonmetals in seawater at approx. 288 K (15 °C) [5].

Carbon, graphite Positive
Iron(III)oxide (rust, scale)

Stainless austenitic CrNiMo steels with more than 2.5% Mo, passive
Titanium

Ni80Cr13Fe6.5, passive

Stainless austenitic CrNi steels, passive
Stainless ferritic, or martensitic steels, passive
Copper(I)oxide

Silver, silver solders

Nickel, passive

Nickel-copper alloys

Copper-aluminium alloys

Copper-nickel alloys

Copper-tin alloys (bronze)

Copper-tin-zinc alloys (red brass)
Copper-tin-zinc (lead) alloys

Copper

Copper-zinc alloys (brass)

Tin

Lead

Ni80Cr13Fe6.5, active

Nickel, active

Stainless austenitic CrNi steels, active

Stainless ferritic steels, active

Lead-tin solders

Hard chromium

Cast iron

Low alloyed steels

Non alloyed steels

Pure aluminium and zinc-free aluminium alloys
Zinc containing aluminium alloys

Zinc and zinc alloys

Magnesium and magnesium alloys Negative

Table 7:  Practical electrochemical series in flowing seawater at 288 K (15 °C) [5]

Detailed information and tables on the compatibility of the most important metal-
lic materials used in seawater are found in [29].
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In systems that use seawater or brackish water as coolants, a hybrid design with
different materials cannot always be avoided. To obtain data on the corrosion chem-
istry and chemical behaviour of material combinations in these mediums, an auto-
mated electrochemical measuring system was developed capable of measuring the
free corrosion potentials of the individual materials, the mixed potentials of shorted
material combinations and the flowing elemental current [30].

The result obtained in this way are summarised in contact corrosion tables, exam-
ples of which are contained in Table 9 a)-f). The elemental current densities in par-
ticular allow for a much more useful prediction of corrosion risks in hybrid con-
structions compared to the practical electrochemical series. The measurements
were carried out on samples with an area ratio of 1:1 and a distance of 10 mm [30,
31]. The usefulness of the values is limited for other area ratios.

In these contact corrosion tables, the measured values are listed according to the
scheme in Table 8.

Material combination Copper
2
Unalloyed steel 1 3
4

Table 8: Scheme for contact corrosion tables

e 1: Free corrosion potential Uy of unalloyed steel: mV (Ugy)
e 2: Free corrosion potential Uy of copper: mV (Uy)

e 3: Mixed potential U of unalloyed steel/copper: mV (Uy)

e 4: Corrosion current density i of the combination: pA/cm?

Assuming that the corrosion current densities in most cases represent corrosion
of the material with the lower potential, which can be assumed in most applications,
the values listed under 4 can be converted into mass loss rates v using the following
equation:

v=0.373 % (g/(m?*h))

V= 8.95M7i (g/(m*h))

whereby:

e v Mass loss rate per unit area in g/m* h or g/m* d
¢ M Atomic mass of metal in g/mol

e i Current density in mA/cm?

ez Proton number of the metal
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Temperature Materials Cast iron 17% Cr steel 18/9 CrNi steel
293 K (20°C) unalloyed steel -515 +120 +130
=520 -520 | =520 =500 | =520 =515
4 11 7
313 K (40°C) unalloyed steel -515 -235 +95
-535 -520 | -540 -525 | 540 -505
14 13 32
Table 9 a): Contact corrosion table in synthetic seawater
Temperature Materials Zn 99.99 Al 99.99 Pb 99.99
293 K (20°C) unalloyed steel -790 -530 -255
=520 -780 | =525 —525 | =525 =500
16 6 19
313 K (40°C) unalloyed steel -795 -880 -320
-540 -780 | 545 —550 | -540 =500
38 9 35
Table 9 b): Contact corrosion table in synthetic seawater zinc aluminium lead
Temperature Materials Copper Brass CuNi30Mn1Fe
293 K (20°C) unalloyed steel +10 +30 +25
=52 =505 | =520 =500 | =520 =505
20 22 12
313 K (40°C) unalloyed steel -30 +120 -25
-540 -505 | -535 —480 | -540 —495
28 35 24

Table 9 c):

Contact corrosion table in synthetic seawater
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Temperature Materials Cast iron 17% Cr steel 18/9 CrNi steel
293 K (20°C) unalloyed steel -500 +145 +135
=500 -500 | =520 =505 | =500 —475
2 31 28
313 K (40°C) unalloyed steel —490 +180 +150
—460 —-480 | —470 —460 | -470 —460
19 24 29
Table 9d): Contact corrosion table in brackish water
Temperature Materials Zn 99.99 Al 99.99 Pb 99.99
293 K (20°C) unalloyed steel -805 —450 -235
=515 -780 | =525 -520 | -515 —490
27 5 10
313 K (40°C) unalloyed steel =770 -615 -270
—495 -750 | —480 —480 | -475 —470
28 7 14
Table 9 e): Contact corrosion table in brackish water
Temperature Materials Copper Brass CuNi30Mn1Fe
293 K (20°C) unalloyed steel +45 +160 +160
=520 -520 | =520 —495 | 485 —480
9 10 9
313 K (40°C) unalloyed steel -20 +190 +120
=500 —490 | —480 —475 | 490 —485
12 13 14
293 K (20°C) titanium +51 +166 +152
+156 +61 | +145 +150 | +167 +162
0 0 0

Table 9f): Contact corrosion table in brackish water
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Table 10 summarises the potentials and the corrosion current density for the com-
bination of an austenitic steel SAE 316 L (DIN-Mat. No. 1.4435, X2CrNiMo18-14-3)
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[33] describes basic investigations of contact corrosion in combinations of differ-
ent metals in synthetic seawater and in 3.5% NaCl solution. The following combina-

tions were investigated:

Carbon steel coupled with:

(0.19% C, 1.25% Mn, 0.29% Si, 0.01% S)

Stainless steel (SAE 316, DIN-Mat. No. 1.4435)

(17.1% Cr, 12.0% Ni, 2.3% Mo, 0.03% C, 0.03% S)



and

The
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— Stainless steel (similar to 254 SMO, DIN-Mat. No. 1.4547)
(19.9% Cr, 18.1% Ni, 6.2% Mo, 0.01% C, 0.01% S)

— CuNi alloy
(14.7% Ni, 4.44% Mn, 1.12% Fe, 2.15% Al, 0.29% Cr, 0.27% Nb)

13% Cr steel coupled with:
(13.4% Cr, 0.50% Ni, 0.13% C, 0.42% Mn, 0.31% Si, < 0.05% Mo)
— Stainless steel (similar to 904 S 13, 904 S 14)
(19.9% Cr, 23.9% Ni, 4.5% Mo, 1.2% Mn, 1.0% Cu, 0.37% Si, 0.06% S)
— CuNi alloy
(14.7% Ni, 4.44% Mn, 1.12% Fe, 2.15% Al, 0.29% Cr, 0.27% Nb)
— Nickel-based alloy (cf. DIN-Mat. No. 2.4856, Inconel® alloy 625)
(23.0% Cr, 8.2% Mo, 4.37% Fe, 3.75% Nb, 0.33% Si, 0.09% C, 0.16% Mn)
— Nickel-based alloy
(19% Cr, 19% Fe, 3% Mo)

tests were carried out at 291 and 331 K (18 °C and 58 °C). Samples with artifi-

cial crevices were tested in some instances. The results can be summarised as fol-

lows:

Contact corrosion is a highly complex process and predictions are not feasible
based on the electrode potential of the materials used. The potentials indicate
only the driving force of the contact corrosion, whereas the resulting corro-
sion rate is determined by many other factors.

The corrosion rate is often time-dependent. For example, it may drop to neg-
ligible values for less noble metals if a stable passivation layer is formed on
the surface. Thus short-term results do not go far in defining conclusions
concerning long term contact corrosion risks.

The corrosion of carbon steel is more strongly influenced in contact with
CuNi materials than in contact with high-alloyed stainless steels.

In aerated solutions in motion, the contact corrosion rates are at first greater
than under stagnant conditions. After longer terms of exposure, the corro-
sion rates are greater in NaCl solutions than in seawater.

In seawater, fallen corrosion rates drop in time to lower values, since covering
layers form on the cathodic components that hinder the cathodic chain of
reactions. This results in the same corrosion rates on unalloyed steel, even
under longer exposure, regardless of whether it is in contact with stainless
steel or with CuNi materials. This process is for the most part independent
of temperature.

At natural ambient temperatures, calcium-rich deposits form (mainly
CaCO;) on the cathode, whereas at higher temperatures mainly magnesium
compounds (Mg(OH),) are separated. These processes are also observed
when cathodic protection is used.

Stainless steels can carry widely varying potentials depending on the prevalent
seawater conditions. For high-alloyed steels (superaustenite with 6% Mo, e.g.
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254 SMO, DIN-Mat. No. 1.4547 and super duplex steels, e.g. UNS $32750, DIN-
Mat. No. 1.4410), Table 11 lists typical potential ranges [34].

Deaerated seawater —-155 to -225
Seawater with 0.2 mg/1 O, +145 to +45
Warm seawater +345 to +445
Natural seawater +495 to +595
Seawater with 0.5-1.0 mg/1 Cl, +795 to +895

Table 11:  Potentials of high-alloyed stainless steels in seawater (Uy in mV) [34]

The potential values listed can change by a considerable margin if a biofilm with
a high level of cathodic effectiveness forms on the metal surface at normal ambient
temperature within 1-4 weeks. If chlorine is added to the seawater to prevent foul-
ing, the reduction of the hypochlorite ions produced to chloride ions raises the
potential by a considerable amount. Raising the temperature to about 25-30°C
above average seawater temperature, which would prevent formation of the biofilm,
reduced the potential accordingly.

In compounds with other materials, the effect of high-alloyed stainless steels on
corrosion in seawater is similar to a great extent. These steels can be connected to
one another, and with other materials that are passive in seawater, without a risk of
contact corrosion.

The extent to which the corrosion of unalloyed steels is increased by contact with
high-alloyed steels depends to a large extent on the surface area ratios. Figure 12
shows the corrosion rate of an unalloyed steel determined in natural seawater in
contact with a high-alloyed stainless steel at various different area ratios.

2
1.8 > 1.5 mm/a
1.6
1.4+
1.2

‘I_
0.8~
0.6
0.4
0.2

0 I 1 1
1:0 1:0,1 1:1 1:10

Area ratio

Corrosion rate, mm/a

Figure 12:  Corrosion rate of a carbon steel in contact with a high-alloyed steel in natural seawater
as dependent on the area ratio: C steel/stainless steel [34]
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If the area of the high-alloyed steel is small in relation to that of the C steel
(0.1:1), the corrosion on the unalloyed steel will hardly be increased compared to
free corrosion. At a ratio of 1:1 it is already increased by a factor of 5 and continues
to increase at a fast rate as the area ratio becomes less and less favourable.

Figure 13 shows by the example of the connection of a pipe made of unalloyed
steel with a pipe made of high-alloyed steel, that the effects of contact corrosion
decline as the distance from the seam of the two metals increases. In the immediate
seam area the corrosion rate for the unalloyed steel is approx. 1.5 mm/a (59 mpy),
which figure is reduced to the normal value of approx. 0.15 mmy/a (5.9 mpy) at a
distance of about 1 m.
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-
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o
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1 1 1
0 0.5 1 15 2 25
Distance from junction, m

Figure 13: Corrosion rate of an unalloyed steel pipe in chlorinated seawater in contact with a high-
alloyed steel pipe [34]

Contact corrosion can be avoided in composite pipelines made of unalloyed and
high-alloyed steel by inserting isolation elements 2-2.5 m long (Figure 14). When
made of high-alloyed steel are connected with pipes made of copper-nickel materi-
als, isolation elements with a length equal to six times the pipe diameter are recom-
mended [34].

In contact corrosion tests, the following materials,

e stainless steel X3CrNiMoN17-13-5 (SAE 317 LMN, DIN-Mat. No. 1.4439)
e CuNilOFelMn (DIN-Mat. No. 2.0872)

+  CuZn20Al2 (DIN-Mat. No. 2.0460)

¢ shipbuilding steel, grade A (see Table 15)

o EN AW-5083 (AIMg4.5Mn0.7, AA 5083)

were exposed for 2 years in the tidal zone and in the immersion zone on a natural
seawater test platform in the North Sea (Helgoland), and in the immersion zone on
a test raft in the Baltic Sea (Kiel), both isolated (Table 12) and each in contact with
the others (Table 13) [35-37].
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Figure 14: Corrosion rate at the conjunction of a unalloyed steel pipe in natural seawater with a
high-alloyed steel pipe and with isolation elements of various lengths [34]

In the contact corrosion tests, samples with anode: cathode area ratios of 10:1,
4:1 and 1:1 were used. The dimensions of the cathodic sample were 20 cm x
40 cm. A further varied test parameter was the distance (0.2 cm, 15 cm, 100 cm)
between anode and cathode. The following measured values were registered con-
tinuously:

o the free corrosion potential Uy of the samples in free corrosion
e in the contact corrosion tests
— the corrosion potential of the anode U, and the cathode Uy
— the potential difference between anode and cathode and elemental
current I,

The mass loss rates per unit area of the individual materials depend to a great
extent on the exposure locations (Table 12).

Material Immersion zone Comparison 1Z Tidal zone
(DIN-Mat. No.) North Sea/Baltic Sea  North Sea

Baltic Sea North Sea

g/m’h g/m’h Factor g/m’h
X3CrNiMoN17-13-5 0 0 1.0 0
(SAE 317 LMN, DIN-Mat.
No. 1.4439)
CuNil0FelMn 6.4x 107 10x 107 1.3 28x10°

(DIN-Mat. No. 2.0872)

Table 12:  Mass loss rates per unit area of tested materials [37]
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Table 12: Continued

Material Immersion zone Comparison IZ Tidal zone
(DIN-Mat. No.) A North Sea/Baltic Sea  North Sea

Baltic Sea North Sea

g/m’h g/m’h Factor g/m’h

CuZn20A12 10x 107 35x107 1.6 22x107
(DIN-Mat. No. 2.0460)
Shipbuilding steel 100 x 10 125% 107 33 212x 107
(cf. Table 15)
EN AW-5083 25x107 1.9x107 0.7 1.6x107
(AlMg4.5Mn0.7, AA 5083)

Table 12:  Mass loss rates per unit area of tested materials [37]

The comparison of measurement results in the immersion zone of the North and
Baltic Seas shows different values in the North Sea compared to the Baltic Sea. The
comparison of tidal and immersion zones in the North Sea shows higher corrosion
rates in the immersion zone with the exception of shipbuilding steel. In the contact
corrosion tests it was seen that in the North Sea the potentials of the materials in
contact with one other material are changed more than in the Baltic Sea. The mass
losses per unit area of anode materials were greater in the pairings exposed in the
North Sea than with the same pairings in the Baltic Sea (Table 13) [37]. Table 13 lists
the factors by which the rate of corrosion is greater in contact corrosion than in free
corrosion.

Baltic Sea/North Sea

Cathode Anode

CuNi10Fe1Mn CuZn20AI2 Shipbuilding EN AW-5083

(DIN-Mat. No.  (DIN-Mat. No. steel (AIMg4.5Mn0.7,

2.0872) 2.0460) (cf. Table 15) AA 5083)

X3CrNiMoN17-13-5 3/6 19/5 6.5/8.5 100/173
(SAE 317 LMN, DIN-
Mat. No. 1.4439)
CuNil0FelMn 0.6/1.3 7.3/85 102/208
(DIN-Mat. No. 2.0872)
CuZn20Al2 6.7/7.8 105/224
(DIN-Mat. No. 2.0460)
Shipbuilding steel 26/68
(cf. Table 15)

Table 13: Factors by which material losses in the anodic material in contact with the cathodic
material is raised at an area ratio anode to cathode of 1:4 (anode/cathode distance 0.2 cm)
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When the area ratio cathode to anode is changed, at the same distance between
cathode and anode, the mass loss rate is also changed. The increased mass loss rate
at the anode is, however, not directly proportional to the reduction of the anode sur-
face area as would be expected according to the area rule. This is apparently due to
the influence of fouling and the reaction products that are produced (Table 14). The
distance between anode and cathode surfaces played only a secondary role in the
results obtained.

Materials in contact North Sea Baltic Sea
Area ratio anode : cathode

1:1 4:1 10:1 1:1 4:1 10:1
X3CrNiMoN17-13-5 Y ; 1 1.7 8.2 1 1.8 6.8
Shipbuilding steel ?
X3CrNiMoN17-13-5 V' 1 2.4 11.9 1 2.0 17.5
AlMg4.5Mn *
CuNil0FelMn “ : 1 1.5 4.4 1 3.4 6.4
Shipbuilding steel *
CuNil0FelMn ¥ : 1 22 8.6 1 4.6 8.2
EN AW-5083 )

) SAE 317 LMN, DIN-Mat. No. 1.4439

)

Y f. Table 15

3 AlMg4.5Mn0.7, DIN-Mat. No. 3.3547
) DIN-Mat. No. 2.0872

&

Table 14: Factors by which the mass loss rates are raised when the area ratios from anode to
cathode are raised (distance 2 cm) [37]

V 3.6 Current-induced corrosion types

Rapidly flowing liquids can mechanically wear away or corrode materials surfaces
(erosion). This corrosion type is exacerbated by gas bubbles and solid particles in the
liquid current (abrasion) and is usually characterised by furrow-like, smooth inden-
tations following the direction of flow of the medium. If this surface corrosion dam-
ages or destroys protective covering layers or passivation layers, an aggressive medi-
um can then raise levels of corrosion at these sites. This combination of mechanical
surface erosion and corrosion, known as erosion corrosion, involves alternating
destruction and repair processes in which the rate of repair of the protective layer is
the decisive factor in material resistance. Erosion corrosion is only local in areas
where the current is interrupted.

Damage from erosion corrosion is frequently observed on pump impellers,
deflection vanes and pipe bends.



Unalloyed and low-alloyed steels/cast steel

Cavitation can also lead to local destruction of protective layers. In rapidly flowing
liquid and on solid surfaces that oscillate in the liquids, gas or steam bubbles are
produced at sites at which the pressure in the liquid is briefly lowered to vapor pres-
sure due to flow in excess of the critical flow rate threshold. When the pressure is
raised again, these bubbles collapse suddenly (implosion) and a jet of liquid hits the
material surface at a high rate of speed. This sudden stress load pattern is continu-
ously exposing or creating active surfaces on which increased corrosion (cavitation
corrosion) takes place in an aggressive medium.

Particularly susceptible to damage from cavitation corrosion are, for example,
ships’ propellers, condenser pipes, pump impellers, widened segments in pipelines
or flow channels.

Unalloyed and low-alloyed steels/cast steel

The unalloyed and low-alloy cast iron and steel types represent the bulk of materials
used in seawater due to their good mechanical properties, the good processing qua-
lities, availability and prices. On the other hand, these materials must always be pro-
tected against corrosion by means of coatings or cathodic protection, usually in com-
bination with a coating. Only in special cases can the expected service life of the
vessel be achieved by selecting a greater hull thickness as required for strength.

The different qualities of unalloyed and low-alloyed steels differ mainly in their
mechanical and engineering properties. The engineering properties and the applica-
tion properties of steels are determined to a great extent by their chemical composi-
tion and structure. These properties can be controlled within a wide range by means
of the production processes melting, forming and heat treatment so as to adapt
them to the requirements of specific applications, of course resulting in certain dif-
ferences in alloy composition. These steels do not, however, contain alloying ele-
ments in amounts that would result in the formation of a protective passivation
layer in response to water exposure as is the case in high-chromium steels with Cr
content levels exceeding 13%.

Table 15 lists the relevant steels in their most important groups together with the
basic analytical values. The normal strength steels for shipbuilding contain solely
the alloying elements carbon and manganese for strength as well as perhaps silicon
or aluminium to steady the melt during casting. The tensile strength is approx.
450 N/mm? Several different steel grades are differentiated according to the re-
quired viscosity properties. Because of the requirement for ready weldability, the C
content is limited to a maximum of 0.23% or the C equivalent (C+Mn/6) to a max-
imum of 0.40%. The properties and compositions of these steels are set out, for
instance, in the standards DIN EN 10025-1 to -2 [38], DIN EN 10083-1 to -3 [39],
DIN EN 10025-1 to-3 and -4 [40], DIN EN 10293 [41] and DIN EN 10213-1,
DIN EN 10213-3, DIN EN 10293 [42].
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Unalloyed and low-alloyed steels/cast steel

High-strength shipbuilding steels are melted with much higher Mn contents and
reduced C contents due to increased strength and viscosity requirements. Only
three examples are listed here for fine-grained structural steels. Up to the strength
class S355N, these steels also contain only C and Mn as alloying elements as well as
Al and/or vanadium or niobium as a grain refining agent. In the higher-strength
qualities, nickel is added as an additional alloying element.

More recently, sheetmetals made of thermomechanically rolled fine-grained
structural steel with a minimum vyield strength of 355 N/mm? and up to thick-
nesses of 70 mm, have been approved for welded shipbuilding constructions by the
classification bodies for grades A, D and E. Due to its chemical composition, this
steel has a low carbon equivalent and therefore very good weldability. The chemical
composition and main mechanical properties of this steel are shown in Table 16
[43].

(o Si Mn P S Nb Ni
XAMAR 36 A
XAMAR 36D <0.13 0.10-0.50 0.90-1.60 <0.020 <0.015 <0.05 <0.35
XAMAR 36 E
Minimum yield point R, Tensile strength R, Minimum elongation at
N/mm’® N/mm’ break As
%
XAMAR 36 A
XAMAR 36 D 355 460-620 22
XAMAR 36 E
Test temperature Minimum notched bar impact work A,
K(°Q) J
longitudinal  transverse  longitudinal  transverse
Plate thickness, mm <50 >50,<70
XAMAR 36 A 0
XAMAR 36 D 253 (-20) 34 24 41 27
XAMAR 36 E 233 (—40)

Table 16: Chemical composition (mass%) and mechanical properties of the high-strength ther-
momechanically rolled shipbuilding steel XAMAR 36

In weather-resistant structural steels (e.g. DIN-Mat. No. 1.8961, S235J2W, 1.8963,
S355J2G1W) the improved corrosion resistance in the atmosphere is achieved by
means of addition of chromium and copper.

In offshore applications, high-strength steels are also used for which the require-
ment for best weldability and excellent viscosity, including thickness deformation
capacity, is preeminent.
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Since in unalloyed and low-alloyed steels, with few exceptions, the same alloying
elements are always used within relatively narrow limits, these steels show about
the same electrochemical behaviour, and an influence of the alloying elements with-
in these orders of magnitude, or of the steelmaking process itself, on corrosion in
seawater can be expected for the splash zone at most, but not under water.

The values for the free corrosion potential are Uy = —0.3 V to -0.5 V and depend
on the nature of the surface at the onset of the seawater stress load. Descaled sur-
faces have lower potentials than those with adhering scale or rust. Parts with differ-
ent surface states therefore also show varying potentials, which may result in locally
exacerbated corrosion. Therefore, the precondition for a mostly uniform surface cor-
rosion is an evenly descaled and cleaned surface. With advancing corrosion, the ini-
tial surface influence on the free corrosion potential is reduced and the potentials
are shifted in the positive direction. With increasing flow rate, the potentials also
increase in the positive direction.

The rate of general corrosion in these materials is mainly determined by oxygen
access and therefore depends on the movement of seawater, which maintains oxy-
gen transport to the surface, and the formation of covering layers on the surface,
which hinder oxygen access. Table 17 lists the erosion levels for uniform surface
corrosion determined in various long-term studies in the North Sea.

Corrosion rate, mm/a (mpy)

Immersion zone Tidal zone Splash zone

0.14-0.08 (5.51-3.15) 0.21-0.13 (8.27-5.12) 0.10-0.07 (3.94-2.76)

Table 17:  Uniform surface corrosion in unalloyed and low-alloyed steels in the North Sea

The corrosion rates during the first two years are higher, whereupon in subsequent
years they move towards the lower values as the covering layers and fouling increasingly
hinder oxygen access. This was confirmed in corrosion tests over a period of several
years off Helgoland, in which tests seven steels (Table 18) different in both alloy
content and steelmaking process, i.e. steelmaking process and deoxidation, were
tested in the immersion zone (IZ), tidal zone (TZ) and splash zone (SZ) [15].

Symbol C Si Mn P S N Al Cr Cu Ni Melting Deoxidation method
O 0.09 0.46 0.49 0.093 0.035 0.006 0.031 0.65 0.42 0.48 SM Si and Al killed

A 0.12 0.25 0.54 0.035 0.036 0.006 0.005 0.04 0.13 0.05 — Si killed

[ 0.05 0.00 0.48 0.026 0.018 0.005 0.004 0.03 0.06 0.04 LD rimmed

A 0.12 0.17 0.45 0.030 0.039 0.004 0.031 0.05 0.14 0.05 SM Si and. Al killed

. 0.07 0.00 0.37 0.025 0.036 0.003 0.004 0.04 0.15 0.06 SM rimmed

+ 0.13 0.00 0.39 0.039 0.090 0.005 0.004 0.08 0.23 0.08 SM rimmed

X 0.07 0.21 0.33 0.013 0.022 0.004 0.050 0.02 0.11 0.05 SM Si and Al killed

1) SM: Siemens-Martin process, LD: Linz-Donawitz process

Table 18: Mass% of steels tested in the North Sea water off Helgoland [15]
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The corrosion mass loss of the steels in Table 18 after exposure in the North Sea
water off Helgoland in the splash, tidal, and immersion zones is shown in Figure 2.
The scatter bands of the seven steels are shown. As was expected, the weather-resis-
tant steel (O) with raised levels of copper, nickel, chromium and phosphorus, which
favours the formation of denser rust layer, shows the lowest rust levels in the splash
zone. A steel (/) with raised silicon and manganese contents shows nearly equiva-
lent behaviour. The corrosion rates of both steels are at the lower limit of the scatter
band. In the tidal and immersion zone, on the other hand, all steels fill out the scat-
ter band uniformly. The resulting corrosion rates are listed in Table 19.

Exposure zone Mass loss rate per unit area Corrosion rate
kg/m” a mm/a (mpy)

TZ 1.35 0.17 (6.69)

1Z 0.90 0.12 (4.72)

Table 19: Measurement parameters for rates of corrosion of unalloyed and low-alloyed steels in
the North Sea from Table 18 and Figure 2

No dependence of the corrosion rates on the steel composition was found. The
mean corrosion rates are higher in the tidal zone than in the immersion zone by a
factor of 1.5.

Corrosion rates of this order of magnitude were determined in unalloyed steels in
other tests as well. Exposure tests over a period of 4 years in Monaco revealed, for
example, corrosion rates between 0.090 mm/a and 0.122 mm/a (3.54 and 4.8 mpy)
[44]. In Bremerhaven, similar values of 0.100 mm/a—0.140 mm/a (3.94-5.51 mpy)
were recorded. In general, corrosion rates in the range of 0.070 mm/a-0.100 mm/a
(2.76-3.94 mpy) are reported for harbour waters with varying tidal levels. On sheet
piles in the US after 35 years of exposure, values of 0.110 mm/a (4.33 mpy), and at
another location corrosion rates of 0.060 mm/a—0.130 mm/a (2.36-5.12 mpy) were
measured [45]. On this basis, under normal conditions, corrosion rate of
0.125 mm/a (4.92 mpy) can be taken as a guideline value for unalloyed steels in the
immersion zone. The higher corrosion rates sometimes observed are due to acceler-
ating effects such as the formation of elements or to anaerobic conditions, e.g. in
harbour waters. High flow rates result in clear increases in corrosion, since they not
only help maintain the oxygen transport to the surface, but also make the formation
of covering layers difficult or impossible or remove covering layers that had already
formed. At flow rates of 10 m/s, corrosion rates of 1 mm/a (39.4 mpy) are reached.

Cast steel

The behaviour of unalloyed and low-alloyed cast steel in seawater is for the most
part comparable to that of rolled material. The free corrosion potentials for cast steel
are within the same order of magnitude as for unalloyed steels. The corrosion rates
in Table 17 also apply to steel castings. In long-term exposure, after 2 years, a corro-
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sion rate of 0.07 mm/a (2.76 mpy) was measured. If the casting crust is left on the
material, the pitting corrosion at defective sites may be more pronounced, whereby
pitting corrosion factors, i.e. ratios of maximum pit depth/mean corrosion were
measured as follows 11 after 1 year, 5 after 8 years and 3.3 after 16 years [46].

Influence of the alloying elements

In principle, an improvement of rust corrosion rates in low-alloyed steels is possible
as well in the tidal and immersion zone, but expectations should not be too high.
The significant improvements frequently cited in the literature and patent registra-
tions are usually based on tests in the laboratory and cannot be confirmed in practi-
cal applications or only in reduced form. It must also be noted that in the low-
alloyed steels shallow pit corrosion or pitting corrosion is frequently observed in
addition to uniform surface corrosion. Examples can be cited in which certain alloy-
ing elements reduce the uniform surface corrosion, only to cause increased pitting
at the same time.

Influence of chromium and combinations of chromium with other elements

Numerous tests — including natural seawater exposure tests — have demonstrated
that a small chromium addition reduces the corrosion rates considerably without
rendering steels more susceptible to pitting corrosion. In the upper part of Figure
15, the influence of chromium on seawater corrosion of a structural steel is pre-
sented [47]. Accordingly, only 0.5% and 1% Cr have a significant effect and reduce
mass losses by 35%/65% compared to chromium-free steel. Improvements from
higher chromium contents above this level are then relatively small.

In chromium-free steels, higher aluminium contents of 2.5-5% Al do improve
general corrosion resistance, but they also increase the tendency to shallow pit or
pitting corrosion [48]. In chromiferous steels, however, even small levels of alumi-
nium reduce the corrosion rates. The lower section of Figure 15 shows that by
means of addition of 0.2% aluminium the already low corrosion rate of a 2% Cr
steel can be further reduced by a significant amount. The favourable influence of a
combination of chromium and aluminium was also confirmed by long-term expo-
sures in the North Sea at water depths of 45 m and 90 m [49]. These results show
that the addition of as little as 1% Cr and 0.5% Al can reduce the corrosion rate in
comparison to standard commercial steels by a factor of 2 to 4. Molybdenum had
little effect on general corrosion. A molybdenum content of 0.5% results in only
slight improvement, whereas a content level of 1.5% Mo appears to have a negative
effect.

Other tests on steels with 0-4% Cr and 0-1% Al or Mo also showed that a steel
with 2% Cr and 1% Al represents the best compromise in resistance to uniform and
local corrosion. Chromium contents above 2% continue to reduce the corrosion
rates, but also increase the tendency to pitting corrosion [50].
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Figure 15:  a) Influence of chromium on corrosion of unalloyed and low-alloyed C-Mn steel
b) Influence of aluminium on corrosion of 2% Cr steel [47]

Extensive exposure tests in the North Sea on the influence of the elements copper,
chromium, aluminium, nickel and silicon on corrosion in seawater showed that the
corrosion in the immersion zone in seawater is significantly reduced by suitable
combinations of the alloying elements Cr + Al, Cr + Al + Cu and Cr + Si. At longer
exposure times, the corrosion rates can be reduced to as little as 20% of the rates for
unalloyed steel. In the tidal zone (T'Z), however, only the combination Cr + Si results
in an improvement, albeit of only 20% after four years. In the splash zone (SZ)
improvements by a factor of 2 can be achieved [50].

Whereas for unalloyed steels mean corrosion rates of 0.12 mm/a (4.72 mpy) in
the immersion zone and 0.17 mm/a (6.69 mpy) in the tidal zone were recorded, the
values for these low-alloyed steels were approx. 0.05 mm/a (2 mpy) for the immer-
sion zone and 0.19 mm/a (7.5 mpy) for the tidal zone. The improvement in corro-
sion behaviour observed in the deep sea tests with 1% Cr + 0.5% Al by a factor of 2
can thus only be confirmed for the immersion zone. As was expected, the corrosion
is most pronounced, and least dependent on the chemical composition of the steel,
in the tidal zone.

For the “seawater corrosion resistant steels” sold commercially under various dif-
ferent designations, the reported improvements in corrosion behaviour by a factor
of 2 or 3 also apply only to the immersion or non-immersion zone. In the tidal zone,
the corrosion rates practically fall into the general scatter band of the low-alloyed
steels [47, 51]. Therefore, these steels also require corrosion protection in the tidal
zone.
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Influence of sulphur

It is known that, among the unavoidable impurities in steel, the sulphides are highly
active in causing the development of local corrosion in neutral waters containing
chloride. On the other hand, the pitting potentials of manganese-rich sulphides
measured are only to be considered apparent pitting potentials for short-term tests
lasting for a few minutes only in synthetic seawater. In longer test periods, the initial
selective corrosion observed caused by dissolution of the sulphides undergoes a tran-
sition to uniform surface corrosion. It is therefore in any case incorrect to draw con-
clusions concerning the long-term behaviour of the material in seawater from the
initial appearance of the corrosion in the environment of sulphide inclusions.

The results of two-year exposure tests off Helgoland involving steels that differed
as to steelmaking process, steadying process, sulphur content and sulphur distribu-
tion showed that higher sulphur proportions up to approx. 0.2% in the steel notice-
ably increase corrosion mass loss only in the splash zone [52].Table 20 lists the
chemical compositions of the tested steels and Figure 16 shows the corrosion rates
observed after 2 years of exposure.

Sampleno. C Si Mn P S Al C Cu Pb Ca
1 0.10 0.46 1.46 0.012 0.005 0.037 0.04 0.08

2 0.16 0.33 0.49 0.008 0.005 0.003 0.02 0.01

3 0.16 0.39 0.52 0.007 0.17 0.005 0.03 0.01

4 0.15 0.32 0.54 0.008 0.004 0.008 0.03 0.0 0.003
5 0.15 0.34 0.48 0.007 0.17 0.008 0.02 0.01 0.003
6 0.08 0.02 1.13 0.057 0.24 0.004 0.04 0.09 0.25

7 0.07 0.05 0.40 0.018 0.019 0.004 0.02 0.06

No. 1 =S355N (DIN-Mat. No. 1.0545)

No. 2-No. 5 = test melting charges

No. 6 = SAE 1109 (10520, DIN-Mat. No. 1.0721)

No.7 = HI, ship’s boiler plate, grade 1 (DIN-Mat. No. 1.3052)

Table 20: Chemical composition of the tested steels (mass%) [52]

In contrast to the thin, firmly adhering rust on the low-sulphur steel samples, the
rust that forms on the sulphur-rich samples is loose and full of thick blisters. Appar-
ently there is an increased formation of sulphate esters on these samples, whereby
the sulphur is from the steel, not from the SO, in the air as is the case with the
sulphate esters observed in atmospheres containing SO,.

In the tidal zone, the effect of the higher sulphur content is correspondingly
reduced, since here the rich oxygen supply required to oxidise the sulphur is only
available at low tide and the influence of fouling and cover layer formation increases
with exposure duration. No influence of sulphur on corrosion rates is observed in
the immersion zone.
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Figure 16: Mass loss per unit area in steels from Table 20 after 2 years of exposure in seawater
[52]

— Influence of sample dimensions and location —

The different levels of oxygen access in the different water zones may, in extensive
structures, for example sheet pilings or mooring posts, lead to the formation of aera-
tion elements. Measurements have shown that the cathodic areas are usually on or
just above the waterline [53]. The result is then increased corrosion in the tidal zone,
which may be much larger than would be expected based on the different rusting
rates in samples exposed separately in the tidal and immersion zones.

Much more complex and difficult than the usually relatively small samples with
approx. 0.02 m” surface are long samples with exposure extending from the splash
zone (SZ) through the tidal zone (TZ) and into the immersion zone (IZ) or even
into the silt zone/sea floor. Since the large-area aeration elements may form on such
samples as described above, it can be expected that the results of corrosion tests in
such long samples will differ clearly from those obtained with small individual sam-
ples.

The results of comparative tests on both sample types for 4 years in the brackish
water of Wilhelmshaven listed in Table 21 show that particularly pronounced differ-
ences occur in the tidal zone just above MTHW (mean tidal high water) and just
below MTLW (mean tidal low water), whereas in the immersion zone, and above
MTHW in the splash zone, the corrosion rates are the same, as was expected [54].
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Location Corrosion rates after 24 months, mm/a Corrosion rates after 48 months, mm/a
(mpy)
Multi-zone samples Short samples Multi-zone samples Short samples
8x 150 x 10,000 mm 8 x 150 x 1,000 mm 8 x 150 x 10,000 mm 8 x 150 x 1,000 mm

SZ 0.01 (0.39) 0.03 (1.18) 0.01 (0.39) 0.01 (0.39)
0.01 (0.39) 0.05 (1.97) 0.02 (0.79) 0.08 (3.15)
MTHW 0 0.18 (7.09) 0 0.18 (7.09)
0 0.19 (7.48) 0 0.14 (5.51)
0 0.13 (5.12) 0 0.09 (3.54)
MTLW 0.08 (3.15) 0.05 (1.97) 0.07 (2.76) 0.07 (2.76)
0.13 (5.12) 0.10 (3.94) 0.17 (6.69) 0.09 (3.54)
0.09 (3.54) 0.09 (3.54) 0.10 (3.94) 0.08 (3.15)
1Z 0.09 (3.54) 0.08 (3.15) 0.08 (3.15) 0.07 (2.76)
0.10 (3.94) 0.09 (3.54) 0.07 (2.76) 0.07 (2.76)

SZ: Splash zone

MTHW: Mean tidal high water (mean flood tide)
MTLW: Mean tide low water (mean ebb tide)

IZ: Immersion zone

Table 21:  Influence of sample location and dimensions on corrosion of steel (0.07% C, 0.26% Si,
1.13% Mn, 0.020% P, 0.021% S, 0.061% Al, 0.006% N) in brackish water [54]

These results confirm the experience obtained with steel sheet pilings in the sea-
water of Kure Beach in which the corrosion profile shown schematically here in Fig-
ure 17 was found after 5 years [55].

On these sheet pilings, increased corrosion was also observed just below the low
tide line that did not occur in tests of the individual samples.

Of practical significance is the fact that with short samples, corresponding to
steel structural elements, located only at certain levels, in some cases show much
greater loss of thickness than the multi-zone structural elements. These influences
in many cases go beyond the influence of different steel types used. It is therefore
important when designing structures that will be exposed in several different sea-
water zones, for example harbour pilings, to apply the rust corrosion rates obtained
from test results with long samples.
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Figure 17:  Corrosion profile on sheet pilings in seawater (schematic)
MTHW: Mean tidal high water (mean flood tide)
MTLW: Mean tide low water (mean ebb tide) [55]

Measurements in sheet pilings

Numerous measurements of corrosion rates on sheet pilings carried out in the
Netherlands and the United Kingdom also confirm that in most cases maximum
corrosion occurs in the tidal zone (TZ). Figure 18 shows the example of a typical
corrosion profile on sheet pilings along the Netherlands coast [56]. The highest cor-
rosion rates are always found at the mean tidal low water (MTLW) level or just
below it.
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Figure 18: Corrosion on sheet pilings as dependent on tide level
MTHW: Mean tidal high water (mean flood tide)
MTLW: Mean tide low water (mean ebb tide) [56]

The results confirm the described measurements on multi-zone long samples
and electrically shorted individual samples. These hull thickness measurements on
18-43 year-old sheet pilings at 8 Locations in the Netherlands revealed corrosion
rates as follows:

Marine atmosphere: 0.05-0.07 mm/a (1.97-2.76 mpy)
Splash zone (SZ) and tidal zone (TZ): 0.12-0.27 mm/a (4.72-10.63 mpy)
Immersion zone: 0.03-0.09 mm/a (1.18-3.54 mpy)
Sea floor: approx. 0.015 mm/a (0.59 mpy)

Drawn sheet pilings showed that the corrosion occurred in practical terms from
the water side only. Even here, highly corroded parts were hardly corroded on the
back — the fabrication marks on the unexposed sides were still readily legible after
42 years.
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Similar results were also obtained for thickness reductions on 10-47 year-old
sheet pilings in the UK in the Mediterranean area and in the Persian Gulf. The
mean rates of corrosion determined are summarised in Table 22 [50]. The corrosion
in the splash splash zones and tidal zones are therefore likely to determine the over-
all service life of a sheet piling — corrosion protection measures are absolutely neces-

sary.

Location The Netherlands The UK Mediterranean Sea Persian Gulf
Atmosphere 0.05-0.07 (2.0-2.8)

Splash zone 0.14 (5.5) 0.14 (5.5) 0.19 (7.5)
Tidal zone 0.12-0.27 (4.7-10.6)  0.08 (3.2) 0.05 (2.0) 0.05 (2.0)
Ebb tide zone (MTLW) 0.21 (8.3) 0.16 (6.3) 0.12 (4.7)
Immersion zone 0.03-0.09 (1.2-3.5) 0.09 (3.5) 0.04 (1.6) 0.04 (1.6)
Sea bottom 0.015 (0.8) 0.02 (0.8)

MTLW: mean tidal low water (mean ebb tide)

Table 22: Hull thickness reduction on sheet pilings in mm/a (mpy) [50]

Local corrosion

The mainly similar behaviour of unalloyed and low-alloyed structural steels concern-
ing the corrosion rate in seawater is finally due to the fact that the rusting process is
controlled by oxygen access, which is not a material-dependent factor. On the other
hand, the kinetics of the partial reaction iron dissolution, which determines the rest
potential, is a material-dependent factor. The electrically conductive contact of mate-
rials or material parts with different rest potentials results in the formation of ele-
ments that may cause increased local corrosion depending on the potential level and
area ratio. In practice, such elements occur at welding seams.

Welding seams, correctly done, corrode at about the same rate as the base mate-
rial. Local corrosion in the welding area may result from differing chemical compo-
sition of the plate and welding deposit. Figure 19 shows the relative potentials of
base material and deposit zone [57]. In the test, diluted seawater and anodic polarisa-
tion were used. This increases the indication sensitivity. In the case described in the
left section, the welding deposit has a lower potential than the plate material, and
since due to the area rule higher anodic current densities occur here, a higher corro-
sion rate would be expected in this area. Given the reversed potential ratios
described in the right half of the picture, the plate is not at risk for corrosion if the
cathode surface area of the welding deposit is small and the anodic surface of the
plate is large. To avoid local corrosion in the welding deposit zone, the material and
welding filler must be matched so that the welding deposit has an equal or more
positive electrochemical potential in seawater.
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Figure 19: Potential variation at shipbuilding steels welding connections using different welding
fillers [57]

Such potential/path curves provide an efficient basis for prediction of the practical
behaviour of a welded connection [58, 59].

Locally raised corrosion in the welding seam zone is observed under certain con-
ditions in higher-strength steels with manganese contents exceeding 1.2% in the
heat affected zone adjacent to the welding seam. Tests show clearly that the forma-
tion of martensitic substructures, which may occur in higher-strength steels under
unfavourable welding conditions, is responsible for the increased corrosion in this
area [60-63].

Whereas natural exposure rust tests with unwelded plates in seawater show only
a small influence of the Mn content, the corrosion may be clearly concentrated in
the heat affected zone (HAZ) in welded samples with increasing manganese and/or
carbon content. Reduced welding temperatures, i.e. faster cooling from welding
heat, have the same effect on corrosion. Higher manganese and carbon contents in
the steel and rapid heat dissipation during welding, e.g. if the plates are not pre-
heated or at low ambient temperatures, martensite formation in the HAZ, and
therefore selective corrosion, is increased. Sufficient preheating or subsequent heat
treatment, for example stress-relief annealing, are reliable methods of preventing
this type of corrosion, even in higher-strength steels [61].

Generally speaking, conditions for shallow pit and pitting corrosion are present
if, due to covering layers of any type, oxygen reduction is inhibited to a lesser degree
than iron dissolution, but the latter is not prevented from causing local damage to
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the covering layer. This is always the case with porous covering layers. Depending
on the density, thickness and adherence of the layers, the corrosion may be delayed,
albeit shallow pit corrosion may be encouraged to varying degrees. Examples of
such covering layers are casting crust, mill scale with oil film, residual paint coats or
technically inappropriate coatings. Pitting corrosion may occur where covering
layers and coatings are damaged or under local deposits.

For instance, between the blank surface of a silicon-steadied shipbuilding steel
and scale surfaces in synthetic seawater a potential difference of 400 mV is mea-
sured. The corrosion current that then flows between surfaces of the same size is
equivalent to a corrosion rate of 0.350 mm/a (13.8 mpy). Considering the area ratios
at a welded connection, this results in welding seam corrosion of up to 3 mm/a
(118 mpy) [57].

The removal of mill scale is generally helpful in terms of corrosion protection.
Whereas in seawater unprotected steel loses its mill scale relatively quickly due to
the surface removal rate, in brackish water it may adhere longer and, in the presence
of oil films, result in pitting corrosion. Here as well, abrasive blasting can prevent
the more serious pitting corrosion in favour of the less dangerous surface corrosion.
Cathodic protection is a generally reliable means of preventing pitting corrosion.

Corrosion cracking

Under certain conditions, special forms of corrosion with cracking are observed in
unalloyed and low-alloyed steels. With increasing use of higher-strength steels in
seawater applications, the question of whether corrosion cracking in these steels can
also occur in seawater becomes increasingly interesting.

Stress corrosion cracking

Under certain chemical or electrochemical conditions, e.g. pH reduction in crevices,
under fouling and deposits or with the negative potential used for cathodic protec-
tion, a hydrogen reduction may occur at the steel/seawater interface. Under such
critical conditions, higher-strength steels may conceivably develop hydrogen-
induced stress corrosion cracking in seawater. This would be most likely in har-
dened zones of the welding seam under cathodic polarisation.

To test this aspect, bending samples from the welding seam zones of higher-
strength steels with yield points of 355-890 N/mm?” were exposed in the immersion,
tidal and splash zones with free corrosion and under cathodic protection with zinc
anodes. The steels S460N (A 572, DIN-Mat. No. 1.8901), S690Q (DIN-Mat. No.
1.8931) and S890Q (DIN-Mat. No. 1.8940) were tested with S355N (UNS K12709,
DIN-Mat. No. 1.0545) as reference material (Table 23). Two different sample types
were used, bend samples acc. to DIN 50915 [64] with crosswise butt-welded connec-
tions and U-bars with insert buildup welds lengthwise in the bending zone.
Some of the samples were stress-relief annealed before bending, the others left in
the welded state. All samples were still free of cracking after a test period of three
years. Even maximum hardnesses of 400 HV10 in the heat affected zone do not
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show a negative effect [24]. This result shows that, under static load, stress corrosion
cracking in faulty welded connection of high-strength steels can be prevented by
zinc anodes, under conditions of both free corrosion and cathodic polarisation.

Material C Si Mn P S Al Cr Cu Mo Nb Ni V
S355N, 1.0545 0.17 0.34 1.38 0.022 0.010 0.048 0.02 0.05 0.02
S460N, 1.8901 0.19 0.48 1.57 0.017 0.005 0.028 0.02 0.17 0.03 0.43 0.17
$690Q, 1.8931 0.16 0.72 0.89 0.011 0.015 0.051 0.83 0.12 0.23 0.19
$890Q, 1.8940 0.16 0.30 0.81 0.008 0.009 0.028 0.65 0.12 0.40 1.50 0.08

Table 23: Chemical composition of the higher-strength steels tested for hydrogen-induced stress
corrosion cracking (mass%) [24]

However, this result applies only to the stress type considered here with constant
elongation and under the condition that no conditions apply that would encourage
local hydrogen absorption into the steel, for instance

e The presence of promoters, for instance in the form of sulphides from sul-
phate-reducing bacteria

¢ Locally reduced pH levels due to hydrolysis of steel corrosion products under
deposits or in crevices

e Gradual plastic-dynamic deformations.

Bending samples made of the steel S500 (UNS T11342, 1.3247), for example, har-
dened to 467-481 HV30 by quenching in water, showed cracking in the heat affected
zone of the welding seam. The cracks only occurred under exposure in the splash
zone, in which the pH was low under rust blisters due to hydrolysis of the corrosion
products [65].

The corrosion products, that are produced in corrosion of higher chromium-
alloyed steels, contain chromium salts that lower pH levels considerably in the pro-
cess of hydrolysis. To investigate the potential influence of this more pronounced
pH level reduction, steels with different chromium contents were tested [66]. Table
75 lists the alloying contents of the steels used in order of increasing chromium
content. These are four standard commercial types and four test melts. Bending
samples were used as described in DIN 50915 [64]. The sample material was
adjusted to different hardness values by means of simulated heat treatments.
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No. Steel C Si Mn P S Al Cr Cu Mo Ni

1 20MnNi6-5 0.21 0.41 1.61 0.006 0.009 0.015 0.08 0.04 0.63

2 ™ 0.13 1.23 0.80 0.013 0.003 0.820 1.02 0.9 0.29

3 ™ 0.14 1.28 0.87 0.015 0.003 0.870 1.51 0.31 0.30 0.12

4 ™ 0.14 1.21 0.82 0.015 0.004 0.800 1.95 0.30 0.30

5 10CrMo9-10 0.07 0.19 0.44 0.005 0.003 0.010 2.17 0.99 0.17
UNS K21590, 1.7380

6 ™ 0.15 1.29 0.86 0.018 0.004 0.930 2.57 0.29 0.29

7 X12CrMo5 0.10 0.35 0.54 0.010 0.009 0.006 4.92 0.07 0.51 0.16
SAE 501, 1.7362

8 X20Cr13 0.20 0.21 0.27 0.029 0.004 0.025 13.10 0.03 0.15
SAE 420, 1.4021

TM: Test melts

Table 24: Chemical composition of steels tested (mass%) [66]

All test parameters and results are presented in Table 25 and Table 26.

No. Steel Cr content Hardness Free corrosion  Cathodically
HV10 polarised

(zinc anode)
1 20MnNi6-5 0.08 350 0 0
420 0 2
480 0 2
2 ™ 1.02 170 0 0
260 0 0
300 0 0
3 ™ 1.51 170 0 0
280 0 0
370 2 0
4 ™ 1.95 185 0 0
215 0 0
310 0 0
420 2 0
5 10CrMo9-10 2.17 250 0 0
UNS K21590, 1.7380 310 0 0
360 0 0

TM = Test melt

Table 25:

time in the immersion zone (number of cracked samples in 3 parallel samples) [66]

Results of stress corrosion cracking tests in bending samples after 12 months exposure
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Table 25: Continued

No. Steel Cr content Hardness Free corrosion  Cathodically
HV10 polarised
(zinc anode)
6 ™ 2.57 275 0 0
310
410 3 3
7 X12CrMo5 4.92 280 0 0
SAE 501, 1.7362 350 0 0
400 0 1
8 X20Cr13 13.10 230 0
SAE 420, 1.4021 350 0 3
400 3 3

TM = Test melt

Table 25: Results of stress corrosion cracking tests in bending samples after 12 months exposure
time in the immersion zone (number of cracked samples in 3 parallel samples) [66]

As for the influence of the hardness factor, it is evident that beginning at about
300 HV10 cracking susceptibility is present in steels containing more than 1% chro-
mium. The effect of the Cr content is quite clear. In the hydrolysis of the corrosion
products it influences the pH level at the anodic areas. Therefore, as the Cr content
increases in the steel, cracking susceptibility will also increase at comparable hard-
ness levels, or hardness will shift to lower values with increasing Cr content.

The exposure zone also exerts an influence, as demonstrated by the samples
exposed in the tidal zone and in the splash zone (Table 26). The effect of the chro-
mium content was better defined in these two zones than in the immersion zone.
This is understandable if one assumes that the acidic hydrolysing corrosion products
are important factors in hydrogen-induced stress corrosion cracking (SCC). Particu-
larly critical are then the well formed, stable aeration elements with anodic areas
under rust blisters or fouling. These are, however, to be expected to a lesser extent in
the tidal zone (TZ) than in the splash zone (SZ) and immersion zone (IZ), since in
the tidal zone stationary aeration elements are more frequently disturbed by tidal
movements. Differences between the splash zone and the immersion zone can be
explained by the greater oxygen supply and more pronounced rusting in the splash
zone. Therefore, the samples in the splash zone are most at risk for stress corrosion
cracking.
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Hardness Chromium content Exposure zone Potential
HV10
<300 >300 <25% 25-5% >5% SZ TZ 1Z FK CCP

TZNZ TZ/1Z

7.6 36 14 25 56 40 26 10 26/10  14/16

SZ: splash zone; TZ: tidal zone; IZ: immersion zone
FK: free corrosion; CCP: cathodic corrosion protection

Table 26: Statistical evaluation of the stress corrosion cracking tests, number of cracked samples
in percent [65]

The influence of the cathodic corrosion protection (CCP) by zinc anodes is not as
clearly evident in the results. With regard to hydrogen-induced stress corrosion
cracking cathodic polarisation can be potentially favourable or unfavourable:

¢ unfavourable due to the raised electrolytic hydrogen supply

¢ favourable due to avoidance of corrosion, and therefore of aeration elements
and local corrosion scars

¢ favourable due to reduction of fouling and therefore of the occurrence of sul-
phate-reducing bacteria, which in free corrosion can supply sulphides locally
as promoters of hydrogen uptake.

The varying effect of the CCP is therefore possibly due to an overlapping of these
effects.

These tests provide a basis for conclusions concerning potential stress corrosion
cracking under a completely static load. In plastic stress loads, especially in case of
low elongation rates, the softer base material in comparison to the hardened weld-
ing seam zones may be at risk for hydrogen-induced stress corrosion cracking [25,
67-69)].

Figure 20 shows force-elongation diagrams for four tensile tests with steel S355N
(UNS K12709, 1.0545), two in air and two in nitrogen-flushed synthetic seawater
with cathodic polarisation to Uy = —0.76 V. Until the end of uniform elongation, the
elongation rate was 3.9 x 10° s [69].

The seawater causes clear changes indicative of elongation-induced stress corro-
sion cracking (SCC). If elongation-induced SCC occurs and how much attention the
risk deserves can be decided based on various criteria. In the example here, the
width reduction in the area of uniform elongation Z,, the fracture reduction Z and
the energy at break W of the samples cracked in air must be compared with those of
the samples cracked in the corrosive agent. The metallographic analysis also pro-
vides an essential evaluation criterion. Samples affected by hydrogen-induced stress
corrosion cracking often show surface cracking and even internal cracking along
their entire test length.
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Figure 20: Force-elongation diagrams for tensile stress samples (elongation rate 3.9 x 10° s™')
made of structural steel S355N (UNS K12709, 1.0545) in air and in synthetic seawater with cathod-
ic polarisation [69]

Z,: uniform elongation ~ Z: elongation ~ W: energy at break

Table 27 shows test results in gradual tensile test samples in synthetic seawater at
different elongation rates. The characteristics with free corrosion potential differ
practically not at all from those measured in air, whereas with cathodic polarisation
the deformation parameters in air are no longer reached. The polarised tested sam-
ples also showed surface cracking in the entire test area. These results do not show
any limitation of the range of critical elongation rate at the low-rate end. H-SCC
subjected to free corrosion in seawater can therefore be excluded with a high degree
of probability.

Test potential Elongation rate
Uy vV T

3.9%x10° 87x107 1.6x 107

Z,% Z% W] Z,% 2% W] Z,% Z% W)

-0.52 19 80 59 18 77 60 18 75 57
-0.75 13 43 45 16 40 45

-1.05 13 31 40 13 33 42 13 23 40
In air 20 80 60

Z,: uniform elongation Z: elongation W energy at break

Table 27: Results of gradual tensile tests in S355N (UNS K12709, 1.0545) in synthetic seawater
with nitrogen flushing in comparison to air [69]
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On the question of where the critical potential range for a possible H-SCC risk
begins, Figure 21 shows the dependence of H-SCC susceptibility on potential for
four higher-strength structural steels in seawater flushed with air [68, 69]. The mate-
rials are S355N (UNS K12709, 1.0545), the standard material for offshore structures,
the normalised higher-strength fine-grained steel S460N (alloy base material C-Mn-
Ni-Cu-V, A 572, 1.8901), and two water-tempered steels of strength class S500Q
(alloy base material C-Mn-Ni-Mo-Nb, 1.8924) and S690Q (C-Mn-Cr-Ni-Mo-V, DIN-
Mat. No. 1.8931). All four steels complied with offshore standards for metallic purity
with maximum sulphur contents of 0.0020% (Table 28). Fracture reduction was
selected as the characteristic for H-SCC damage. The corrosion current measured
on the samples is also listed. At a free corrosion potential of Uy = —0.45 V there is
still practically no damage and all steels achieve the fracture reduction values in air.
At Uy =-0.75V, all steels show the influence on fracture reduction, which becomes
stronger the lower the potential and the greater, subsequently, the hydrogen supply
becomes. The protective potential from contact with zinc anodes is about Uy =
—0.6 V. According to these results, a corrosion cracking risk is not yet to be expected
at this potential. Potentials further into the negative range should, however, be
avoided.
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Figure 21: Influence of test potential on fracture reduction of area in gradual tensile tests of high-
strength structural steels (S355N, S460N, S500Q, S690Q) in nitrogen-flushed synthetic seawater
(69]
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Steel C Si Mn P S Al Cu Mo Ni V Nb Cr N

S355N 0.12 0.34 1.39 0.012 0.002 0.027 0.14 0.15 0.029 0.0075
S460N 0.13 0.43 1.52 0.011 0.002 0.020 0.59 0.69 0.08 0.025 0.0076
S500Q (1)  0.10 0.40 1.44 0.008 0.002 0.046 0.28 0.27 0.51 0.024 0.0055
S500Q (2)  0.10 0.53 1.42 0.015 0.002 0.041 0.23 0.28 0.41 0.004 0.0062
5690Q 0.16 0.23 1.07 0.010 0.002 0.051 0.26 0.50 1.25 0.08 1.19 0.0081

Table 28: Chemical composition of the steels (mass%) [68]

In exposure of fracture mechanics samples with welds showing cracking in the
heat affected zone made of the steels in Table 79 in natural seawater under a com-
pletely static load, only steel S690Q (1.8931) showed a clear tendency to crack prop-

agation [69].

The hydrogen uptake is increased in a pronounced manner by the presence of
promoters, for example sulphide ions, so that under these conditions crack initiali-
sation or propagation is possible even at less negative potentials. Sulphide ions can
be produced at the steel surface by sulphate-reducing bacteria (SRB). Figure 22
shows that hydrogen uptake into the steel is clearly increased by sulphate-reducing
bacteria at all potentials in comparison to sterile seawater. Two higher-strength low-
alloyed steels, comparable to S500Q (1.8924) and S690Q (1.8931) were tested [70].
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Figure 22: Influence of potentials on hydrogen uptake of steel in sterile and bioactive seawater

[70]
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Corrosion fatigue

Corrosion fatigue can take place in practically all mediums, hence in seawater as
well. It is mainly dependent on the material, the material surface and the mechani-
cal load parameters. In tests under alternating stress in seawater, no fatigue strength
category is reached, but only stress-dependent fatigue strength values. Pronounced
local corrosion also raises susceptibility to corrosion fatigue due to the notching
effect of shallow pits or pitting. Smooth samples can be protected by means of ca-
thodic polarisation, but notched samples cannot. Therefore, cathodic corrosion pro-
tection cannot prevent corrosion fatigue itself, but it can prevent critical corrosion
shallow pits and therefore indirectly corrosion fatigue as well [71].

Offshore structures, the reliability and availability of which must be ensured for
the planned service life period of approximately 30 years, are exposed to periodic
stress loads due to wave movements of the ocean [72]. Therefore, a knowledge of
fatigue behaviour of the steels used under the conditions of marine engineering are
required to ensure reliable design in offshore structures. Although the behaviour of
the overall structure or its critical components, such as welded pipe joints, are of
interest, smaller samples are usually tested that simulate the heavily stressed ele-
ments of offshore structures (“hot spots”). Tests of smaller samples are performed
for cracking initialisation, crack propagation and total failure of samples due to
stress loads at constant amplitudes or resulting from a random stress load corre-
sponding to a standardized stress sequence [73].

Tests carried out on 20 mm thick, butt-welded and unwelded bend samples made
of the high-strength fine-grained structural steel P460N (StE 460, UNS K02900,
1.8905) focused on the parameters:

¢ Load frequency, including the values observed for real structures, down to
0.04 Hz. The commonest frequency in the open sea is about 0.2 Hz.

e Synthetic air-saturated seawater acc. to ASTM D1241 [74]; 293 to 296 K (20°C
to 23°C); pH 8.2; oxygen content 7.5 mg/l.

e Natural seawater at 278 to 288 K (5°C to 15°C), to cover the influence of
organic components and fouling.

¢ Electrochemical conditions corresponding to the practical situation in off-
shore structures:
— Free corrosion in the splash zone with Uy =-0.45V
— Cathodic protection in the immersion zone with Uy =-0.65V
— and Uy =-0.85 V with possible overpolarisation.

The results are summarised in Figure 23-26 [75, 76].
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Figure 23: Influence of frequency on the service life of unwelded and welded samples made of
P460N (StE 460, UNS K02900, 1.8905) in air and in synthetic seawater [73]
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Figure 24: Influence of cathodic polarisation of Uy = —0.65 V on the service life of welded samples
made of P460N (StE 460, UNS K02900, 1.8905) in synthetic seawater [73]
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Figure 25: Influence of cathodic polarisation of Uy =—0.85 V on the service life of welded samples

made of P460N (StE 460, UNS K02900, 1.8905) in synthetic seawater [73]
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Figure 26: Influence of seawater type on the service life of welded samples made of P460N

(StE 460, UNS K02900, 1.8905) [73]
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Under conditions of free corrosion, the highly variable immersion periods at the
used frequencies of 10-0.01 Hz have a clear influence on the service life of both
welded and unwelded samples (Figure 23). With cathodic polarisation, the fatigue
behaviour of the samples approaches closely to the samples exposed to air (Figure
24, Figure 25). A comparison of the behaviour in synthetic and natural seawater
shows (Figure 26) that the number of tolerable cycles to fracture in natural seawater
is much lower with fouling on the samples (55-65%) than in synthetic seawater and
that the tolerable stress amplitude is about 75-80%. This influence of biological con-
ditions in natural seawater must be taken into account when evaluated results of
tests conducted in synthetic seawater.

When using large cast steel parts in offshore pipe connections, cast components
with optimised geometries can reduce the load stresses. The connections to steel
parts are realised as butt-welded seams with low stress concentrations removed
from hot-spot areas. Figure 27 shows results of fatigue tests on butt-welded seams
connecting the fine-grained structural steel SS00N (StE 500, A 514, 1.8907) with cast
steel G12MnMo7-4 (DIN-Mat. No. 1.5431). The samples were tested under exposure
to alternate bending fatigue stress (R = -1) at f = 10 Hz and load control with con-
stant amplitude and after two different load sequences (ECSC and WASH 1 collec-
tive), whereby the natural wave stress load on a platform in the North Sea is simulat-
ed. The tests were performed in synthetic seawater acc. to ASTM D1241 [74] at
288 K (15°C) under conditions of free corrosion and partially also with cathodic
polarisation at Uy =-0.84 V [77].

Under conditions of free corrosion and constant amplitude (S—-N curves), a toler-
able stress amplitude results about 20% lower than in air. With cathodic polarisa-
tion, the air exposure values are generally achieved once again. In tests with expo-
sure to random stress loads as well, cathodic polarisation extends the fatigue life.

To simulate “hot-spot” conditions at pipe welding seams in offshore structures,
angled welding samples made of the standard steel type for offshore structural ele-
ments P355N (StE 335, 1.0545, cf. UNS K01600) in the immersion zone were tested
in synthetic seawater as per ASTM. The bending tests with R = —1 were carried out
with a real load collective derived from wave statistics in the North Sea. The maxi-
mum bending stress amplitude of the collective was +135 N/mm? or +150 N/mm?
at test frequencies of f = 0.2 Hz, 1 Hz and 10 Hz. The results in Figure 28 show that
there is no significant influence of frequency on crack initialisation, but that there is
such a frequency influence on crack propagation, whereby the propagation rate
becomes much higher as the frequency drops. Comparative tests in a test solution
with three times the salt content showed no further accelerating influence. The ap-
plication of a test medium modified in this way therefore does not constitute an
efficient method of shortening test times [78].
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Figure 27:  Fatigue properties in a fine-grained structural steel to steel casting butt-welded connec-
tion G12MnMo7-4 (DIN-Mat. No. 1.5431) under different test conditions [73]
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Figure 28: Corrosion fatigue in welded angle samples made of P355N (StE 335, 1.0545, cf. UNS
K01600) in air and synthetic seawater, crack initialisation and crack propagation at maximum col-
lective stress of 150 N/mm? (load collective derived from North Sea wave statistics) [73]
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Despite careful application of all structural and production standards, cracks may
develop at critical locations and existing cracks may escape inspection. To obtain
useful conclusions in spite of this situation concerning the service life and inspec-
tion intervals, parametric values on crack propagation under alternating stress and a
reliable method of calculation are required.

A useful method of calculation for the crack propagation rate da/dN of welded
steel samples under seawater conditions that provides a basis for predictions of fati-
gue behaviour, is described in [77]. As the results in Figure 29 make clear, use of
this Paris equation results in a sufficiently accurate estimation of crack propagation
in welded angle samples under temporally variable load amplitudes (ECSC
sequence) based on crack propagation data obtained under constant load amplitude.
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Figure 29: Comparison of experimentally obtained and calculated fatigue life in P355N (StE 335,
1.0545, cf. UNS K01600) [73]
Test conditions: 6, = 180/ N/mm?, R = -1, ECSC load sequence

Crack propagation measurements were carried out on the steels S355N (StE 350,
1.0545), P450N (StE 460, 1.8905) and S690Q (StE 690, 1.8931) in air, nitrogen,
hydrogen and synthetic seawater as per ASTM at 288 K (15 °C) with and without
cathodic protection at Uy = —0.63 Vand Uy =-1.0 V [77, 79]. The tests were carried
out on CT samples under increasing load at R = 0.1 and at frequencies of 0.2 Hz,
1 Hz and 10 Hz. The results shown in Figure 30 and Figure 31 show no significant
differences in crack propagation in the same medium for the steels tested.
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Relation between stress intensity and crack propagation in samples of the steels

S690Q (1.8931) under different test conditions at a frequency of 0.2 Hz [73]
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The crack propagation rate is higher in synthetic seawater and hydrogen than in
air and nitrogen (Figure 30). The greatest differences were detected at the lowest
frequency of 0.2 Hz. At a frequency of 10 Hz, the crack propagation in seawater is
no more rapid than in air (Figure 31). The constants of the Paris equation in Figure
31 apply to the test medium synthetic seawater at the frequencies 0.2 Hz and 1 Hz.
Cathodic protection in seawater at Uy = —1.0 V and low stress intensities result in a
lower crack propagation rate and a higher threshold value than in air. At high stress
intensities, the crack propagation rate is, on the other hand, comparable with what
is found in seawater with free corrosion. The higher threshold value under cathodic
protection is probably due to the formation of Mg(OH), or MgCO; deposits at the
leading edge of the crack, which reduces the effective stress intensity. The threshold
value for stress intensity for AK unstable crack propagation in these tests was:

o Inair 250 N/mm?®/?
e Under conditions of free corrosion in synthetic seawater 195 N/mm?>/>
e With cathodic polarisation at Uy = —0.63 V 250 N/mm*/2,

In tests of fatigue crack propagation in a high-strength, eutectoid, cold-drawn
steel with 0.82% C, 0.6% Mn, 0.18% Si, 0.01% P and 0.024% S, used to make ten-
sion wire in prestressed concrete, it was observed that in seawater low frequencies
and cathodic polarisation due to contact with zinc accelerate crack propagation [80].

The fatigue behaviour of welded samples can be improved by means of welding
seam post treatment by means of WIG or plasma passes in the uppermost layer.
The reason for this phenomenon is a low tension concentration due to improved
welding seam geometry [81, 82]. Figure 32 and Figure 33 show the results of fatigue
tests in untreated and WIG or plasma-aftertreated butt-welding seams in the fine-
grained structural steel S355G3S (EH 36, UNS K11852, 1.0589) in air and in syn-
thetic seawater [81]. In the test at constant load amplitude (Figure 32), both after-
treatment methods, in air and in seawater, result in better values than are obtained
for untreated welding seams. The plasma treatment is somewhat better than the
WIG treatment. Under variable load amplitudes (Figure 33) in seawater, the fatigue
behaviour of an untreated welding seam is approximately comparable to that of
WIG-treated samples and only the plasma treatment results in somewhat higher
service life values.

The dependence of corrosion fatigue behaviour on the parameters frequency,
form of the load cycle, load level, temperature and potential was tested for a struc-
tural steel in an average strength class in [83]. The influence of cathodic protection
on corrosion fatigue behaviour of welded connections and the optimised welding
seam design is discussed in [84]. In corrosion fatigue tests of notched samples in
natural seawater at potentials of cathodic protection, higher fatigue strength values
result than in air as a result of lime deposits at the leading edge of the crack. The
extent of these deposits depends on the protection current density in the notch, on
sample dimensions and on the frequency, by which the exchange of electrolyte solu-
tion at the leading edge of the crack is determined [85].
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Figure 32: Influence of welding seam post treatment on fatigue behaviour in air and in synthetic
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Unalloyed cast iron and low-alloy cast iron

In the immersion zone in seawater, iron-carbon cast alloys show somewhat less cor-
rosion than steels. Since cast parts usually have thicker walls, such structural ele-
ments often show longer useful lives than rolled materials. In the splash and tidal
zones, the corrosion rates are, however, as much as one-third lower than is observed
in unalloyed steel types [23, 86].

Corrosion rates differ only sligthly in the various cast iron types. Grey cast iron
(GC) is eroded somewhat more than cast iron with lamellar graphite (GCL) and duc-
tile cast iron with graphite spheres (GCG). Table 29 lists the free corrosion potentials
and corrosion rates for uniform surface corrosion in the cast iron types acc. to
DIN EN 1561 [87], DIN EN 1563 [88] and DIN 1694 [89).

Free corrosion Corrosion rate, mm/a (mpy)
potential Uy, V

Immersion zone Tidal zone Splash zone

-0.3t0-0.5 0.08 t0 0.12 (3.15 to 4.72) 0.05 to 0.09 (1.97 to 3.54) 0.02 to 0.05 (0.79 to 1.97)

Table 29: Free corrosion potential and corrosion rate of cast iron in seawater

Whereas in unalloyed steels the corrosion rates in the tidal zone are higher than
in the immersion zone, the cast iron types show the highest corrosion rates in the
immersion zone. This is also confirmed by exposure tests over a period of several
years off Helgoland in which cast with lamellar graphite (GCL) and cast iron with
spherical graphite (GCG) samples were exposed, in each case with and without addi-
tion of copper (Table 30) [86].

Type C Si Mn P S Cu Mg

GCG 3.21 3.13 0.29 0.047 0.015 - 0.132

GCG +Cu 3.45 3.20 0.29 0.048 0.007 1.03 0.034

GCL 3.52 1.96 0.65 0.210 0.100 — -

GCL+Cu 3.38 1.87 0.54 0.188 0.119 1.80 —

Table 30: Chemical composition of tested cast iron samples, in mass% of test melt [86]

The corrosion rates listed in Figure 34 were determined for these samples.
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Figure 34: Mass losses in cast iron samples from Table 30 after exposure in the splash, tidal and
immersion zones in seawater off Helgoland [86]

In the tidal zone and the immersion zone, no influence of graphite formation or
addition of copper on the corrosion behaviour is recognisable. In the splash zone,
on the other hand, the corrosion rates in the GCL samples are all at the lower limit
of the scatter band. After the test period of 4.5 years, scatter ranges as follows were
determined for surface corrosion:

Splash zone: 0.017-0.045 mm/a
Tidal zone: 0.050-0.078 mm/a (1.97-3.07 mpy)
Immersion zone:  0.067-0.100 mmy/a (2.64-3.94 mpy)

These values correspond very closely to the scatter ranges in Table 29.
The influence of the structure (pearlite, ferrite, cementite, phosphide eutecticum,
graphite in lamellar or spherical form) on the corrosion process in cast iron is mini-
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mal. Alloying additions of nickel in amounts of about 1% also did not result in an
improvement in corrosion behaviour. In exposure tests in synthetic seawater, after
220 test days, the corrosion rates listed in Table 31 were determined for different
cast iron types [90]. The unalloyed steel St 37 (SAE 1015, DIN-Mat. No. 1.0037) was
tested as a control.

Type Corrosion rate, mm Pitting corrosion factor
Mean Maximum

GCL ferritic 0.023 0.25 10.9

GCG ferritic 0.030 0.44 14.7
Annealed castiron 0.033 0.16 4.9

GCL pearlitic 0.030 0.28 9.3

GCL pearlitic/Ni ~ 0.039 0.26 6.6

GCG/Ni 0.052 0.35 6.7

Grey castiron, GC  0.035 0.35 10.0

St 37 (1.0037) 0.061 0.25 4.1

Table 31:  Corrosion rates of cast iron in seawater after 220 days [90]

Cast iron with lamellar graphite shows a typical form of selective corrosion — gra-
phitising (spongious), caused by the heterogeneous structure, whereby only the fer-
rite and pearlite are corroded. The external form structural element is maintained
with a reduced loadbearing capacity, since corrosion products in combination with
graphite, cementite and phosphide eutecticum remain behind. This form of corro-
sion occurs at locations at which the casting crust or a coating have been damaged
or removed and is observed in particular in lower-oxygen waters, e.g. brackish water.

Cast iron pipelines have in some cases lasted for decades transporting seawater or
salt solutions [91, 92].

High-alloy cast iron

Nickel-alloyed cast iron with content levels of 1-3% nickel is often used in pump
casings, water chambers and other castings used in contact with seawater. The addi-
tion of nickel increases the strength and reduces the porosity of the casting, but has
practically no influence on the corrosion resistance in seawater.

The austenitic cast iron alloys with 13-35% nickel and 1-5% chromium, also
known under the commercial name Ni-Resist® [93], show, due to their austenitic
structure, much better corrosion behaviour in stagnant and flowing seawater than
unalloyed castings. The corrosion resistance increases markedly with increasing
chromium content. The carbon may be present either as graphite in lamellar form
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or as spherical graphite within the structure. The spherical graphite types generally
show higher strength levels and much better elongation values than comparable
types with lamellar graphite. Table 32 lists corrosion values for general corrosion
and pitting corrosion in the materials GGL-NiCr 20 2 (A 436, DIN-Mat. No. 0.6660,
Ni-Resist® type 2, ASTM A436 [94]) with 2.5% C, 2.3% Si, 1.2% Mn, 22.8% Ni and
2.0% Cr at different flow rates in aerated and non-aerated synthetic seawater [95].

Flow rate Aerated Non-aerated

m/s Surface corrosion  Pitting corrosion  Surface corrosion  Pitting corrosion
mmfa(mpy)  mmfa(mpy)  mmja(mpy)  mmfa (mpy)

0 0.043 (1.69) 2.6 (102) 0.022 (0.87) 0.7 (27.6)

1.1 0.127 (5.00) 9.6 (378) - -

22 0.170 (6.69) 12.35 (486) 0.020 (0.79) 0.0

3.3 0.220 (8.66) 16.06 (632) 0.012 (0.47) -

4.4 0.271 (10.7) 17.96 (707) 0.017 (0.67) -

Table 32: Corrosion behaviour of Ni-Resist® (0.6660) at room temperature in synthetic seawater
as per ASTM D1141 (1998) [7] with pH 8.2 [95]

In aerated seawater, the rates of surface corrosion and pitting corrosion both
increase with the flow rate, whereas they remain very low in non-aerated seawater,
regardless of the flow rate.

Some austenitic cast iron types may show a level of sensitivity to stress corrosion
cracking in seawater and salt solutions at higher temperatures [96]. At high nickel
contents of around 35%, pitting corrosion increases [97].

The austenitic nickel cast iron types are frequently used in pumps, valves and
pipelines for transport of seawater or concentrated salt solutions in the process of
seawater desalination [98].

The corrosion rates collected in Table 32 are taken from the various different
areas of application [91, 93].

Conditions Corrosion rate, mm/a (mpy)
Seawater, immersion zone 0.043-0.053 (1.7-2.1)
Seawater, 38-42 m/s 1.000-1.750 (39.4-68.9)
Seawater, 1.8 m/s, 316 K (43°C) 0.225 (8.9)

Seawater, 1.5 m/s, 355 K (82°C), deaerated 0.275 (10.8)

Seawater, 1.5 m/s, 363 K (90 °C), deaerated 0.175 (6.9)

Seawater, 1.5 m/s, 372 K (99 °C), deaerated 0.150 (5.91)

Table 33: Corrosion rates for austenitic nickel cast alloys in seawater and salt solutions [91, 93]
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Table 33: Continued

Conditions Corrosion rate, mm/a (mpy)
Salt solution, ¢(CI") = 300 g/1, pH 6, 283 K (10°C) 0.050-0.058 (2.0-2.3)
Boiling 20% NacCl solution 0.004-0.008 (0.2-0.3)
Seawater desalination, 326 to 369 K (53 °C to 96 °C) 0.038-0.076 (1.5-3.0)

Table 33: Corrosion rates for austenitic nickel cast alloys in seawater and salt solutions [97, 93]

The silicon cast alloys with content levels of about 15% silicon show good resis-
tance in seawater. Their corrosion rates are around 0.05-0.01 mm/a (2.0-0.4 mpy).
They are also used as anodes for cathodic corrosion protection with external current
with a material consumption level of 0.4-0.9 (kg/A a).

Ferritic chromium steels with < 13% Cr

The influence of the alloying elements — of chromium as well — up to a total level of
about 5% is described in detail in Section “Unalloyed and low-alloyed steels/cast
steel”. Steels with alloy contents at this level must be protected against corrosion
just like unalloyed steels in the splash zone and tidal zone. Despite the much lower
corrosion rate in the atmosphere in these materials, the use of weather-resistant
steels without corrosion protection cannot be recommended in sea air either.

The steel X10CrAl7 (1.4713) with about 7% Cr shows, under exposure in the
immersion zone and in the tidal zone, pronounced rusting, shallow pit corrosion
and crevice corrosion under bolt washers. The cathodic protection effect of iron or
zinc anodes is also unsatisfactory [99].

The high-strength steels of the American HY series with alloying contents of 2.5
5% Ni and 0.5-11.5% Cr, which are used for the pressure-bearing hulls of submar-
ines and other diving devices due to their high strengths, can only be used in sea-
water in connection with the normal corrosion protection methods.

The corrosion resistance of stainless steels with much less than 17% chromium
is insufficient to maintain an acceptable surface quality when exposed openly to the
weather in marine atmosphere or in seawater over the longer term. These materials
are, however, much more resistant to corrosion than the unalloyed and low-alloyed
steels. They are used in atmospheric exposure when there is an emphasis on

e service life
e safety and
¢ low maintenance requirements

and no particular requirements apply as to appearance. For this reason, ferritic
steels such as 1.4003 (E-4, X2CrNil12), 1.4512 (UNS S40900, X2CrTi12) and 1.4589
(UNS S42035, X5CrNiMoTi15-2) with chromium contents between 10 and 15% are
becoming increasingly important in the construction of containers, wagons and
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vehicles as well as in the construction of industrial facilities and environmental engi-
neering. In a marine climate and in the splash zone, the corrosion levels are much
higher than at inland locations due to the splash water and chloridic aerosols. It is
true that here as well, after year-long exposure tests of the steels 1.4003 and 1.4512,
no surface corrosion was observed. Surface corrosion tended to take the form of pit-
ting corrosion with an average depth and diameter of < 0.3 mm. In crevices under
plastic washers, however, pronounced crevice corrosion with depths > 1 mm
occurred.

The ferritic steels with approx. 10-15% Cr can be considered as alternative con-
struction materials to the low-alloyed steels for atmospheric corrosion loads under
the following conditions:

¢ Requirement for a very high level of resistance to corrosion-related hull thick-
ness reduction.

¢ The optical appearance is less important and rust spotting or rust coatings
are not a problem. If a blank metal surface is to be maintained, higher-alloyed
stainless steels must be used.

With this requirement profile, these steels can also be considered for applications
in marine atmosphere or industrial atmospheres. The steels 1.4003 (X2CrNil12) and
1.4512 (X2CrTil2) are not likely to show any corrosion-related cross-sectional reduc-
tions, even over periods of several decades, with the exception of highly aggressive
conditions. Crevice corrosion can be expected under heavy chloride exposure and in
the presence of crevices. Such critical conditions do not result from seawater expo-
sure only, but are also seen inland due to deicing salt, etc. The ferritic chromium
steels are not, by the way, formulated with crevice corrosion resistance in mind
[100].

Ferritic chromium steels with >13% Cr

Steels containing more than 13% chromium are passive under normal conditions in
seawater, so that a reduction of hull thickness due to uniform surface corrosion is
negligible for all practical purposes, but they are at risk for pitting and crevice corro-
sion at low chromium and molybdenum content levels. Reliable protection against
these corrosion types can only be achieved with the austenitic or ferritic-austenitic
duplex steels with high content levels of chromium (20-30%) and molybdenum (5-
7%) i.e. by materials with a high pitting resistance equivalent.

This does not mean the stainless steels with lower alloying contents are generally
unsuitable for use in seawater. The corrosion conditions may differ widely depend-
ing on the particular application. Cathodic protection of the high-alloy steel is also
often provided in composite structures by contact with structural elements made of
unalloyed steel. This is one of the reasons why in many cases relatively low-alloyed
stainless steels have proven effective in seawater. If necessary, these steels should be
integrated in the cathodic protection system. In cases in which the lower-alloyed
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standard stainless steels are used for reasons of availability or cost, these steels
should in any case be integrated in the cathodic protection system.

The use of the term “stainless steels” refers according to DIN EN 10088-1 [101] to
steels with alloying contents of at least 10.5% chromium and a maximum of 1.2%
carbon, whereby the corrosion resistance of these steels is of primary importance.

Stainless, high-alloyed steels have a passive surface state in seawater as in nearly
all neutral or low-acidic electrolyte solutions. To achieve this passive state, steels
require a chromium content of at least 12%. Passive materials show practically no
surface corrosion, but if the passivation layer is subjected to a constant local distur-
bance they may suffer from local corrosion.

Since the low surface corrosion level in all passive materials is normally not pro-
blematic in practice, listing corrosion rates for these materials makes little sense. In
the case of pitting corrosion the values are misleading anyway, since the corrosion
rates are normally calculated from mass loss figures.

Pitting corrosion only occurs in high-alloyed steels when the critical potential for
pitting corrosion (pitting potential) is exceeded. In moving and aerated seawater at
normal outdoor temperatures, the free corrosion potential of stainless steels is in
the range Uy = 0.4 V to 0.5 V. Steels with pitting potentials above Uy = 0.5 V should
therefore be resistant to pitting corrosion in seawater.

Pure chromium steels with about 11-18% Cr do not reach these values for pitting
potential and are therefore not suited to a seawater stress load due to pronounced
local corrosion, as shown by tests of the steels X2CrTi12 (SAE 409, 1.4512), X12Cr13
(SAE 410, 1.4006) and X6Cr17 (SAE 430, 1.4016). Even with small additions of other
alloying elements, e.g. 2% molybdenum in the steel X2CrMoTil8-2 (SAE 444,
1.4521), pitting and crevice corrosion cannot be eliminated. The chromium steels
with low chromium contents of 12-13% cannot be exposed to seawater due to this
sensitivity to pitting and crevice corrosion without cathodic protection. Whereas the
steel X2CrTil12 can be protected both by contact with iron and zinc anodes, this is
only possible with zinc anodes for the steel X10CrAl13 (DIN-Mat. No. 1.4724) [99].
Crevice corrosion was found on the steel X3CrTil7 (SAE 430 Ti, 1.4510) after only
3 months in natural seawater, regardless of surface treatment [102].

As in all high-alloyed stainless steels, the ferritic steels are also subjected to a heat
treatment to give them the most effective possible corrosion resistance. In particular,
the idea is to eliminate precipitations of carbides or intermetallic phases that have
developed in the course of forming. These are either not themselves corrosion-resis-
tant or surrounded by areas with low alloying element content levels and therefore
less resistant. So, the influence of precipitations was observed in a welded sample
made of X6Cr17 (SAE 430, 1.4016) that had been exposed without post-heating and
was corroded in particular where martensite had been produced at the grain bound-
ary due to the welding heat [99].

Tests of ferritic CrMo steels show that pitting corrosion is suppressed in seawater
and crevice corrosion can be reduced to low levels or long incubation periods at
chromium contents of 25% and molybdenum contents of at least 3% [103, 104].

For instance, high-alloyed steels with 28% Cr + 4% Mo, 29% Cr + 4% Mo and
28% Mo + 4% Mo + 2% Ni after exposure of 9 months in natural seawater showed
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absolutely no pitting or crevice corrosion under either flowing or stagnant condi-
tions [105, 106].

Ferritic steels with 29% Cr + 4% Mo and 29% Cr + 4% Mo + 2% Ni have been
developed for seawater exposure [107]. Their composition can be optimised by re-
ducing carbon and nitrogen contents using modern steelmaking processes and add-
ing stabilising elements [104].

In the ferritic chromium steels, the resistance to pitting and crevice corrosion
depends on the pitting resistance equivalent PRE = % Cr + 3.3 x % Mo. Steels with
a pitting resistance equivalent of 32 are sufficiently resistant in seawater under nor-
mal conditions. Under critical conditions for crevice corrosion, materials with a pit-
ting resistance equivalent of 35 are required [99].

Crevice corrosion also develops under deposits or fouling, e.g. under the basalt
plates of barnacles. The microbiological slime often observed on the surface of stain-
less steels can shift the free corrosion potential in the positive direction so that the
pitting potential of the steels is exceeded [108]. Pipes made of a chromium steel with
26% Cr and 1% Mo failed within a brief period with biological deposits, but
remained resistant in deaerated and sterile seawater in desalination plants [109].

In exposure tests in the tidal and immersion zone of the natural North Sea waters
off Helgoland, the 18% chromium steel X2CrMoTil8-2 (SAE 444, 1.4521) was
attacked by pitting and crevice corrosion despite its molybdenum content. The
superferritic steels X 1 CrMo 26 1 (DIN-Mat. No. 1.4131) and X1CrNiMoNb28-4-2
(25-4-4, 1.4575), on the other hand, remained free of pitting corrosion. Slight crevice
corrosion was observed only in the steel X 1 CrMo 26 1 under washers. In special
crevice corrosion samples, crevice corrosion occurred under washers made of both
PVC and austenitic steel X2CrNiMoN17-13-5 (SAE 317 LMN, 1.4439) [99].

Superferrites with 20% Cr and 3.5% Mo or 5% Mo and with 28% Cr and 2% Mo,
both with max. 0.0050% C and max. 0.0020% N, are resistant to pitting corrosion at
room temperature in 3% NaCl solution. The critical pitting potential is shifted with
increasing Mo content to higher temperatures. The addition of nickel has no influ-
ence on the pitting resistance equivalent of the steels, although it improves their
crevice corrosion behaviour appreciably. Even under the following conditions, no
crevice corrosion was found in the nickel-alloyed steel types:

¢ heat exchanger pipes with circulating seawater at 2 m/s—4 m/s and seawater
brine with 10% salt content at temperatures of 398 and 403 K (125°C and
130°C)

¢ 3% NaCl solution at 353 K (80 °C), 2-year test period

¢ 15% NaCl solution at 333 K (60°C), aerated and non-aerated, test period
1.5 years

In stress corrosion cracking tests with U-bend samples in boiling synthetic seawa-
ter, the nickel-free steels also remained free of stress corrosion cracking after a test
period of 1,200 h, but they did show pronounced shallow pit and crevice corrosion.
Nickeliferous samples were also resistant to stress corrosion cracking, and also
showed no signs of local corrosion under these conditions [110].
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The for the most part precipitation-free superferrite X1CrNiMoNb28-4-2 (25-4-4,
1.4575) with a nominal composition as in Table 34 and a pitting resistance equiva-
lent of 33, also proves highly resistant to pitting corrosion [111].

% C % Cr % Ni % Mo % N % Nb

<0.020 27.0-29.0 3.0-3.5 1.8-2.5 <0.030 212x(C+N)

Table 34: Chemical composition of superferrite X1CrNiMoNb28-4-2 (25-4-4, 1.4575)

Figure 35 shows the dependence of pitting potentials on the temperature in aera-
ted 3% NaCl solution for the superferrite X1CrNiMoNb28-4-2 (DIN-Mat. No.
1.4575) and for a number of austenitic steels (X2CrNiMoN17-13-5, DIN-Mat. No.
1.4439; X2CrNiMo18-15-4, DIN-Mat. No. 1.4438 and X6CrNiMoTil7-12-2, DIN-Mat.
No. 1.4571).
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Figure 35: Pitting potentials of the superferrites X1CrNiMoNb28-4-2 (DIN-Mat. No. 1.4575) and

standard austenites 1.4439, 1.4438 and 1.4571 in 3% NaCl solution as dependent on the tempera-
ture [111]

For exposure to saltwater and in seawater-cooled heat exchangers and condensers,
the superferritic steels Monit® and Sea-Cure® have proved useful, in which the
alloying elements are balanced so that good corrosion resistance and processability
result without precipitation of critical chromium or molybdenum phases [112-114].
The chemical composition of the two materials is listed in Table 35.
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% C % Cr % Ni % Mo % Ti % N
Monit® 25.0 4.0 4.0 0.40 <0.025
Sea—Cure®  <0.025 25.0-28.0 1.0-3.5 3.0-4.0 0.2-1.0

Table 35:  Chemical composition of Monit® and Sea-Cure® [112, 113]

The materials Monit® and Sea-Cure® are characterised by good resistance to pit-
ting, crevice and stress corrosion cracking in seawater. The critical pitting corrosion
temperature in the FeCl; test is 328 K (55°C) and the critical crevice corrosion
temperature is 318 K (45°C). In Table 36, the pitting potentials of the two
superferrites and the austenitic steels 1.4539 (SAE 904 L, X1NiCrMoCu25-20-5) and
X3CrNiMo17-13-3 (SAE 316, 1.4436) measured in 5% NaCl solution are presented.

As ferritic steels, the materials Monit® and Sea-Cure® are highly resistant to
stress corrosion cracking and remain free of cracking in the test in 40% CacCl, solu-
tion at 373 K (100°C) and under a load of up to 90% of yield point, even after
5,000 h. Also, in the test for stress corrosion cracking sensitivity in a solution con-
taining H,S acc. to NACE Standard TM-01-77, the samples withstand a stress load
at yield point level without cracking after the standard test period of 720 h.

Temperature Pitting potential Uy, V
k() . ® ® ) ;
Monit Sea-Cure X1NiCrMoCu25-20-5 X3CrNiMo17-13-3
1.4539 1.4436
333 (60) 1.19 1.10 0.74 0.37
353 (80) 0.92 0.53 0.28

Table 36: Pitting potentials in 5% NaCl solution at 333 and 353 K (60°C and 80°C) [112, 113]

A special form of crevice corrosion was observed in crevices between superferrite
and austenitic standard steels in condenser pipes. Corrosion products, which lower
the pH levels in the crevice, cause depassivation and increased corrosion on the fer-
ritic steel. This form of corrosion, also known as dissimilar metal crevice (DMC)
corrosion, does not occur with the combination of superferrites and superaustenites
[115].

In a superferritic steel (ELI steel) with the composition 0.022% C, 24.9% Cr,
3.63% Ni, 3.52% Mo and 0.50% Ti a critical pitting corrosion temperature of over
333 K (60°C) was determined in a seawater-like chloride sulphate solution. A chlo-
rine addition to the solution shifts the corrosion potential in the positive direction,
reducing the pitting resistance equivalent in the critical temperature range [116].

In martensitic steels the main objective of heat treatment is to set the strength of
the material at a certain level, adjustable by selection of the annealing or tempering
temperature. Tests of steel showed similar results in DIN-Mat. No. 1.4006
(X12Cr13) and DIN-Mat. No. 1.4542 (SAE 630, X5CrNiCuNb16-4) with an annealing
temperature of 723 to 923 K (450°C to 650 °C), whereby exposure in the seawater
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resulted in stress corrosion cracking independent of load at annealing temperatures
under 823 K (550°C). In other exposure tests as well, stress corrosion cracking was
found in steel DIN-Mat. No. 1.4532 (SAE 632, X8CrNiMoAl15-7-2) after tempering
at 783 K (510°C), even without an external stress load, but not after tempering at
838 K (565 °C).

The martensitic tempering steel X4CrNiMo16-5-1 (DIN-Mat. No. 1.4418) has
proved resistant to stress corrosion cracking in stress corrosion cracking tests in sea-
water up to 333 K (60°C) and stress loads of up to 90% of the 0.2% yield point, but
did show pitting corrosion [117].

Hydrogen-induced stress corrosion cracking

Since martensitic steels are usually sufficiently seawater-resistant with only cathodic
protection, it is possible that the hydrogen produced at the steel surface could initi-
ate stress corrosion cracking. Tests in synthetic seawater with predefined potential
demonstrated that the higher strength class of the same steel in each case was more
sensitive than the lower-rated material and that the tempering steels brought up to
very high strength levels are even more susceptible in this state. In the four temper-
ing steels, the low strength class is equivalent to the standard strength listed in
DIN EN 10088-3 [118] / SEW 400 [119]. It can be concluded based on this study that
under conditions of free corrosion, that is without cathodic protection, stress corro-
sion cracking is not to be expected as long as the annealing temperatures for the
lower strength class are above 823 K (550 °C) [120].

[121] also reports on problems of hydrogen-induced stress corrosion cracking and
crevice corrosion in seawater condensers made of ferritic steels with 29% Cr in
operation since 1980.

A variety of tests in synthetic seawater and natural seawater demonstrated that
the heat-treatable steels 1.4122 (X39CrMo17-1), 1.4313 (UNS S41500, X3CrNiMo13-
4), 1.4532 (UNS S15700, X8CrNiMoAl15-7-2), 1.4057 (UNS S43100, X17CrNi16-2),
1.4418 (X4CrNiMo16-5-1), 1.4542 (UNS S17400, X5CrNiCuNb16-4) are brought to a
potential of Uy =—-0.35 V by contact with unalloyed steel, effectively protecting them
against pitting and crevice corrosion. It must be remembered within the framework
of the cathodic protection these steels must have in seawater, that lower protective
potentials may lead to hydrogen-induced stress corrosion cracking. This can already
occur at the potential of Uy = —0.65 V arrived at with cathodic protection using zinc
anodes [122-125].
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High-alloy multiphase steels
Ferritic/pearlitic-martensitic steels

Ferritic-austenitic steels/duplex steels

The martensitic steels are normally chromium steels with 12-18% Cr, carbon con-
tents of 0.1-1.2% and in some cases alloyed with molybdenum (up to 1.5%) or ni-
ckel (up to 3%). A subgroup is formed by steels with only about 0.05% C and a high-
er nickel content (4-5%), the soft or nickel martensitic steels. The mechanical prop-
erties of martensitic steels can be changed within a broad range by heat treatment
(hardening or tempering) depending on the carbon content. Martensitic steels also
include hardenable steel with about 0.04% C, 16% Cr, 4% Ni, 4% Cu.

Carbon content is of indirect consequence in martensitic steels only. Due to the
formation of carbides, the entire amount of chromium and molybdenum in the
material is not available for corrosion resistance. For this reason, the pitting resis-
tance equivalent is misleading for martensitic steels. This disadvantage of the classic
tempering steels with about 0.2-0.4% C can be compensated by nickel-martensitic
or martensite-hardening steels with carbon contents of only about 0.02-0.05% C.
The superiority of low-carbon steels DIN-Mat. No. 1.4418 (X4CrNiMo16-5-1) and
DIN-Mat. No. 1.4542 (UNS S17400, X5CrNiCuNb16-4) in comparison to the high-
carbon steels DIN-Mat. No. 1.4057 (UNS $43100, X17CrNil16-2) and DIN-Mat. No.
1.4122 (X39CrMo17-1) is demonstrated by the fact that exposure in the immersion
zone off Helgoland caused crevice corrosion in all four steels, but that more pro-
nounced crevice corrosion as well as pitting were observed in the steels DIN-Mat.
No. 1.4057 and DIN-Mat. No. 1.4122.

Tests of tempered martensitic-ferritic Cr steels show that narrow, sharp notches
or cracks result in corrosion fatigue. Damage to propeller vanes made of these steels
is frequently caused by corrosion fatigue, so that careful inspection for flaws is abso-
lutely necessary after production [126].

The austenitic-ferritic steels, because of their two structural components also
known as duplex steels, are chromium-nickel steels with chromium contents of
about 21%-27%, and nickel contents of 4%-5%. They are usually made with about
3% molybdenum, nitrogen additions and a carbon content of < 0.03%. They reach
the category of temperable martensitic steels with values for the 0.2% yield point of
> 450 N/mm? and are thus clearly above the austenitic steels. Worth mentioning are
the good viscosity parameter values and the favourable fatigue strength properties of
these steels, even in corrosive mediums.

For applications in seawater, the main steels used are X2CrNiMoN22-5-3 (2205,
1.4462), X3CrNiMoN27-5-2 (SAE 329, 1.4460) and the cast material GX8CrNiN26-7
(1.4347) [23]. The chemical compositions and the mechanical properties of these
steels are in DIN EN 10088-1 to -3 [101, 127] and, for the cast material, in SEW 410
[128]. The content of alloying elements is formulated in duplex steels so that the two
structural components — the ferrite and austenite phases, are present in the struc-
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ture in a balanced ratio (usually 1:1) and the chromium content in the austenite is
generally not below 17 mass%.

Superduplex steels have been developed with further improved corrosion proper-
ties. These contain about 25% Cr, 7% Ni, 3.5% Mo as well as nitrogen and, in some
cases, other additives. By addition of nitrogen, both the mechanical properties —
especially the viscosity — and the pitting resistance are equally improved. Figure 36
makes it clear that higher nitrogen contents in an austenitic-ferritic steel clearly
raise the pitting potential with about 25% Cr, 5% Ni, 2.4% Mo and 3% Cu [129].
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Figure 36: Influence of nitrogen on the pitting potentials of austenitic-ferritic steels in 3% NaCl
solution at 303 K (30°C) [129]

In the iron(III) chloride test, these nitrogen-alloyed steels show higher values for
the critical pitting and crevice corrosion temperatures than comparably alloyed
nitrogen-free steels [130].

For the austenitic-ferritic steels, the nitrogen content is therefore also taken into
account when calculating the pitting resistance equivalent acc. to

PRE = mass% Cr + 3.3 x mass% Mo + 16 x mass% N.

It must be remembered that the nitrogen component raises resistance to pitting
corrosion, but that compared to steels with comparable content levels of chromium
and molybdenum it is unable to compensate lower chromium or molybdenum com-
ponents.

The ferritic-austenitic steels are passive in seawater due to their high chromium
content and do not suffer from general corrosion. Their resistance to pitting and
crevice corrosion is raised by the molybdenum and nitrogen components. The
duplex steels have therefore proved their worth well in a wide range of marine engi-
neering applications [131-134].
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The types additionally alloyed with 1.5-2% copper are preferred in particular as
casting alloys for pumps and propellers, also in contaminated brackish water [135
-137).

The precipitation-hardened variants (PH steels) are used in seawater in cases in
which higher strengths are required. Due to their much lower corrosion resistance
levels, they require cathodic protection. It must be remembered that at potentials
more negative than Uy =-0.85 V these steels must be expected to show stress corro-
sion cracking [114, 138, 139].

Under test conditions corresponding to those in a thermal seawater desalination
plant with 3.5-10% salt content; pH 6.5-7; max. 401 K (128°C) and a flow rate of
4 m/s, the ferritic-austenitic steel X 2CrNiMoSi 19 5 has not proved useful [140].

On tests of the influence of chlorination on pitting and crevice corrosion beha-
viour of steels of similar composition, one with a ferritic structure (UNS S44635,
commercial name 25-4-4, cf. 1.4575, X1CrNiMoNb28-4-2, raised Mo content) and
one with a ferritic-austenitic structure (UNS S31803; cf. 1.4462, X2CrNiMoN22-5-3)
in aerated North Sea water at raised temperatures, see report in [141]. The samples
made of 25% Cr alloyed ferritic steel S44635 were found to have pitting corrosion in
the welding seam of autogenically welded samples only, under conditions of contin-
uous chlorination which were due to precipitations. Crevice corrosion did not occur
in this steel. The samples made of 22% Cr alloyed duplex steel S31803 showed pro-
nounced crevice corrosion under continuous chlorination. In welding seams, pitting
corrosion was also observed with intermittent chlorination.

Due to their structure, the austenitic-ferritic steels, e.g. DIN-Mat. No. 1.4462
(X2CrNiMoN22-5-3), show a high level of resistance to stress corrosion cracking in
seawater at higher temperatures.

The higher-strength martensitic steels are at risk for stress corrosion cracking in
seawater. The stress corrosion cracking can be prevented by means of cathodic corro-
sion protection, but the protective potential must be limited to about Uy =-0.5V,
since otherwise hydrogen-induced stress corrosion cracking may occur.

Due to their high content levels of alloying elements, the superduplex steels are
susceptible to precipitation of ¢ phase when briefly heated to high temperatures
(900 to 1200 K (627 °C to 927 °C)). This has a negative effect on the corrosion resis-
tance [142].

Austenitic CrNi steels

DIN 50930-4 [143] recommends, for the purpose of determining the corrosion prob-
ability of stainless steels exposed to corrosion loads in water, the use of steels with a
raised molybdenum content at a chloride ion content of the water exceeding about
200 mg/1 [143]. This would, in principle, exclude the molybdenum-free CrNi steels
from applications in seawater.

Practical experience and exposure tests covering periods of several years have
demonstrated that, in the immersion zone under fouling, stainless austenitic stan-
dard steels with approx. 18% Cr, 9-16% Ni and up to 3% Mo may develop both
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crevice and pitting corrosion. With increasing molybdenum content, the scope of
pitting and crevice corrosion is decreased considerably, but crevice corrosion was
still clearly seen under washers of bolted connections in a material containing 2.3%
Mo. Steels showing no pitting and crevice corrosion, or only under particularly criti-
cal conditions, were those with 4.5% Mo [144-147].

The behaviour of austenitic steels in seawater demonstrates that only steels with a
pitting resistance equivalent (% Cr + 3.3 x % Mo) > 32 can be considered suitable
for use in seawater. For steels with a lower pitting resistance equivalent, cathodic
corrosion protection is an alternative. The protective potentials for molybdenum-
free austenitic steels are about equivalent to the normal hydrogen potential, and the
molybdeniferous standard steels with about 2.3% Mo are sufficiently protected at
about the potential of copper [145]. The required protection current densities are low
and a protective effect is maintained even if the cathodic protection fails occasion-
ally. Since martensitic steels, tempered for high strength, react sensitively to hydro-
gen uptake, the protective potential for these materials should not lie farther into
the potential range than Uy = —0.35 V. In composite constructions with unalloyed
steel, however, a protective potential of Uy= —0.85 V should be used. An attempt
must be made to reduce the risk of hydrogen absorption by means of suitable distri-
bution of the anodes. In austenitic steels, on the other hand, it is not necessary to
limit the protective potential. In case of crevice corrosion, the effectiveness of ca-
thodic corrosion protection is limited, depending on the crevice geometry.

In the tidal zone, and especially in the splash zone, corrosion on stainless steels is
considerably less pronounced than in the immersion zone. Molybdeniferous stan-
dard steels can certainly be used here. Occasionally observed slight pitting or crevice
corrosion will normally not affect the functionality of the structural element.

Table 37 lists the most common austenitic CrNi steels used in marine environ-
ments together with their pitting resistance equivalent.

DIN-Mat. No. Abbreviated designation SAE/UNS  Pitting resistance equivalent
1.4310 X10CrNi18-8 SAE 301 16
1.4301 X5CrNil8-10 SAE 304 17
1.3940 GX2CrNiN18-13 17
1.3955 GX12CrNi18-11 17
1.4311 X2CrNiN18-10 SAE 304 LN 17
1.4541 X6CrNiTi18-10 SAE 321 17
1.4550 X6CrNiNDb18-10 SAE 347 17
1.4306 X2CrNil19-11 SAE 304 L 18
1.4308 GX5CrNi19-10 SAE 304 H 20
1.4552 GX5CrNiNb19-11 UNS J92710 20

Table 37:  Austenitic CrNi steels for maritime applications



Austenitic CrNiMo(N) steels

The free corrosion potentials of these molybdenum-free CrNi steels in natural
and aerated seawater are within the range Uy = 0.2 V to 0.4 V. These steels are suffi-
ciently passive to avoid serious general corrosion, but they must be integrated in the
structural corrosion protection measures due to their sensitivity to pitting and cre-
vice corrosion. This is often realised automatically since the steels have electrically
conductive connections to low-alloyed steels or other less noble materials.

Parts made of the steel SAE 304 (X5CrNi18-10, DIN-Mat. No. 1.4301) were dam-
aged by crevice corrosion after less than 6 months, whereas bolts made of the same
material used as fasteners for unalloyed steel or aluminium were not damaged
[114]. In condenser pipes cooled with seawater, the steels of the SAE 304 series failed
after brief exposure due to massive pitting and crevice corrosion. [148]. The material
also reacts to addition of chlorine to prevent fouling with an increased susceptibility
to pitting corrosion [149].

Austenitic CrNiMo(N) steels
The CrNiMo steels with higher molybdenum contents are the stainless steels most

commonly used in maritime engineering applications. Table 38 shows the most impor-
tant of these steels, arranged in the order of their pitting resistance equivalent.

DIN-Mat. No.  Abbreviated designation SAE/UNS  Pitting resistance equivalent
1.4401 X5CrNiMo17-12-2 cf. SAE 316 23
1.4404 X2CrNiMo17-12-2 cf. SAE316 L 23
1.4406 X2CrNiMoN17-11-2 cf. SAE 316 LN 23
1.4429 X2CrNiMoN17-13-3 cf. SAE 316 LN 25
1.4435 X2CrNiMo18-14-3 cf. SAE316 L 25
1.4436 X3CrNiMo17-13-3 cf. SAE 316 25
1.4571 X6CrNiMoTil7-12-2 SAE 316 Ti 24
1.4580 X6CrNiMoNb17-12-2 SAE 316 Cb 23
1.4581 GX5CrNiMoNDb19-11-2 25
1.3951 G-X 4 CrNiMoN 22 15 26
1.3952 X2CrNiMoN18-14-3 25
1.4438 X2CrNiMo18-15-4 SAE 317 L 27
1.4439 X2CrNiMoN17-13-5 SAE 317 LMN 33
1.4463 GX6CrNiMo24-8-2 30

Table 38: Austenitic CrNiMo(N) steels for maritime applications
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Table 38: Continued

DIN-Mat. No.  Abbreviated designation SAE/UNS  Pitting resistance equivalent
1.4465 X1CrNiMoN25-25-2 SAE 310 MoLN 31
1.3964 X2CrNiMnMoNNbL21-16-5-3 NITRONIC 50 36
1.4565 X2CrNiMnMoNDbN25-18-5-4  UNS S34565 42
1.3914 X2CrNiMnMoNNb21-15-7-3 40
1.3974 X2CrNiMnMoNND23-17-6-3 40

Table 38: Austenitic CrNiMo(N) steels for maritime applications

These steels are passive in seawater and show practically no surface corrosion.
The pitting corrosion behaviour of steels with molybdenum contents of 2-3% is also
much better than in the molybdenum-free austenitic steels. Whereas pitting rates in
the range of 0.65-1.58 mm/a (25.6-62.2 mpy) were measured in the molybdenum-
free steel SAE 304 (X5CrNil18-10) in slowly flowing seawater, the value for the steel
SAE 316 with approx. 2.5% Mo (X5CrNiMo17-12-2) is 0.03-0.34 mm/a (1.18-
13.4 mpy) [150)].

The pitting depths listed in Table 39 show that pitting corrosion with pronounced
fouling in the tidal zone can be worse than in the immersion zone and that stagnant
conditions can constitute a much more critical situation than flowing seawater
[151].

Following the chlorination of natural seawater with a flow rate of 1.5 m/s by
means of addition of sodium hypochlorite it was observed that, at a residual content
of 0.1-0.2 ppm chlorine, the colonisation of microorganisms on the steel surface
and the reduction of oxygen by aerobic bacteria were controllable. The initialisation
of local corrosion sites on high-alloyed steels (similar to DIN-Mat. No. 1.4436) was
minimised and the corrosion rates were reduced compared to untreated water by
two orders of magnitude [152]. Corrosion damage resulting from sulphate-reducing
bacteria on heat exchanger parts made of 1.4539 (SAE 904 L) was also prevented by
means of chlorination [153].

With increasing molybdenum content, the resistance of these steels to pitting cor-
rosion increases, both as to the number and the depth of pitting corrosion sites. The
sensitivity to crevice corrosion is also reduced with increasing molybdenum content.
A minimum content of 4% Mo is considered necessary to reach a sufficient pitting
resistance equivalent. To prevent crevice corrosion reliably, on the other hand, 6%
Mo is necessary [104, 114, 154].
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Steel Test duration Test conditions Pitting corrosion depth,
mm
greatest mean
SAE 304 1 year immersion zone 0.99 0.20
(1.4301, X5CrNi18-10)
3 years 3.2 (perforated)
1 year tidal zone 0.86 0.64
SAE 316 pronounced fouling
(1.4401, X5CrNiMo17-12-2)
3 years 1.51
SAE 316 60d 8.22m/s < 0.025 mmy/a (< 0.98 mpy)
30d 43.20 m/s 0.005 mmy/a (0.2 mpy)

Table 39: Pitting corrosion behaviour of austenitic steels in seawater [151]

Long-term studies of condenser pipes made of the austenitic steels (DIN-Mat. No.
1.4438, X2CrNiMo18-5-4, 1.4439, X2CrNiMoN17-13-5 and 1.4558, X2NiCrAlITi32-
20) under quasi-industrial conditions of thermal seawater desalination confirm that
the pitting resistance equivalent of these steels increases with increasing molybde-
num content, but also that a content level of 4.16% Mo was not sufficient to prevent
pitting corrosion under the test conditions. In this test in brine 3.5-10% salt con-
tent, a pH level of 6.5-7 and a temperature of max. 401 K (128°C), only the pipes
made of titanium showed complete resistance [140].

The standard steels of the type SAE 316 (DIN-Mat. No. 1.4401, X5CrNiMo17-12-2)
are not suitable for seawater-exposed pipes and fail as a result of pitting and crevice
corrosion [155, 156]. The sensitivity to pitting corrosion of these standard steels can
be further increased by deposits of maritime bacterial films [157]. Despite these
facts, these steels are frequently used as materials for pump parts and have worked
well as such because they are cathodically protected by contact with other parts
made of less noble materials, e.g. pump casing made of cast iron [130]. [158] reports
on tests of the cavitation behaviour of the pump materials GX5CrNiMo19-11-2
(DIN-Mat. No. 1.4408) in 3% NaCl solution.

The current-potential curves in Figure 37 show the breakthrough potentials for
stable pitting corrosion (pitting potentials) of different steels (DIN-Mat. No. 1.3817,
1.4021, 1.4016, 1.4301, 1.4401, 1.4439) in seawater in comparison to redox potential
[22]. Since a material cannot accept a potential higher than the redox potential of the
relevant medium, only those steels with a breakthrough potential that is more posi-
tive than the redox potential are resistant to pitting corrosion.
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Figure 37:  Pitting potential levels for different steels in seawater in comparison to redox potential
(22]

Based on a very good pitting potential of Uy = 1.1-1.2 V, the expected excellent
pitting resistance equivalent of the steel X2CrNiMoN17-13-5 (317 LMN, 1.4439) was
confirmed in every respect in practical application. The material proved resistant to
pitting and crevice corrosion, even in subsurface exposure and in contaminated sea-
water and brackish water [22].

The steel Al-6 X (UNS N08366) with 24% Ni, 20% Cr and 6% Mo is highly resis-
tant to pitting and crevice corrosion in seawater and has been used successfully
since 1974 in marine engineering systems [129].

Besides raising the content levels of chromium and molybdenum, higher nitro-
gen content can also improve a steel’s resistance to pitting corrosion. Nitrogen shifts
the pitting potential in the positive direction and also raises the crevice corrosion
temperature in the iron(III) chloride test acc. to ASTM G48-97 [159]. The nitrogen
content can therefore be taken into account when calculating the pitting resistance
equivalent for steels with higher molybdenum contents. It must be remembered
that the elements Cr, Mo and N can only contribute to improving resistance to local
corrosion if they are in solution in the solid solution. In precipitations, for example
in carbides or portions bound in ¢ phase they will not have this effect. Higher nickel
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and nitrogen percentages reduce the tendency to ¢ phase formation, which is
encouraged by higher Cr and Mo content levels [121].

In tests conducted in NaCl and CaCl, solutions as well, the positive influence of
nitrogen in austenitic CrNi steels containing Mo and Si was confirmed [160]. The
steel X1CrNiMoN25-22-2 (SAE 310 MoLN, 1.4466) with only 2% Mo, but 0.1% N,
also shows a much improved pitting resistance equivalent in seawater in compari-
son to nitrogen-free material [161].

To put higher nitrogen contents in the steel into solution, a higher manganese
content is required. The steel X2CrNiMnMoNbN25-18-5-4 (UNS S34565, 1.4565)
shows excellent resistance to pitting and crevice corrosion in seawater and is used in
seawater treatment or in cooling systems that use seawater. The critical pitting cor-
rosion temperature in the FeCl; test acc. to ASTM G48-97 [159] is 358 to 636 K
(85°C to 90°C) for the non-welded material and 348 K (75 °C) for WIG-welded sam-
ples. The critical crevice corrosion temperature was determined to be 323 K (50 °C)
[162].

The steel X2CrNiMnMoNNb21-15-7-3 (DIN-Mat. No. 1.3914) with approx. 8%
Mn, 3% Mo, 0.4% N and 0.2% Nb is described as a material that is useful in ship-
building [163].

Tests of test alloys based on SAE 316 (DIN-Mat. No. 1.4401, X5CrNiMo17-12-2)
with different content levels of manganese and sulphur showed that, at a given S
content, Mn contents between 0.5 and 1.5% have no influence on corrosion beha-
viour. At Mn contents under 0.5%, the corrosion resistance level rises significantly.
Falling S contents always have a positive effect on corrosion behaviour, regardless of
how much manganese the metal contains. In the high-alloyed steel Al-6 X
(UNS NO08366), corrosion resistance increases at a given sulphur content when the
Mn content is reduced. At Mn contents under 0.1% the corrosion behaviour is
nearly independent of the S content. Additions of nitrogen had no effect on corro-
sion behaviour in these two steel types. The corrosion resistance of the steels
X1NiCrMoCu25-20-5 (SAE 904 L, 1.4539), on the other hand, is clearly improved by
N content levels of 0.2-0.3% [164].

A test alloy based on X4CrNiMoN19-16 with a raised Cr content of 23.42% and a
nitrogen content of 0.41% shows a high pitting resistance equivalent as well as satis-
factory resistance to crevice corrosion in seawater at ambient temperatures [165].

In the steel SAE 316 (1.4401, X5CrNiMo17-12-2) it was observed that in cathodi-
cally protected parts, within the potential range from Uy =0 V to —0.36 V at temper-
atures under 303 K (30°C), the efficiency of the cathodic protection is decisively
reduced by biological activity after a brief period, whereupon the tendency to crevice
corrosion increases accordingly. To sustain the necessary protection current, the
potential must be reduced to about Uy = —0.75 V. At temperatures above 303 K
(30°C), the influence of fouling on cathodic protection is no longer noticeable, but
at this point the crevice corrosion resistance of the material is no longer sufficient
despite the cathodic protection [166].

Concerning threshold temperatures for pitting corrosion in stainless steels as de-
pendent on the pitting resistance equivalent.
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In the austenitic CrNi and CrNiMo steels, chloride-induced stress corrosion crack-
ing may occur at temperatures above about 323 K (50 °C) [167]. With higher contents
of molybdenum, and in particular nickel, the resistance to stress corrosion cracking
is increased. At normal environmental conditions, stress corrosion cracking is there-
fore not to be expected on these steels in seawater [168].

The austenitic CrMn or CrMnNi steels with, for example, approx. 13% Cr, up to
16% Mn or 5% Mn + 5% Ni are interesting materials for shipbuilding due to their
antimagnetic properties and their low price due to the low nickel content. A number
of these steels, e.g. X40MnCr18 (DIN-Mat. No. 1.3817) or X50MnCrN19-5, are how-
ever susceptible to stress corrosion cracking in seawater. Depending on the chro-
mium and carbon content, either transgranular or intergranular stress corrosion
cracking is observed [168]. The chromium-free austenitic manganese steels are not
sensitive to stress corrosion cracking, but they are also no longer passive and must
be protected accordingly in seawater [169].

Austenitic CrNiMoCu(N) steels

Some copper-alloyed austenitic steels are used in marine engineering. At the copper
contents used of up to about 4%, the copper has no inhibitory effect on floral or
faunal fouling. Table 40 lists the most important of these steels with their pitting
resistance equivalent.

DIN-Mat. No. Abbreviated designation UNS  Pitting resistance equivalent
1.4529 X1INiCrMoCuN25-20-7 N08925 44
1.4562 X1NiCrMoCu32-28-7 NO08031 50
1.4563 X1NiCrMoCu31-27-4 N08028 37
1.4566 X3CrNiMnMoCuNbN23-17-5-3 40
1.4539 X1NiCrMoCu25-20-5 N08904 33
1.4536 GX2NiCrMoCuN25-20 J94650 27

Table 40: Austenitic CrNiMoCu(N) steels for maritime applications

Tests of austenitic CrNiMoCu(N) steels (DIN-Mat. No. 1.4547, J93254, 1.4529,
N08925, 1.4539, N08904) and duplex steels with 25% Cr, 5% Ni and 4% Mo (DIN-
Mat. No. 1.4501, S32760) in flowing seawater show that in untreated seawater the
potential increases in the first 10-15 days due to the developing biofilm by about
0.2 V [170-172]. Chlorination with 0.1 ppm prevents the potential increase. Higher
chlorine contents than are required to prevent the biofilm then result once again in
a potential increase. The effect of chlorination can be critical in determining the
potential levels, even at very low content levels, and therefore decisive for the pitting
and crevice corrosion behaviour, depending on whether the biocidal or oxidant effect
predominates [170].
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The steel Sanicro® 28 (DIN-Mat. No. 1.4563, X1NiCrMoCu31-27-4) with 30-34%
Ni, 26-28% Cr, 3—4% Mo and 0.6-1.4% Cu is characterised by good corrosion beha-
viour and a high level of resistance to erosion, even at higher flow rates, and is used
in many different applications in marine engineering [173, 174].

The austenitic Cu-alloyed steel Uranus® B6 (DIN-Mat. No. 1.4539, XINiCr-
MoCu25-20-5) can be used not only in seawater, but also in concentrated salt solu-
tions at higher temperatures, e.g. for heat exchangers, up to 343 K (70°C) [135].

The steel UNS S31254 with 1-1.5% Cu (DIN-Mat. No. 1.4547, X1CrNiMoCuN20-
18-7) has proved completely resistant to local corrosion under the conditions of
reverse osmosis for seawater desalination in high-pressure pipes. Its favourable me-
chanical properties also permit reduced wall thickness of parts in the high-pressure
area as compared to the steel SAE 316, which has not demonstrated sufficient resis-
tance [175].

The steel AVESTA 254 SMO® (DIN-Mat. No. 1.4547, X1CrNiMoCuN20-18-7) has
a nominal composition of max. 0.020% C, 0.5% Mn, 20% Cr, 18% Ni, 6.1% Mo,
0.7% Cu and 0.2% N. With a pitting resistance equivalent of 46, the material can be
expected to show good resistance to local corrosion. The pitting potential in 3%
NaCl solution is Uy = 1.25 V. Table 41 lists the values determined in the FeCl; test
for critical pitting corrosion temperature and critical crevice corrosion temperature
in comparison to other austenitic steels SAE 316 L, SAE 904 L (DIN-Mat. No.
1.4404, 1.4539) [176].

Steel Pitting corrosion temperature, Crevice corrosion temperature,
k() k(=)

SAE 316 L (1.4404) 284 (11) <285 (12)

SAE 904 L (1.4539) 315 (42) 293 (20)

AVESTA 254 SMO® (1.4547) 360 (87) 315 (45)

Table 41: Critical pitting and crevice corrosion temperatures in the FeCl; test of 1.4404, 1.4539
and 1.4547 [176]

These three steels were exposed for 1 year in the immersion zone in the North
Sea 1 m below the surface under the following conditions:

¢ chloride concentration 12.8-17.4 g/l

e oxygen content 6.8-8.3 mg/1
e pH level 8.0-8.3
e temperature 273.50 t0 293 K (0.5 °C to 20°C).

The corrosion depths determined after the test period under washers are listed in
Table 42.
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In a Baltic Sea water test loop with

e chloride concentration 3.6-4.5 g/l

e oxygen content 7.0-8.9 mg/1
e pH level 7.0-7.9

e temperature 333 K (60°C)
e flow rate 0.5 m/s,

the crevice corrosion depths, also listed in Table 42, were determined after one year.

Steel Max. crevice corrosion depth, mm

North Sea, stagnant  Test loop Baltic Sea water, slow current

SAE 316 L (1.4404) 0.20 1.4
SAE 904 L (1.4539) 0.15 0.2
AVESTA 254 SMO® (1.4547) 0 0

Table 42: Crevice corrosion depths after 1 year in 1.4404, 1.4539 and 1.4547 [176]

Figure 38 shows the temperature-dependence of the pitting potentials in 0.5 M
NacCl solution for the austenitic standard steels 1.4306 (SAE 304 L, X2CrNi19-11)
and DIN-Mat. No. 1.4571 (SAE 316 Ti, X6CrNiMoTil7-12-3) in comparison to an
austenitic steel containing Cu with the designation NSCD and compositions as in
Table 43 as well as for the nickel-based alloy Incoloy® 825 (NiCr21Mo, DIN-Mat. No.
2.4858) and alloy AL-6 X (24%Ni, 21%Cr, 6%Mo) [177].

1.4

1.2

o o
o 00 -
T T T

Pitting potential Uy, V

o
>
I

o
(S
T

0 ! ! ! !
0 20 40 60 80 100

Temperature, °C

Figure 38: Pitting potentials in 0.5 M NaCl solution, pH 6.6, as dependent on temperature for
stainless austenitic steels (AL-6 X, 1.4306, 1.4571, NSCD) and the Ni-based alloy Incoloy® 825
(DIN-Mat. No. 2.4858) [177]



%C %Cr %Ni %Mo %Cu

>0.03 17 16

55 =23

Austenitic CrNiMoCu(N) steels

Table 43: Chemical composition of the steel NSCD (mass%) [177]

The stainless standard steels and high-alloyed steels listed in Table 44 were tested
at 323 K (50°C) in natural seawater as well as in aqueous solutions containing
300 ppm, 500 ppm, 1,000 ppm and 5,000 ppm chloride ions [178].

Name DIN-Mat. No. Cr Ni Mo Mn Cu N

Standard austenites

SAE 304 L 1.4306 18-20 8-12 2
X2CrNil19-11

SAE 316 L 1.4404 (1.4435) 16-18 10-14 2-3 2
X2CrNiMo17-12-2

SAE 317 L 1.4438 18-20 11-15 3-4 2
X2CrNiMo18-15-4

SAE 904 L cf. 1.4539 20 25 45 2 1.2
X1NiCrMoCuN25-20-5

Martensites

SAE 410 cf. 1.4006 12
X12Cr13

17-4PH 1.4548 (1.4542) 16.5 4 4.0
X5CrNiCuNb17-4-4

Superaustenites

254 SMO® 1.4547 20 18 6 0.7 0.2
X1CrNiMoCuN20-18-7

654 SMO® cf. 1.4652 24.5 22 7 04 05

1925 HMO 1.4529 20.5 25 6 1 09 0.2
X1NiCrMoCuN25-20-7

3127 HMO cf. 1.4562 27 32 65 15 1.2
X1NiCrMoCu32-28-7

20Cb 3 cf. 2.4660 20 34 2 05
NiCr20CuMo

Remanit® 4565 1.4565 22-25 16-18 4-6 5-7 3.3 0.5
X2CrNiMnMoNDbN25-18-4

Table 44: Nominal alloying content of steels tested (mass%) [178]
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Table 44: Continued

Name DIN-Mat. No. Cr Ni Mo Mn Cu N

Superferrites

Monit® 44635 cf. 1.4575 25 4 4 0.4

Remanit® 4575 1.4575 27-29 3-45 2-3 0.25
X1CrNiMoNb28-4-2

Duplex steel

Duplex 2205 1.4462 22 5.5 3 0.15
X2CrNiMoN22-5-3

Table 44: Nominal alloying content of steels tested (mass%) [178]

With increasing chloride ion content of the solution, the pitting potential Upp of
the steels shifts in the negative direction. Figure 39 lists the pitting potential of the

steels tested in seawater with their pitting resistance equivalents.

12 |
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Figure 39: Dependence of pitting potential Upp on the pitting resistance equivalent in natural sea-

water at 323 K (50°C) [178]
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The linear dependence of pitting potentials on the pitting resistance equivalent
(PRE)

PRE=%Cr+33x% Mo+16x %N

is confirmed. This applies both to the standard austenites and to the higher alloyed
steels, whereby however the rising curves are different for the two groups.

Using special crevice corrosion samples that simulate the conditions of washers,
the crevice corrosion behaviour of the 36 wrought alloys and 9 corresponding cast
alloys made of molybdeniferous stainless steels and nickel-based materials listed in
Table 45 were tested in filtered natural seawater at 303 K (30°C) [179].

Name DIN-Mat. No. Cr Ni Mo Mn Cu N

Austenites with 6-16% Ni

SAE 316 1.4401 (1.4436), X5CrNiMo17-12-2 175 105 24 1.5
SAE 317 L 1.4438, 18-20 11-15 3-4 2
X2CrNiMo18-15-4
SAE 216 20 6 25 8 0.35
Rex 734 21 95 25 38 0.4
SAE 304 LN cf. 1.4439, X2CrNiMoN17-13-5 17 14 4 15 0.15
SAE 317 LM 195 145 4 15
22-13-5 21 14 23 5

Austenites with 17-40% Ni

SAE 904 L cf. 1.4539, XINiCrMoCuN25-20-5 20 25 45 2 15

4X (AL-4X) 20 25 45 15

Jessop® 700 21 25 45 15

254 SLX cf. 1.4539, XINiCrMoCuN25-20-5 20 25 45 15 15
Jessop® 777 21 255 45 15 2

6X (AL-6X) 200 25 65 15

254 SMO® 1.4547, X1CrNiMoCuN20-18-7 20 18 6 08 0.2
20 Mod 22255 5 15

20Cb 3 cf. 2.4660, NiCr20CuMo 20 33 2 05 3

20 Mo 6 24 33 55 05 3

254 SFER 30 22 2 15 0.15

Table 45:  Nominal alloying content of the tested materials [179]
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Table 45: Continued

Name DIN-Mat. No. Cr Ni Mo Mn Cu N
Nickel alloys

Incoloy® 825 2.4858, NiCr21Mo 22 44 3 1.5
Hastelloy® alloy G 2.4618, NiCr22Mo6Cu 22 47 6 15 18
Hastelloy® alloy G-3  2.4623, EL-NiCr23Mo7Cu 23 44 7 1 18
Inconel® 625 2.4856 22 60 9

Hastelloy® C-276 2.4819 16 55 16

Superferrites

Monit® cf. 1.4575 25 4 4 0.4
Sea-Cure® cf. 1.4575, X1CrNiMoNDb28-4-2 25 2 3 0.2
SAE 439 18 1

SAE 444 cf. 1.4521, X2CrMoTi18-2 19 1 2

26-1 26 1

26-1S 25 1

29-4 3 4

29-4C 29 1 4

29-4-2 3 2 4

Duplex steel

Carpenter® 7-Mo cf. 1.4460, X3CrNiMoN27-5-2 27 4 1.5

44LN 25 6 15 0.2
Ferralium® cf. 1.4507, X2CrNiMoCuN25-6-3 26 5.5 3 1 1.8 0.2

Table 45: Nominal alloying content of the tested materials [179]

A relative evaluation of the samples according to the four groups listed in Table
46 resulted after a test duration of 30 days.
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Resistant,
no corrosion sites

Relatively resistant,
up to 7 corrosion sites

Moderately resistant,
up to 20 corrosion sites

Not resistant

625 (2.4856)
C-276 (2.4819)
29-4

29-4C

29-4-2

Monit® (1.4575)
625 cast (2.4856)

4X
254 SMO® (1.4547)
6X

20 Mod

20 Mo 6

254 SFER

G (2.4618)

G-3 (2.4623)
Ferralium® (1.4507)
26-1

26-1S

SC-1

SAE 316 (1.4401)
SAE 216

Rex 734

SAE 317 L (1.4438)
SAE 904 L (1.4539)
]essop® 700
254S1X (1.5439)
Jessop® 777

20 Cb 3 (2.4660)
825 (2.4858)

SAE 329

SAE 439

SAE 304 LN (1.4439)
SAE 317 LM
22-13-5

SAE 444 (1.4521)

Table 46: Relative crevice corrosion resistance of the materials from Table 45 [179]

An equivalent evaluation also resulted from the analysis of exposure tests with
crevice corrosion samples made of the relevant alloys after 90 days in stagnant sea-
water at 303 K (30°C) [180].

[181] reports positive experience with the austenitic 6% Mo steels on platforms in
the North Sea. Damage due to crevice corrosion was only reported in parts exposed
to seawater at temperatures above 323 K (50 °C).

The high-alloyed steels and nickel alloys are seeing increasing use in systems
exposed to seawater. Especially under stagnant conditions and at higher tempera-
tures, these materials were observed to develop pitting as well as crevice and stress
corrosion cracking. In a testing system with natural seawater circulation the materi-
als listed in Table 47 were tested for local corrosion for a period of one year under
conditions of moving water (1 m/s) and at quasi stagnant conditions (0.1 m/s) in
the form of pipes and plates, and welded, at 323 and 343 K (50 °C and 70 °C), for one
year in each case [182-184]. The filler materials used with the materials for pipe and
plate welding are listed in Table 48. For each material, a pipe section with the array
in Figure 40 was installed. Using this array, the following test parameters were sim-
ulated and tested:

e pipe1: surface corrosion and pitting corrosion

e pipes1,2and6: crevice corrosion at flange connections

e pipes 3,5 and 6: corrosion at welded connections

e pipe 4 crevice corrosion an insertion connections

e pipe6: heat transmission conditions due to external heating (tem-
perature increase at inner wall of pipe approx. 7 K (7 °C))
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Test parameters were simulated as follows on the plate samples arranged in a

flow-through tank for each material corresponding to the array in Figure 41:

e sample 1:

e samples 2 and 4: corrosion at welded connections
e samples 3 and 5: crevice corrosion at processed welding seams

e sample 6:

welding seam

surface corrosion and pitting corrosion

crevice corrosion at connections metal-to-metal, metal-to-
PTFE disc, metal-to crevice block, as per the array in Figure 42
¢ samples 7 and 8: stress corrosion cracking in U samples with and without

X3CrNiMnMoCuNDbN23-17-5-3

DIN-Mat. No./abbreviated designation Ni Cr Mo Cu Fe Other
1.4439 135 18 4.2 balance 0.15N
X2CrNiMoN17-13-5

1.4539 25 205 4.7 1.6 balance 0.08 N
X1NiCrMoCuN25-20-5

1.4529 25 21 6.5 09 balance 0.20N
X1NiCrMoCuN25-20-7

1.4563 31 27 35 1.3 balance 0.05N
X1NiCrMoCu31-27-4

2.4619 48 225 7 2 20 0.35 Nb
NiCr22Mo7Cu

2.4856 62 22 9 3 3.5 Nb
NiCr22Mo9NDb

2.4819 58 16 16 5 4W
NiMo16Cr15W

2.4605 59 23 16 1
NiCr23Mo16Al

1.4562 31 27 6.5 1.2 balance 0.2N
X1NiCrMoCu32-28-7

1.4566 18 245 4.3 0.6 balance 0.4N/6.2 Mn

Table 47: Materials tested in a natural seawater loop and in synthetic seawater, together with

their essential alloying contents (mass%) [182, 183]
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Pipes/Plates Welding filler
Pipes Plates
TIG manual E hand WIG manual
Material number (DIN-Mat. No.)

1.4439 2.4831 1.4440 1.4440
1.4539 2.4831 2.4621 2.4831
1.4529 2.4831 2.4621 2.4831
1.4563 2.4831 2.4621 2.4831
2.4619 2.4621 2.4831
2.4856 2.4831 2.4621 2.4831
2.4819 2.4886 2.4887 2.4886
2.4605 2.4607
1.4562 2.4607
1.4566 2.4607

2.4831: G-NiCr50ND, 2.4886: SG-NiMo16Cr16W, 1.4440: X2CrNiMo018-16-5, 2.4621: EL-NiCr20Mo9Nb,
2.4887: EL-NiMo15Cr15W, 2.4607: SG-NiCr23Mo16

Table 48: Welding fillers for the pipe and plate weldings [182, 183]

PTFE-holing device

PTFE-connection piece of reference electrode

D

— T T 1T 1T Bl
N 2 v, Y/

V)

Flange Circular Plug- Longi- | External heating
Flange + PTFE- weld connection tudinal

i ircular wel m
sealing seam + seam seam [Circular weld sea

Figure 40: Arrangement of pipe samples in the series
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To supplement the study, the influence of low, moderate and very high flow rates
was tested in laboratory experiments with the rotating disc electrode at 60-2000 min™"
under potentiostatic conditions (Uy = 0.5 V) in synthetic seawater at 323, 343 and
363 K (50°C, 70°C and 90°C), mainly in the materials 1.4529 (UNS N08925,
X1NiCrMoCuN25-20-7), 1.4563 (UNS N08028, X1NiCrMoCu31-27-4) and 2.4856
(UNS N26625, NiCr22Mo9NDb).

The results of the exposure tests are listed in Table 51 to Table 56. Table 49 shows
the distribution of resistance using the symbols for the pipe samples in Table 51 to
Table 54 and Table 50 for the plate samples in Table 55 and Table 56.

Resistance Corrosion level Pitting corrosion Crevice corrosion Cut surfaces
Very good none O | A
Good slight (O) @ A
Satisfactory moderate © D '\
Unsatisfactory ~ pronounced [ ] | A

Table 49: Distribution of resistance of pipe samples in Table 51 to Table 54

Depth, mm  Pitting corrosion Crevice corrosion
None (@) |
<0.1 O M
>0.1t0<0.5 © D
>0.5 [ ]

Table 50: Distribution of resistance of plate samples in Table 55 and Table 56

DIN-  Abbreviated Flange  Flange  Circular Insert Longitudinal  Circular
Mat.  designation + PTFE weld  connection seam weld seam
No. seal seam + seam + heating
1 2 3 4 5 6
1.4439 X2CrNiMoN17-13-5 oOA ©DA OOA OCmaA OOA OOA
14539 XINiCrMoCuN25-20-5 OLA OOA @'0OA OOA OO A OO A
1.4529 X1NiCrMoCuN25-20-7 ooA ODOA OOA oOoA ooa oga
1.4563 X1NiCrMoCu31-27-4 oA OOA OO0OA ooa ooa ooa
24856 NiCr22Mo9Nb e'0A oOaA OOA OOA oA ooaA
2.4819 NiMol6Cr15W oOoA oOA oOA ooa [Omi ooa

1) Defect in welding

Table 51:  Evaluation of pipe samples at 323 K (50°C) and 0.1 m/s (symbols see Table 49)
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DIN-  Abbreviated Flange  Flange  Circular Insert Longitudinal  Circular
Mat.  designation + PTFE weld  connection seam weld seam
No. seal seam + seam + heating
1 2 3 4 5 6
1.4439 X2CrNiMoN17-13-5 OoOA omA OOA oga oga ooA
14539 XINiCrtMoCuN25-20-5 OO A OMA @'0A OOA oOA ooA
1.4529 X1NiCrMoCuN25-20-7 oOA OOA OOA oga oga oOoAa
1.4563 X1NiCrMoCu31-27-4 oOA OOA OOA OOA oOA oA
2.4856 NiCr22Mo9Nb ooa o©'0A oOoA  OOA ooa ooa
2.4819 NiMo1l6Cr15W ooa OoOA OOA ooaA ooa ooa
1) Defect in welding
Table 52: Evaluation of pipe samples at 323 K (50°C) and 1 m/s (symbols see Table 49)
DIN-  Abbreviated Flange  Flange  Circular Insert Longitudinal  Circular
Mat.  designation + PTFE weld  connection seam weld seam
No. seal seam + seam + heating
1 2 3 4 5 6
1.4439 X2CrNiMoN17-13-5 oOA omA OOA ooA oA oA
1.4539 X1NiCrMoCuN25-20-5 oOA OmMA OOA OOA OoOOA oA
14529 XINiCtMoCuN25-207 OD"A OOA OOA ©OA oOA om’A
1.4563 X1NiCrMoCu31-27-4 oOA OOA OOA OOA OOA L JuRN
24856 NiCr22Mo9Nb ooA oOA OOA 0OOA ooaA om’A
2.4819 NiMol6Cr15W oA oOA OoOA ooa ooa ooa

1) Defect in welding

Table 53:

Evaluation of pipe samples at 343 K (70°C) and 0.1 m/s (symbols see Table 49)
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DIN-  Abbreviated Flange  Flange  Circular Insert Longitudinal  Circular
Mat.  designation + PTFE weld  connection seam weld seam
No. seal seam + seam + heating
1 2 3 4 5 6
1.4439 X2CrNiMoN17-13-5 OCOA OOmA OOA OOA OO A OUA
14539 XINiCrtMoCuN25-20-5 OOA OmM4a oE'A OOA ooA ooa
14529 XINiCrtMoCuN25-207 OOA OmMA OOA  OOA ooa oA
1.4563 X1NiCrMoCu31-27-4 om'a OODA OOA OOA oOA oma
24856 NiCr22Mo9Nb o'oA ©'0A ooA  0oOA ooA ooA
2.4819 NiMo1l6Cr15W ooa OoOA OOA ooaA ooa ooa

1) Welding fault

Table 54: Evaluation of pipe samples at 343 K (70°C) and 1 m/s (symbols see Table 49)
DIN-Mat. No. Abbreviated As MAW MAW + WIG WIG + Crevice
designation delivered seam crevice seam crevice block corrosion
block array
Metal/ Metal/
metal PTFE
1 2 3 4 5 6
1.4439 X2CrNiMoN17-13-5 oo oo oo oo oo on omn
1.4539 X1INiCrMoCuN25-20-5 OO oo oo oo oo oo od
1.4529 X1NiCrMoCuN25-20-7 OO oo oo og og oo oO
1.4563 X1NiCrMoCu31-27-4 oo oo oo oo oo oo od
2.4619 NiCr22Mo7Cu oo om oo oo oo oo oD
2.4856 NiCr22Mo9Nb oo oo oo oo oo oo od
2.4819 NiMo16Cr15W oo oo oo od oo oo OO

MAW: manual arc welding, WIG: tungsten inert gas welding

Table 55:

Evaluation of plate samples at 323 K (50°C) and < 0.1 m/s (symbols see Table 50)
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DIN-Mat. No. Abbreviated As MAW MAW + WIG WIG + Crevice
designation delivered seam crevice seam crevice block corrosion
block array
Metal/ Metal/
metal PTFE
1 2 3 4 5 6

1.4439 X2CrNiMoN17-13-5 oo oo oo e o oad o
1.4539 X1NiCrMoCuN25-20-5 oo oo oo oo oo oo oOnm
1.4529 X1NiCrMoCuN25-20-7 oo oo oo oo o oo o
1.4563 X1NiCrMoCu31-27-4 oo oo oo oo o oo om
2.4619 NiCr22Mo7Cu oo og oo oo oo oo o
2.4856 NiCr22Mo9Nb oo oo oo oo o oo od
2.4819 NiMo16Cr15W od og oo od od oo oo
2.4605 NiCr23Mo16Al oo oo oo oo o oo od
1.4562" X1NiCtMoCu32-28-7 oo oo oo oo oo oo oQ
1.4566" X3CrNiMnMoCuNbN23-17-5-3 OO OO OO OO 00 oo oO
1) after 9 months exposure time

Table 56: Evaluation of plate samples at 343 K (70°C) and < 0.1 m/s (symbols see Table 50)

MAW: manual arc welding

TIG: tungsten inert gas welding

Overall test results:
e The nickel alloys 2.4856 (N26625, NiCr22Mo9Nb), 2.4819 (N10276,

NiMo16Cr15W) and 2.4605 (N06059, NiCr23Mo16Al) are corrosion resistant
under all test conditions in natural seawater at 323 and 343 K (50°C and

70°C).

¢ Under unfavourable crevice conditions, crevice corrosion may occur in the
steels 1.4439 (S31726, X2CrNiMoN17-13-5), 1.4539 (N08904, X1NiCrMo-
CuN25-20-5) and 1.4563 (N08028, X1NiCrMoCu31-27-4) at temperatures as
low as 323 K (50°C). At 343 K (70°C), only the steels 1.4562 (N08031,
X1NiCrMoCu32-28-7) and 1.4566 (X3CrNiMnMoCuNbN23-17-5-3) are resis-

tant to crevice corrosion.

e Local corrosion is only to be expected on the state-of-the-art overalloyed weld-

ing seams in the presence of welding faults.

¢ The steels tend to appear more susceptible to crevice corrosion in natural sea-

water than in synthetic seawater.

e Stress corrosion cracking was not observed under the selected test condi-

tions.
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The dependence of pitting corrosion and flow rate observed in CrNi steels in
NaCl solutions [185, 186] was confirmed only for the lowest-alloyed steel 1.4439
(S31726, X2CrNiMoN17-13-5).

When the exposure tests in natural seawater were carried out, the samples were
normally removed from the immersion and tidal zones, usually at certain intervals,
usually once a year, including those intended for multiple-year exposure, then freed
of adherent fouling, cleaned, evaluated and returned to exposure. In DIN 50917-2
[187], such samples are designated as “disturbed” long-term samples in contrast to
“undisturbed” long-term samples, which latter are not removed and cleaned, and
thus are also not evaluated, during their exposure time. To determine the compar-
ability of the test results in these two test categories, samples made of high-alloyed
stainless steels, the long-term behaviour of which in disturbed samples is known
from previous tests, were tested in undisturbed exposure of 4 years and 7 years in
the immersion zone off Helgoland [147]. The steels tested are listed in Table 57. The
results of evaluation of the critical sites for crevice corrosion under the PVC washers
at the fixation holes in the samples are listed in Table 58.
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Designa-  DIN-  Abbreviated C Si Mn P S Cr Ni Mo
tion Mat.  designation
No.

Nb

SAE316L 1.4435 X2CrNiMol8-14-3  0.019 0.26 1.67 0.0029 0.007 17.27 13.65 2.60

<0.01

SAE 317  1.4439 X2CrNiMoN17-13-5 0.032 0.40 1.64 0.012 0.005 17.30 13.63 4.25 0.14 <0.01

LMN
2205 1.4462 X2CrNiMoN22-5-3  0.032 0.53 1.61 0.014 0.008 21.77 5.43 3.09 0.10 <0.01
25-4-4 1.4575 X1CrNiMoNb28-4-2 0.009 0.44 0.26 0.013 0.006 27.49 3.89 2.24 0.01 0.38
Table 57:  Composition of the steels tested (mass%) [147]
Designa- DIN-  Pitting resistance  Exposure Number Depth of crevice corrosion sites, mm
tion Mat. equivalent time = o
No. %Cr + 3.3 x %Mo years ron ac
1 2 3 4 1 2 3 4
SAE316L 1.4435 26 4 8 0.50 0.85 0.35 1.90 1.45 1.05 0.50 2.90
7 8 0.93 0.64 0.69 0.34 1.23 2.27 1.24 1.29
SAE 317 1.4439 31 4 8 0.15 0.70 1.15 0.65 0.41 0.05 0.30 0.85
LMN 7 8 0.93 0.70 0.45 0.37 0.59 0.67 0.25 0.60
2205 1.4462 32 4 7 0.50 1.30 0.75 0.60 0.00 0.98 0.48 0.15
7 4 1.26 0.74 0.00 0.00 0.54 0.00 0.00 0.00
25-4-4 1.4575 35 4 2 1.20 1.10 0.00 0.00 0.00 0.00 0.00 0.00
7 2 0.24 1.23 0.00 0.00 0.00 0.00 0.00 0.00

Table 58: Number of crevice corrosion sites under PVC washers and their maximum depth in mm
after 4 years and after 7 years of undisturbed exposure in the immersion zone [147]
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Whereas in disturbed long-term samples in the steels 1.4462 (2205), and espe-
cially the superferrites 1.4575 (25-4-4), crevice corrosion was a rare and isolated
occurrence, the crevice corrosion in the steel 1.4435 (SAE 316 L) was comparatively
pronounced in both disturbed and undisturbed samples. The resistance order of the
steels resulting from both disturbed and undisturbed long-term exposure,

1.4575 >> 1.4462 > 1.4439 >> 1.4435

which corresponds essentially to the categorisation resulting from laboratory analy-
ses, e.g. based on critical crevice corrosion temperatures, is seen in (Table 59).

In comparison to the undisturbed exposures over a period of 4 years, the samples
exposed for 7 years did not show any more pronounced corrosion. The number of
crevice corrosion sites under the PVC discs was not greater, nor was deeper corro-
sion present on the whole. With increasing fouling, in the course of the longer expo-
sure time, the oxygen access to the crevice-free cathode surfaces is apparently also
blocked to the extent that the stronger corrosion in the crevice comes to a standstill.

DIN-Mat. No. Temperature, K ( °C)
1.4435 278 (5)

SAE 316 L

1.4439 293 (20)

SAE 317 LMN

1.4462 293 (20)

2205

1.4575 308 (35)
25-4-4

Table 59: Critical crevice corrosion temperatures [147]
Test solution: 3% NaCl solution, Potential: Uy = 0.95 V, Duration: 24 h

Nickel

Among the nickel materials, the nickel-based alloys alloyed with chromium and
molybdenum are to a great extent resistant to local corrosion in seawater, even at
higher temperatures. They are used, even though the higher-alloyed stainless steels
do not meet the requirements.

With the nickel-copper materials, pitting or crevice corrosion are to be expected
under unfavourable conditions, e.g. a lack of aeration or under fouling.

The uniform surface corrosion of unalloyed nickel in seawater is minimal —
under 0.025 mm/a (0.98 mpy). The material is, however, highly susceptible to pit-
ting corrosion, particularly in stagnant water, so that its practical applications are
quite limited. The pitting corrosion is exacerbated in stagnant or only moderately
moving water by fouling or other deposits. Following exposure in the immersion
zone, pitting depths of 1-1.04 mm were measured after 500 days [151, 188-191].
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In tropical waters, the corrosion values for nickel are higher than in the temperate
climatic zones. The pitting depths reach approx. 3 mm after only 1 year, after which
the penetration rate drops. Figure 43 and Figure 44 show the results of exposure
tests of nickel and nickel alloys in the seawater of the Panama Canal Zone. Whereas
in the immersion zone pitting depths of over 3 mm were reached, the values in the
tidal zone were about 1.6 mm [192].
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Figure 43: Pitting corrosion of Ni, NiCu (Monel® C, NiCu30Fe2.1; Monel® B, NiCu30Fel.8 cf.
2.4360) and CuNi alloys (CuNi30Mn1Fe, 2.0882) in the immersion zone, mean values for the 20
deepest sites [192]
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Figure 44: Pitting corrosion of Ni, NiCu- (Monel® C, NiCu30Fe2.1; Monel® B, NiCu30Fe1.8 cf.
2.4360) and CuNi alloys (CuNi30Mn1Fe, 2.0882) in the tidal zone, mean values for the 20 deepest
sites [192]
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In tests in seawater with pH 8.2 and 6.5 ppm O, at 293 K (20°C), it was observed
with pure nickel (Ni 99.99) that under increasing hydrostatic pressure (101.3 kPa,
1013.2 kPa, 10132.5 kPa, 30397.5 kPa) both surface corrosion and pitting corrosion
decrease [193].

Nickel is generally resistant in marine atmospheres.

Nickel is electrochemically nobler than many other metals. This can be observed
in composite constructions in which other metals are to be protected from the risk
of contact corrosion.

Nickel-chromium alloys

Nickel-chromium-iron alloys (without Mo)

The molybdenum-free NiCr or NiCrFe alloys, e.g. NiCr15Fe (Inconel® 600, DIN-
Mat. No. 2.4816) or NiCr21Fe (X10NiCrAlTi32-21 Inconel® 800, DIN-Mat. No.
1.4876), are passive in seawater and thus show only minimal surface corrosion, but
they are highly susceptible to pitting corrosion with pitting depths up to 3 mm after
2 years in stagnant or slowly moving seawater, and are therefore unsuitable for use
under maritime conditions without corrosion protection [194].

Nickel-chromium-molybdenum alloys
The seawater-exposed nickel-chromium alloys usually contain molybdenum as well

to raise their resistance to pitting and crevice corrosion. Table 60 lists the main rele-
vant NiCrMo alloys together with their pitting resistance equivalents.

Abbreviated designation DIN-Mat. No. UNS  Pitting resistance equivalent
NiCr21Mo 2.4858 N08825 27
NiCr22Mo7Cu 2.4619 N06985 41
NiCr22Mo9Nb 46
2.4856 N06625
G-NiCr22Mo9Nb 46
NiMo16Cr15W 64
2.4819 N10276
G-NiMo16Cr15W 64
NiMo16Cr16Ti 2.4610 NO06455 60
G-NiMo17Cr 2.4686 60
NiCr23Mo16Al 2.4605 N06059 72

Table 60: Seawater-exposed nickel-chromium-molybdenum alloys
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These materials are also designated by various commercial names, for example

o Incoloy® 825 (DIN-Mat. No. 2.4858), Inconel® 625 (DIN-Mat. No. 2.4856)

e Hastelloy® C-4 (DIN-Mat. No. 2.4610), Hastelloy® C-276 (DIN-Mat. No.
2.4819)

«  Alloy C-276 (DIN-Mat. No. 2.4819), Alloy 625 (DIN-Mat. No. 2.4856)

o Nicrofer® 6020 hMo (DIN-Mat. No. 2.4856), Nicrofer® 4221 (DIN-Mat. No.
2.4858)

o Uranus® 625 (DIN-Mat. No. 2.4856), Uranus® 825 (DIN-Mat. No. 2.4858)

The free corrosion potentials of these alloys are at Uy = 0 V to 0.1 V. They are
shifted in the positive direction by increasing aeration and stronger water movement
and in the negative direction by decreasing aeration and stagnation. Different poten-
tials may be established under fouling or a biofilm.

These materials are passive in seawater and, up to temperatures of 333 K (60 °C),
practically resistant to uniform surface corrosion. The resistance to pitting and cre-
vice corrosion and the critical pitting and crevice corrosion temperatures are deter-
mined mainly by the content levels of chromium and molybdenum and therefore
increase with the pitting resistance equivalent. The materials listed in the Table are
resistant to stress corrosion cracking in seawater, even at higher temperatures, and
less sensitive to corrosion fatigue. They are also suitable for use at higher flow rates
up to about 20 m/s [23].

The DIN-Mat. No. 2.4856 (NiCr22Mo9NDb), for example, has proved its worth in
heavy-duty structural elements of seawater pumps due to its strength and corrosion
resistance, even under alternating stresses. It maintains resistance even under criti-
cal crevice conditions and stress loads from hydrogen sulphide and is also suitable
for use as a plating material [130].

The NiCrMo alloys show excellent resistance in marine atmosphere and under
exposure to splash water [195].

Nickel-copper alloys

Materials with the alloy base material nickel-copper show minimum corrosion in
seawater at a composition of 67% nickel and 33% copper. Materials with this base
material composition are used in many marine engineering applications. The most
important of these materials are listed in Table 61.

Abbreviated designation DIN-Mat. No. UNS  Specifications in
NiCu 30 Fe 2.4360 N04400 DIN 17743 [196]
NiCu 30 Al 2.4375 N05500 DIN 17743 [196]
G-NiCu 30 Nb 2.4365 N24130 DIN 17730 [197]
G-NiCu30Si4 2.4368 - DIN 17730 [197]

Table 61: Seawater-exposed nickel-copper materials
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As in the CuNi alloys CuNi30Mn1Fe (DIN-Mat. No. 2.0882) and CuNi30Fe2Mn2
(DIN-Mat. No. 2.0883), resistance in the NiCu30 alloys is also improved by additions
of about 1.0-2.5% Fe and up to 2% Mn. With a free corrosion potential in the range
of Uy =-0.35V to 0V, these materials are passive in seawater up to temperatures of
about 333 K (60 °C) and are not sensitive to general corrosion. The copper content of
these materials is not sufficient to prevent fouling.

[170] describes pitting corrosion damage in pipes that transport seawater made of
the NiCu alloy Monel® 400 (NiCu30Fe, DIN-Mat. No. 2.4360), which damage is
ascribed to a rise in potential in the critical area due to the biofilm. Continuous
chlorination with 0.8 ppm chlorine was sufficient to reduce the potential back into
the passive range of the material.

Pitting and crevice corrosion may occur in stagnant or hardly moving seawater.
After 2 years under these conditions, corrosion depths up to 0.8 mm were observed
[194]. Figure 43 and Figure 44 on nickel also provide information on pitting corro-
sion behaviour of the NiCu30Fe alloys in comparison to nickel and CuNi30Mn1Fe.

As Table 62 makes clear, local corrosion can be prevented effectively by the use of
iron or zinc anodes [198].

Material Cathodic Test duration, Maximum corrosion depth, Corroded surface,
protection months mm %
NiCu 30 Fe, no 3 0.30 60
UNS 12 0.75 94
N04400, 1o :
2.4360 with steel anode 12 0 0
with zinc anode 12 0 0

Table 62: Effectiveness of cathodic protection against pitting and crevice corrosion [198]

The nickel-copper alloys show higher resistance to cavitation than the copper-ni-
ckel materials or the austenitic nickel cast alloys and are therefore frequently used
in pump parts and in heat exchangers, whereby however cathodic protection is
recommended due to the risk of pitting corrosion [130, 199].

In seawater desalination plants using the distillation methods, parts made of
NiCu30Fe (DIN-Mat. No. 2.4360) have proved useful up to temperatures of 423 K
(150 °C), particularly at higher flow rates [98, 200, 201].

Chlorination of seawater with resulting chlorine contents of 1-4 mg/1 has practi-
cally no influence on the pitting corrosion behaviour of Monel® 400 (NiCu30Fe,
DIN-Mat. No. 2.4360) [202]. In [170], pitting corrosion damage in seawater-carrying
pipes made of NiCu alloy Monel® 400 is described, which damage is ascribed to a
potential increase in the critical area due to the biofilm. Continuous chlorination
with a content level of 0.8 ppm chlorine was sufficient to reduce the potential back
into the material’s passive range.

[203] reports on damage due to intergranular stress corrosion cracking in bolts
made of the material Monel® K-500 with 2.3-3.2% Al (NiCu30Al, DIN-Mat. No.
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2.4375), equivalent to NiCu30Fe. Heavy-duty bolts in underwater risers, with cathod-
ic protection, failed after brief exposure due to hydrogen-induced stress corrosion
cracking. To avoid critically raised hardness values, heat treatment is recommended
accordingly.

Table 63 provides an overview of the behaviour of nickel-based alloys in seawater,
listed under their commercial names; examples of their applications are listed in [204].

Name DIN-Mat. No. Ni Cr Cu Mo Fe Mn Al Ti Nb/Ta
Monel® 400 2.4360 65 32 1.5 1.0

NiCu39Fe

Monel® K-500 2.4375 64 30 1.0 0.8 2.8 06
NiCu30Al

Incoloy® 825 2.4858 42 210 2.0 3.0 30 1.0
NiCr21Mo

Inconel® 625 2.4856 61 215 9.0 25 03 02 0.2 3.65
NiCr22Mo9Nb

Nimonic® 75 2.4951 75 195 4.0 0.4
NiCr20Ti

Nimonic® 80A 2.4452 75 19.5 14 2.4
NiCr20TiAl

Nimonic® 81 66 30.0 09 1.8
Nimonic® 901 2.4662 425 125 5.7 35.0 0.3 2.9
NiCr13Mo6Ti3

Table 63: Frequently used seawater-exposed Ni-based alloys (mass%) [204]

In flowing seawater, the corrosion rate of these materials is below 0.025 mm/a
(0.98 mpy).

In stagnant seawater, after 3 years of exposure, the maximum pitting corrosion
depths in Table 64 were measured, clearly demonstrating the positive influence of
the Cr and Mo content in these alloys.

Alloy Abbreviated designation DIN-Mat. No. Max. pitting depth
mm
Monel® 400 NiCu39Fe 2.4360 1.07
Monel® K-500 NiCu30Al 2.4375 0.86
Incoloy® 825  NiCr21Mo 2.4858 0.03
Inconel® 625  NiCr22Mo9Nb 2.4856 0.00

Table 64: Maximum pitting corrosion depths after 3 years in stagnating natural seawater of Ni-
based alloys [204]

265



266 | Seawater
The four alloys show practically the same levels of good corrosion resistance at
high flow rates (Table 65).
Alloy Abbreviated designation DIN-Mat. No. Corrosion/erosion rate
mm/a (mpy)
Monel® 400  NiCu39Fe 2.4360 0.010 (0.39)
Monel® K-500 NiCu30Al 2.4375 0.010 (0.39)
Incoloy® 825  NiCr21Mo 2.4856 0.008 (0.31)
Inconel® 625 NiCr22Mo9Nb 2.4856 0.000
Table 65: Corrosion rates in flowing seawater of Ni-based alloys (flow rate approx. 43 m/s) [204]
The corrosion behaviour of nickel and 14 nickel alloys was tested in comparison to
titanium and stainless austenitic steel (Table 66) by means of exposure in stagnant and
flowing natural seawater (flow rate 0.23 m/s) over a period of 1.6 years [205].
Name DIN-  Abbreviated Ni Cr Mo Co Fe Cu Al
Mat.  designation
No.
Ni 200 2.4066 Ni99.2 >99.0 0.4 0.25
Monel®  2.4360 NiCu30Fe 63-70 2.5  balance
400
Monel®  2.4375 NiCu30Al 63-70 2.0  balance 0.9-2.3
K-500
Inconel® 2.4816 NiCrlSFe >72.0  14-17 6-10 0.5
600
Inconel® 2.4663 NiCr23Col2Mo 53.9 22.5 8-9 12.7 0.13 0.23 1.0
617
Inconel® 2.4856 NiCr22Mo9Nb balance  20-23 8-10 <3.0 0.4
625
Inconel® — - 39-44 14.5-17.5 balance  0.30 0.4
706
Inconel® 2.4668 NiCr19NbMo 50.55 17-21 2.8-3.0 1.00 Dbalance 0.30  0.20-0.80
718
Alloy 20 2.4660 NiCr20CuMo 32-38 19-21 2-3 balance 3.0-4.0
Incoloy® 1.4876 X10NiCrAlTi32-20 30-35 19-23 balance 0.75  0.15-0.60
800

Table 66: Nominal compositions of the tested materials (mass%) [205]
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Table 66 Continued
Name DIN-  Abbreviated Ni Cr Mo Co Fe Cu Al
Mat.  designation
No.
Incoloy® 2.4858 NiCr21Mo 3846 19.5-23.5 2.5-3.5 balance 1.5-3.0 0.2
825
Hastel-  2.4819 NiMo16Cr15W balance 14.5-16.5 15-17 2.5 4.0-7.0
loy® C-
276
MP 35N 2.4999 MP35N 33-37 19-21  9.0-10.5 balance 1.0
TiAl6V4 3.7165 TiAl6V4 0.4 5.5-6.5
SAE 304 1.4301 X5CrNil8-10 8-10.5 18-20 balance

Table 66: Nominal compositions of the tested materials (mass%) [205]

The seawater had an electrical resistance level of 19.5 Q cm, a pH level of 8.0, a
temperature in the range of 290 to 305 K (17 °C to 32 °C) (mean value 300 K (27 °C))
and a mean oxygen content of 11.8 mg/1.

Some of the samples were cathodically protected by contact with iron or zinc
anodes. The corrosion potential was measured at intervals throughout the entire
exposure duration and the depth of the crevice corrosion sites was determined.
Table 67 shows the corrosion depth results in stagnating seawater and Table 68
shows the results in flowing seawater.

Name Abbreviated DIN-Mat. Corrosion depth after 1.6 a, mm
designation No. X .
Crevice area Remaining area
Max. value Mean value Max. value Mean value

Ni 200 Ni99.2 2.4060 2.06 1.10 0.46 0.15
Monel® 400 NiCu30Fe 2.4360 0.43 0.29 0.28 0.15
Monel® K- NiCu30Al 2.4375 0.05 0.04 0.10 0.06
500
Inconel® NiCr15Fe 2.4816 0.46 0.30 0.15 0.05
600
Inconel® NiCr23Co12Mo 2.4663 0 0 0 0
617
Inconel® NiCr22Mo9NDb 2.4856 0 0 0 0
625

1) perforated

Table 67: Corrosion depths in samples in stagnant seawater [205]
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Table 67 Continued

Name Abbreviated DIN-Mat. Corrosion depth after 1.6 a, mm
designation No. X .
Crevice area Remaining area
Max. value Mean value Max. value Mean value

Inconel® - - 1.27 0.89 0 0

706

Inconel® NiCr19NbMo 2.4668 0.81 0.46 0 0

718

Alloy 20 NiCr20CuMo 2.4660 0.31 0.19 0 0

Incoloy®  X10NiCrAlTi32-20 1.4876 2.5" - - -

800

Incoloy® NiCr21Mo 2.4858 0.23 0.11 0.08 0.05

825

MP 35N MP35N 2.4999 0 0 0 0

TiAl6V4 TiAl6V4 3.7165 0 0 0.02 0.02

Hastelloy®  NiMo16Cr15W 2.4819 0 0 0 0

C-276

SAE304  X5CrNil8-10 1.4301 15" - - -

1) perforated

Table 67: Corrosion depths in samples in stagnant seawater [205]

Name Abbreviated DIN-Mat. Corrosion depth after 1.6 a, mm
designation No. X .
Crevice area Remaining area
Max. value Mean value Max. value Mean value
Ni 200 Ni99.2 2.4060 2.75" - 2.74 -
Monel® 400 NiCu30Fe 2.4360 1.55" 0.56 0.23
Monel® K- NiCu30Al 2.4375 0.31 0.18 0.23 0.10
500
Inconel®  NiCri5Fe 2.4816 1.06" - 0.20 0.06
600
Inconel® NiCr23Co12Mo 2.4663 0.18 0.15 0.03
617
1) perforated

Table 68: Corrosion depths in samples in flowing seawater [205]
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Table 68 Continued

Name Abbreviated DIN-Mat. Corrosion depth after 1.6 a, mm
designation No. X .
Crevice area Remaining area
Max. value Mean value Max. value Mean value

Inconel® NiCr22Mo9NDb 2.4856 0.05 - 0 0
625
Inconel® - - 1.56" - 0.13 0.09
706
Inconel®  NiCr19NbMo 2.4668 1.55 0.58 0 0
718
Alloy 20 NiCr20CuMo 2.4660 1.67 0.23 0.03 0.03
Incoloy®  X10NiCrAlTi32-20 1.4876 2.5" - 2.23 1.87
800
Incoloy® NiCr21Mo 2.4858 1.60 0.43 0.05 0.03
825
MP 35N MP35N 2.4999 0 0 0 0
TiAl6V4 TiAl6V4 3.7165 0 0 0 0
Hastelloy®  NiMo16Cr15W 2.4819 0 0 <0.02 <0.02
C-276
SAE 304 X5CrNi18-10 1.4301 15" - - -

1) perforated

Table 68: Corrosion depths in samples in flowing seawater [205]

Only the highly molybdeniferous materials Hastelloy® C-276 (DIN-Mat. No.
2.4819), MP 35N (DIN-Mat. No. 2.4999), Inconel® 625 (DIN-Mat. No. 2.4856) and
TiAl6V4 (DIN-Mat. No. 3.7165) proved completely corrosion-resistant under all test
conditions. The materials Monel® K-500 (DIN-Mat. No. 2.4375), Inconel® 617
(DIN-Mat. No. 2.4663) and Incoloy® 825 (DIN-Mat. No. 2.4858) also show sufficient
resistance in stagnant seawater without cathodic protection. In all materials, cathod-
ic protection with both iron and with zinc anodes in stagnant and flowing seawater
reduced local corrosion to levels under 0.075 mm after exposure for 1.6 years. This
also applies to the materials exposed to free corrosion conditions that were perfo-
rated after this time period.
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Nickel-molybdenum alloys

The chromium-free nickel-molybdenum alloys, for example NiM028 (DIN-Mat. No.
2.4617, Hastelloy® B-2), show only minimal amounts of surface corrosion in sea-
water, but are nonetheless practically unsuitable for use in seawater because of their
sensitivity to pitting and crevice corrosion.

Other nickel alloys

The NiSi alloys, e.g. those containing 85% Ni, 10% Si and 3% Cu, are not suitable
for use in seawater due to their sensitivity to local corrosion. Under the commercial
designation Nimonic®, the NiCrCo alloys listed in Table 69 are used for certain ap-
plications at high temperatures in maritime environments, for example in combus-
tion chambers or ship turbine components [204].

Name Abbreviated DIN-Mat. No. Ni Cr Mo Al Ti
designation

Nimonic® 90  NiCr20Co18Ti 2.4669/2.4632 59  19.5 1.5 2.5

Nimonic® 91 - - 475 285 1.2 23

Nimonic® 101 - - balance 24.2 1.5 1.4 2.0

Nimonic® 105 NiCo20Cr15MoAlTi  2.4634 53 15.0 5.0 4.7 1.2

Nimonic® 115 NiCol5Cr1SMoAITi  2.4636 59 142 4.0 5.0 4.0

Table 69: NiCrCo alloys for applications involving seawater exposure (mass%)

Zinc

Seawater-exposed applications of zinc are restricted almost exclusively to use as a
coating material on steel or for galvanic anodes in cathodic corrosion protection. In
actual practice, zinc alloys are used with aluminium. The contaminations in the
form of lead and iron must be reduced to a minimum to avoid passivation. Refined
zinc 99.995% is used as the basic material. The current yield approaches closely to
the theoretical yield of zinc. The rest potentials are in the range from Uy =-0.752 V
to -0.800 V and the operating voltage Ur is about 0.25 V to 0.35 V. Operating
voltage Ur is defined as the difference between the protective potential of the protec-
tion object and the potential of the working anode [206]. Of all galvanic anode mate-
rials, zinc has the highest ratio of weight to current yield, approx. 11 kg/(A a).

The anodic activity of zinc anodes is reduced by an iron content level of only
0.0015%, as demonstrated by experiments in synthetic seawater with a total salt con-
tent of 3.5% at 293 K (20°C). The activity level is further reduced as the Fe content
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increases. Al, Cd and Hg content improve activity appreciably [207]. Table 70 lists
the compositions of a number of zinc anodes [208].

To protect hot pipelines on the sea bottom, electrodes made of pure and highly
pure zinc are not suitable, since they are subject to intergranular corrosion begin-
ning at temperatures of 325 K (52 °C). Anodes with additions of 0.02% Mg or 0.05%
Cd show pitting corrosion. When designing the AlZn anodes recommended for this
purpose, the much lower current yield under these conditions must be taken into
account [209-211].

Zinc anodes containing aluminium zinc anodes are also susceptible to intergra-
nular corrosion at temperatures above 298 K (25 °C) due to the selective dissolution
of an Al-rich phase at the grain boundaries [212]. This corrosion increases as the
temperature rises. That is why, the SGH anode type II with max. 0.005% Al, 0.003%
Cd and 0.0014% Fe, which is not susceptible to intergranular corrosion, is recom-
mended in ASTM B418-73 [208, 213].

Anode Al Cd Fe Pb Cu Si Zn

Hi-Amp 0.1-0.3 0.025-0.06 max. 0.003 max. 0.006 balance

Mil-A-18001H  0.1-0.5 0.025-0.15 max. 0.005 max. 0.006 max. 0.005 max. 0.125 balance

ASTM B428-73 0.1-0.4 0.03-0.10 max. 0.005 balance
[214]
Type 1

Table 70: Composition of zinc anodes for use in seawater (mass%) [208]

As a construction material, zinc is sometimes used for diecasting parts.

The corrosion rates for zinc in a marine atmosphere are about 0.025 mm/a
(0.98 mpy) and in seawater about 0.050 mm/a (1.97 mpy). With increasing motion,
the corrosion rate increases appreciably to reach about 0.200 mm/a (7.87 mpy) at a
flow rate of 2 m/s.

In contrast to zinc coatings, massive zinc parts in seawater also suffer from pit-
ting corrosion. In zinc coatings, local corrosion is prevented by the circumstance
that the outer layer of pure zinc has a less noble potential than the iron-zinc alloy
layer, resulting in cathodic protection.

Zinc coating

In the hot-dip galvanising process (hot-galvanising), layer thicknesses of 0.040-
0.150 mm are produced on the steel surface. This coating consists of an iron-zinc
alloy layer at the phase limit to the steel and a layer of pure zinc over that. The pro-
tective effect of the coating is determined by the layer thickness of both layers. In
the initial stress load phase, covering layers are formed by the reaction of the zinc
coating with the seawater. After this, a stationary phase of corrosion is reached with
mainly linear corrosion rates at an order of magnitude of 0.010-0.012 mm/a (0.39-
0.47 mpy).
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Following exposure of galvanised steel samples in the North Sea water off Helgo-
land, the guideline values listed in Table 71 for the corrosion rate were estimated
based on the evaluation of decomposition processes in the layer and on metallo-
graphic tests of the samples after a total of 6 years [215].

Galvanisation process  Layer thickness, Corrosion rate, mm/a (mpy)

mm

Splash zone Tidal zone Immersion zone

Spray galvanisation 0.100 0.012 (0.47) 0.025 (0.98) 0.025 (0.98)
Hot galvanisation 0.085 0.008 (0.30) 0.012 (0.47) 0.012 (0.47)
600 g/m”
Hot galvanisation 0.170 0.010 (0.39) 0.012 (0.47) 0.012 (0.47)
1200 g/m”

Table 71:  Corrosion rates of zinc in seawater [215]

After the pure zinc layer is eaten away, the brown discolouration increases and
iron corrosion products from the iron-zinc alloy phase are integrated in the covering
layer. This brown discolouration is therefore not a sign of rust perforation and thus
of reduced protective effect of the zinc plating. Rather, the covering layers formed
from the alloy phase are less soluble than those formed from the pure zinc phase,
resulting in a lower erosion rate of the alloy layer. Since thicker zinc platings also
contain a higher percentage of the iron-zinc alloy phase, they also provide improved
corrosion protection. Local corrosion does not occur in hot-galvanised structural ele-
ments in seawater, since the outer layers always exert a galvanic protective effect on
the electrochemically nobler alloy phase beneath, or on the base material.

Zinc plating layers transformed by a heat treatment at 903 K (630 °C) completely
into iron-zinc alloy phase (galvannealing) showed much better behaviour in the
exposure zones. The corrosion protective effect of the hot-dip galvanised layers in
seawater is thus not determined only by layer thickness, but also by the layer struc-
ture [216].

In thermal-sprayed zinc coatings, layer thicknesses of 0.050-0.150 mm are the
maximum reached. These layers consist mainly of pure zinc, with a certain amount
of zinc oxide and pores depending on the layer thickness and spraying technique.
The much lower protective effect of spray galvanisation at the same layer thickness
is probably due to the lack of the iron-zinc alloy phase.
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Waste Water (Municipal) — Survey Table

The evaluation of the corrosion behaviour of the individual materials is based on
practical experience and conditions described in the text. Only those materials have
been taken into account which usually come into contact with waste water.

Material Behaviour*
Unalloyed and low-alloy steels/cast steel @ to -
Unalloyed cast iron and low-alloy cast iron +to—
High-alloy cast iron, silicon cast iron

Structural steels with up to 12% chromium

Ferritic chromium steels with more than 12% chromium +to—
Ferritic-austenitic steels with more than 12% chromium +to—
Austenitic CrNi steels +to—
Austenitic CrNiMo(N) steels +to—
Austenitic CrNiMoCu(N)-steels +to—
Special iron-based alloys

Nickel

Nickel-chromium alloys

Nickel-chromium-iron alloys (without Mo)

Nickel-chromium-molybdenum alloys

Nickel-copper alloys

Nickel-molybdenum alloys

Other nickel alloys

Zinc, cadmium and their alloys +to—

* + resistant/ @ fairly resistant/ — unsuitable. Where no indication of corrosion resistance is made,

experimental data are not available.
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Introduction

Waste water is defined as drainage water which has been changed by utilisation and
all that which flows into a sewerage system [1].
Types of waste water include:

e  sanitary sewage
e storm water

¢ infiltrating water
¢ combined water
e cooling water.

The behaviour of materials in waste water systems is influenced by the composi-
tion of the water, the construction and the operating conditions, such as the temper-
ature and flow rate.

In selecting materials it must be taken into account that e.g. in the case of operat-
ing faults, there may be unintentional release of harmful substances in different
amounts and concentrations into the sewerage system.

Construction components of estate drainage systems within buildings, such as
pipes, fittings, and pipe couplings for the connection, transporting, and collection
pipelines must be suitable for a maximum waste water temperature of 368 K (95 °C)
at an ambient temperature of 283 K (10°C). The corresponding usability is checked
in a system test under cyclic and continuous loading conditions [2].

For underground waste water sewers and pipelines, the pipes, fittings, and pipe
connections must be suitable for diameters

¢ up to DN 350 for water temperatures of 318 K (45 °C)
e up to DN 400 for water temperatures of 308 K (35 °C)

at an ambient temperature of 283 K (10°C) [2]. If process waste water has a higher
temperature, then it must be cooled before it is discharged into the public waste
water system.

In the case of plastic pipes, for example, the waste water temperature is decisive
for the choice of material and its service life. For other materials, an increased attack
of the material must be assumed at higher temperatures.

In components installed underground, particularly gravity-flow sewers, the tem-
perature of both the waste water and the air space has a marked influence on the
biogenic corrosion reactions occurring on the sewer walls above the level of the
water.

To maintain aerobic conditions and to avoid the formation of deposits, the flow
conditions (flow rate and gradient) are particularly important in waste water pipe-
lines. Therefore, for the different types of pipes used for estate drainage, minimum
gradients which depend on the individual nominal diameter are specified in [3].
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— Behaviour of materials —

During transport of mixtures of water and solids, as is usual in waste water sewers
and pipelines, abrasion occurs in the region of the bottom of the pipe as a result of
the action of the solids in the waste water. This abrasion depends on the

e pipe material

e pipe diameter

e flow rate

¢ density, grain size and strength of the material.

Particularly in steep and bent sections, abrasion must be expected. Very different
testing procedures have been proposed to determine the abrasion behaviour, e.g.
Bohm'’s disc, sand-blast test, and the Bauch test. The most widely used test is the so-
called Darmstadt procedure of Kirschmer [4].

In spite of careful planning and execution, maintenance of the pipelines cannot
be avoided. It is not always possible to select the cross-section and the gradient of
the pipes so that the flow rates are always sufficient under the changing flow condi-
tions to avoid the formation of deposits and their subsequent removal by cleaning.

Nowadays, high-pressure flushing is used almost exclusively for the cleaning of
waste water pipelines. This cleaning process serves to remove any deposits and
blockages, and is also a preparatory measure for pipeline inspections and, if neces-
sary, for repairs.

— Corrosion behaviour —

In waste water installations, the components are loaded by the waste water on the
inside (e.g. pipes) as well as on the outside (e.g. air-inlet pipes, scrapers). The func-
tioning of metallic pipes is influenced by local attack (shallow pit and pitting corro-
sion). Uniform surface corrosion generally plays a secondary role. A site particularly
susceptible to local corrosion is the area close to an electrically conducting contact of
different metals (contact corrosion).

A macroelement arises if metals with different corrosion potentials are in metallic
and electrolytic contact with one another. Therefore, the following protective mea-
sures are recommended:

e use of materials with similar corrosion potentials
e galvanic separation of the structures with differing corrosion potentials or
e cathodic protection.

This can be realised most simply in new installations by galvanic separation using
insulating intermediate layers, insulating flanges or insulating components [5].

Many metals are susceptible to microbiologically induced corrosion. Damage has
been observed of unalloyed steels as well as high-alloy CrNi steels. Damage is also
known for copper and copper alloys as well as aluminium. Titanium is less suscep-
tible to microbiologically induced corrosion; however, it offers favourable conditions
for biofouling [6].
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Unalloyed steels and cast steel

Unalloyed steels without coatings or protective films are widely used for the reinfor-
cement of concrete buildings [7]. Their required mechanical strengths are specified
in DIN 1045 [8]. Common designations are "concrete steel [-IV” with minimum
yield strengths of 220 to 500 N/mm? (special reinforced concrete) and tensile
strengths of 340 to 550 N/mm?.

In addition to a circular cross-section (round steel), the reinforcing steels can
have special shapes, e.g. twisted, knotted, ribbed, in order to produce a special adhe-
sion effect.

Constructional steel textiles and steel mats used to reinforce concrete consist of
steel rods laid at right-angles to one another with various separations and cross-sec-
tions. They are joined together by welds which are electrically conducting. These
steels, along with the concrete steels of groups II to IV, require a general approval by
the highest building supervision office of the relevant federal state (building depart-
ment approval). This prescribed approval must be taken into account for the use of
pre-stressed concrete elements, e.g. round basins or septic towers. The correspond-
ing details are given in the standard DIN 1045 [8].

Mainly steel St 37 is used for steel constructions in the different facilities in waste
water treatment plants. This collective term is used for the steels St 37.0 (UNS
K02501, DIN Mat. No. 1.0254), St 37-2 (UNS K02401, 1.0037) and St 37-3 (UNS
K02501, 1.0116) according to DIN EN 10025 [9].

The electrochemical behaviour of the unalloyed steel must be taken into account
in steel constructions. Since concrete has a strongly alkaline reaction, sub-micro-
scopic thin films of iron oxides are formed on the surface of the steel. This leads to
the unalloyed steel in concrete becoming electrochemically more noble, i.e. it
behaves as a practically resistant material. Therefore, it can be used as a cathode in
an electrochemical cell [10].

In reinforced concrete basins of waste water treatment plants, there are extensive
steel mats which act as cathodes with a large surface area. If these steel mats, which
are in the waste water, are in electrical contact with components of unalloyed steel,
it is possible that an electrochemical cell is formed by contact corrosion [11].

A metallic conducting connection can be produced during building e.g. by the
unintentional contact between the steel reinforcement and an iron bracket. On the
other hand, a metallic conducting connection can be produced if all metallic compo-
nents have to be in electrical contact with each other for reasons of electrical protec-
tion against human contact [12]. According to the area rule, coated steel components
are strongly susceptible to the anodic dissolution of iron as pitting corrosion, partic-
ularly where there is a small defect in the coating [11]. This susceptibility can be
estimated by the ratio of areas of the cathodic surface S, (steel and concrete) to the
anodic surface (S,) (steel in waste water). For S.:S, = 100:1; pitting corrosion rates in
the order of 1 mm/a (40 mpy) can be expected [13].

Contact corrosion is also possible if unalloyed steel is in contact with other mate-
rials which also act as cathodes, e.g. stainless steels. The area ratio S:S, is also deci-
sive in this case; however, corrosion only occurs if, e.g. large area cathodes of stain-
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less steel are present. For cathodes with smaller surface areas, e.g. stainless steel
screws, contact corrosion is not expected.

As a protective measure against the electrochemical cell formation described
above, it is recommended to install a “local cathodic corrosion protection” (see Fig-
ure 1) [14, 15].

Impressed-current
+ -
4—\ - Trafo protection system

(rectifier)

Impressed-current

Steel tube
(in contact with reinforcement)

L

-

1 _——Basin of reinforced concrete

Figure 1: Local cathodic corrosion protection in a clarification basin [14]

If there is a gap between two components of unalloyed steel, then there is a possi-
bility of crevice corrosion. For example, this can be the case for screwed connections.
In principle, crevice corrosion is an aeration cell which results from a difference
between the oxygen concentration in the crevice (low oxygen content) and that out-
side the crevice (higher oxygen content). This type of corrosion only occurs at critical
crevice widths [16]. If the width of the crevice lies markedly above or below the criti-
cal value, there is no corrosive attack. This also explains the practical observation
that corrosive attack does not occur in every crevice [13].

Another example for a possible aeration cell occurs with suction scrapers made of
unalloyed steel in the clarification basin. In this case, the difference in aeration
arises from the oxygen deficiency in the bottom deposit and the relatively high oxy-
gen content in the waste water [17].

A further large application area of unalloyed steels are steel components which
are used in connection with protective measures.
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Unalloyed cast iron

Cast-iron sewer components for the drainage of buildings and estates or for the drai-
nage of traffic areas include the following types of castings: drains for cellars, floors,
bathrooms, balconies, rainwater, courtyards, flat roofs, as well as cleaning stoppers,
cut-off devices against backpressure, sliding gates, waste water pumps, separators
for light liquids (petrol traps, heating oil traps), heating oil barriers, fat separators,
potato starch separators as well as covers and caps of e.g. courtyard drains, drainage
gutters, bridge drains and manhole steps.

Some of these are the so-called BEGU constructions (cast concrete).

Coating of cast-iron sewer components is not necessary for reasons of corrosion
protection. A surface treatment, e.g. for optical reasons, is optional for the manufac-
turer. This statement is now included in a number of standards for cast articles used
in sewer systems. Surface treatment is carried out exclusively for cosmetic reasons;
in the past, these have been thin coatings. Some castings are also epoxidised or
enamelled.

Sanitary equipment, e.g. cast-iron bath tubs, is usually enamelled. Cast-iron drain
pipes with sleeveless couplings (SML) and nominal diameters DN 50 to DN 300 in
overall lengths of up to 3 m are standardised in DIN 19522, Part 1 [18]. They can be
used to replace the previously standard cast-iron drainpipes with sleeves (GA)
(which are still common) because since the outer diameters are the same.

Bridge pipelines are usually made of cast-iron drainpipes up to DN 600 and over-
all lengths of up to 6 m. The pipes consist of cast iron with lamellar graphite inclu-
sions according to DIN EN 1561 (grade at least EN-GJL-150 (0.6015, GG-15), i.e. an
iron-carbon alloy whose carbon is finely dispersed in the metallic matrix as lamellae)
[19]. This particular microstructure gives the material very high damping properties.
Even without special insulation, cast-iron drainpipes are robust, have a long service
life and are quiet during operation. Additionally, according to its building material
classification A 1 (inflammable), no particular fire-protective wrapping is necessary.
Table 1 summarises the properties of the material [19].

Material characteristics and properties

Density: approx. 7.2 kg/dm®
Tensile strength: > 150 N/mm” for fittings
>180 N/mm2 for pipes
Compressive strength: approx. 3 to 4 times the value of the tensile strength
Shear strength: 1.1 to 1.6 times the value of the tensile strength

Circular compressive strength/pipe > 300 N/mm®
flattening resistance:

Modulus of elasticity: 8 x 10* to 12 x 10* N/- mm”’

Table 1: Material characteristics and properties of cast-iron drainpipes [19]
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Table 1: Continued

Material characteristics and properties

Poisson no.: ~0.3

Longitudinal coefficient of 0.0105 mm/mK (between 273 and 373 K) (0 and 100°C)
expansion:

Thermal conductivity: 50-60 W/mK (at 293 K (20 °C))

Thermal resistance, without up to 673 K (400 °C)

significant alteration of the
mechanical properties:

Chemical resistance: PH 2 to 12 for domestic use of the pipeline

Table 1: Material characteristics and properties of cast-iron drainpipes [19]

For these pipes there is an extensive range of fittings and rubber-sealed couplings
with stainless steel joiners made of 1.4510 (cf. UNS S43035) and sealing rings of
EPDM (ethylene-propylene-diene rubber). These are resistant to ageing and also
resistant to boiling water. The special principles of construction and inspection from
the Deutsches Institut fiir Bautechnik (German Institute of Building Technology),
apply to the pipe couplings.

SML pipes and fittings are supplied with a red-brown ground coat which contains
synthetic iron oxide pigments [18]. The ground coat is applied to the inside and out-
side of the fittings by dipping and to the pipes by spraying. The pipes are coated on
the inside with a durable pitch-epoxide resin coating which offers additional protec-
tion against chemical and mechanical influences, and its smooth surface improves
the flow behaviour in the pipes.

If necessary, the external ground coat of the pipes and fittings can be covered
with commercially available paints and coating systems used for steel constructions.

In agreement with the technical delivery conditions specified in DIN 19522,
Part 2, the phosphorus content of the cast iron must lie below 0.9 mass% [18].

A special type of sleeveless cast-iron drainpipes are the so-called EML drainpipes
which are supplied with a internal enamel coating that is very resistant to acids and
alkaline solutions.

In general, sealing collars made of EPDM are supplied with the couplings. They
can be used between approximately —223 K (50 °C) and + 393 K (120 °C), depending
on the medium being carried. These collars are resistant to a wide range of different
media and substances under normal conditions.

For special requirements in which the EPDM seals are not resistant, special seal-
ing collars of NBR (based on nitrile rubber) are used. Sealing collars made of fluori-
nated rubber are also possible; however, they are very expensive.

Ductile sewer pipes are standardised in DIN EN 598 for gravity-flow sewers and
forced-flow pipelines pressurised up to 6 bar (600 kPa) in the nominal diameters
DN 100 to DN 2000 [20]. They are used for combined, sanitary or storm water pipe-
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lines in local canalisation systems, in free terrain, in wooded areas, in rivers, on
steep slopes, and in groundwater-protected areas. The material characteristics are
listed in Table 2 [21].

Material characteristics and properties

Tensile strength: min. 400 N/mm’
0.2% yield strength: min. 300 N/mm?
Ductile yield: min. 7%
Bursting strength: min. 300 N/mm2
Crushing strength min. 550 N/mm?’
Longitudinal bending strength min. 420 N/mm’
Hardness max. 250 HB 5/750
Modulus of elasticity: 170 kN/mm’
Longitudinal elongation 10° m/m-K
Ductility of the alumina cement mortar lining <4%

Table 2:  Material characteristics and properties of ductile sewer pipes [21]

The pipes are made with the bell-and-spigot coupling system Tyton® in overall
lengths of 6 m. They are generally coated on the outside with a spray galvanised
coating and top coat according to DIN 30674, Part 3 [20] and have an internal lining
of aluminous cement mortar according to DIN 2614 [22]. The pipes are supplemen-
ted with special fittings, such as e.g. tapping saddle pieces 45° or 90° or shaft cou-
plings with Tyton® bell-and-spigot joints to ensure that all the pipeline components
are permanently leakproof. This prevents the infiltration of surrounding water into
the pipe or leakage of the medium flowing through it into the ground.

To check the suitability of the sewer pipes for their use as a one-pipe system for
waste water pipelines in drinking-water protected areas, an expert’s report was com-
missioned [23]. Table 3 summarises the results of this report. Ductile sewer pipes
are particularly suitable for the repetitive tests specified in the guidelines [24] with
water or air or vacuum tests [25].

The vacuum testing of ductile sewer pipes has been newly developed for this. In
contrast to the water overpressure test procedure, this new test method has the
advantage that it can be carried out in a few hours, it doesn’t require large amounts
of test water and the test itself is especially enhanced.
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Requirements

Evaluation

Observance of the standards and regulatory
works as well as special ordinances

The waste water pipe under examination is
made of ductile cast iron and is manufactured
according to DIN EN 598. The bell-and-spigot

®

coupling system Tyton™ corresponds to DIN

28603.

High safety factor against the expected and
calculated, external and internal, static and
dynamic loads

High reserve safety factor or insensitivity
towards not planned or not calculated addi-
tional external and internal loads

The high work capacity of ductile iron, the
large longitudinal displacement, the experi-
mental uptake of shear loads as well as a water
pressure of 10 bar confirm the large safety fac-
tor against external and internal loads. For this
reason, it is generally sufficient to install
Tyton® shaft couplings with simple joints in
buildings.

As few pipe connections as possible using long
pipes, with a simple and safe assembly.

The pipe overall length is 6 m.

No ports to the pipes.
Availability of all necessary accessories
(complete system)

There is a complete system available that
allows e.g. pressure-sealed shafts with ductile
shaft pipes which have ports only in the pipe
shafts

External and internal corrosion resistance of
the pipe material itself and the sealing material
or the external and/or internal corrosion pro-
tection

External corrosion protection according to DIN
30674, Part 3 or Part 1, 2 or 5. Internal corro-
sion protection with cement mortar lining
according to DIN 2614 or with a special lining.

Permanently leakproof pipe materials, pipe
connections and ports in the shafts with
respect to waste water and gases for both
internal and external overpressure as well
as a vacuum

Ductile cast-iron pipes and their couplings
withstand a test pressure of more than 10 bar
and thus exceed the pressure of 2.4 bar for
pressure-less waste water pipes by several
times. Also for special applications in which
the pipe coupling must remain permanently
leakproof, even in case of bending and longitu-
dinal displacement as well as decentring (areas
with ground subsidence etc.) the ductile cast-
iron pipe system withstands a test pressure of
10 bar without a pressure drop. Likewise, the
system remains gastight for an internal gas
overpressure of 1.13 bar and a vacuum of

0.5 bar.

Wear resistance

The wear resistance of the cast-iron pipework
was verified using the a “tilted gutter test”

Table 3:
protection zones Il [23]

Ductile cast-iron pipeline system for the transportation of waste water in drinking-water
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Table 3: Continued

Requirements Evaluation

Thermal resistance The thermal resistance specified in
DIN EN 476 of 318 K (45 °C) for nominal
diameters up to DN 350 and 308 K (35 °C) for
nominal diameters greater than DN 400 was
fulfilled by the ductile cast-iron pipe.

Tangential bending ability of the pipe The tangential bending ability of the pipe

couplings coupling system Tyton® was verified according
to DIN 4060 and also with a test pressure of
10 bar.

Axial displacement in the pipe couplings The leakproofness during longitudinal dis-

placement of 80 mm in the pipe coupling was
verified in a test using an internal water pres-
sure of 10 bar.

Resistance to plant roots The resistance to plant roots was verified in a
shear test based on DIN 4060.

Permanent compatibility between the Permanent compatibility between the materi-
materials used in the pipes, fittings, seals als used in the pipes, fittings and seals was
and mountings attained by observance of DIN 4060.
Maintenance suitability Investigations with respect to the influence of

high-pressure water sprays on the cement
mortar lining of the ductile cast-iron pipes
showed that there was no damage caused by
commonly used nozzle heads and flushing
pressures up to 170 bar.

Table 3: Ductile cast-iron pipeline system for the transportation of waste water in drinking-water
protection zones Il [23]

The differential pressure test is used for the vacuum test and is also used to test
gas pipelines for leaks. In this test, the leakproofness of the sewer pipeline is com-
pared with the absolute leakproofness of a heat-insulated control bottle (reference
vessel). This is carried out with digital differential pressure measuring equipment.
The pre-requisite for this is an absolutely leakproof pipe system. Both the pipe mate-
rial and the couplings must be gastight.

The test section must be sealed off from the start and end shafts by sealing cush-
ions. These are inserted into smooth pipes with an internal coating of epoxy resin.
The same applies to the sealing of house connection pipelines in inspection shafts
as well as road drains with adaptor pipes. After sealing off, the pipeline is evacuated
by means of a vacuum pump that works on the principle of the water jet and is
connected to a compressor.
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In waste water sewers and pipelines in water-protection zone II, leakproof testing
must be carried out at certain intervals during operation, at least every five years.
Shorter intervals may be necessary, depending on the type and loading of the sewers
and pipelines [24].
In water-protection zone III, leakproof tests should be carried out according to
need, generally every ten years.
Ferritic chromium steels with more than 12% chromium
Ferritic austenitic steels with more than 12% chromium
Austenitic CrNi steels
Austenitic CrNiMo(N) steels
Austenitic CrNiMoCu(N)-steels
Within the class of stainless steels, ferritic chromium steels as well as austenitic
chromium-nickel steels, with and without additional molybdenum, can be used as
passivatible materials in waste water installations. Table 4 lists the most frequently
used chromium-nickel steels, which are also listed in DIN EN 1124-1 [26].
Designation Chemical composition, % Pitting Pitting
) index  potential
(o Cr Ni Mo Others
Uy, mV
SAE 304 UNS 1.4301 <0.07 17-19 8-11 - - 18 + 250
530400
SAE 316 L UNS 1.4435 <0.03 16-18.5 11-14 2.0-25 - 25 + 600
531603
SAE 316 Ti UNS 1.4571 <0.08 16-18.5 10.5-14 2.0-25 5x%C 25 + 600
$31635 <Ti<0.5
SAE 317 LMN UNS 1.4439 <0.04 16.5-185 12.5-145 4.0-5.0 NO.12- 32 + 1200

S31726 0.20

Table 4:  Stainless steels used in waste water facilities [27]

The following considerations must be taken into account if stainless steels are to
be used:

e  water composition
e  processing
e operating conditions.

The materials are primarily selected with regards to the corrosive loading by the
waste water, particularly with respect to the amount of chloride ions. These are able
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to locally penetrate the passivating layer on the stainless steels in very small regions,
stabilise anodes and thus lead to pitting. Reference [28] gives information on the
maximum permissible chloride content for a waste water with a pH of 7. From the
information given in Table 5, it can be seen that the resistance of stainless steels to
pitting corrosion increases with increasing molybdenum content. This statement is
confirmed, in principle, by the diagram given in Figure 2. The pitting potential Up
on the abscissa is a criterion for the resistance to pitting corrosion, i.e. the more
positive this potential is, the more resistant is the stainless steel against pitting cor-
rosion [27]. Pitting corrosion can only occur if the redox potential of the waste water
is more positive than the pitting potential.
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Figure 2: Influence of the alloying elements manganese, chromium, nickel and molybdenum on
the pitting potentials of austenitic CrNi steels in 3 % NaCl solution [27]

DIN-Mat. Designation Chemical composition**, % Resistance at pH 7  Tempera-
No. max. Cl content, g/ ture
: o ; K(*Q)
Cr Ni Mo (o Pitting Crevice
corrosion  corrosion
1.4301*  SAE 304* 18 8 - <0.07 0.2 0.02 298 (25)
1.4306 SAE 304 L 18 8 - <0.03 0.2 0.02 298 (25)

*Attention: In the sensitised state, these steels have an increased susceptibility to pitting corrosion and
a strongly reduced resistance to intergranular stress corrosion cracking.
** balance Fe

Table 5:  Maximum chloride contents for pitting and crevice corrosion of stainless steels [28, 29]
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Table 5: Continued

DIN-Mat. Designation Chemical composition®*, % Resistance at pH 7  Tempera-
No. max. Cl content, g/ ture

: " . k()

Cr Ni Mo (o Pitting Crevice
corrosion corrosion
1.4401*  SAE 316% 18 10 2 <0.07 1 0.2 308 (35)
1.4404 SAE 316 L 18 10 2 <0.03 1 0.2 308 (35)
1.4436*  SAE 316% 18 12 3 <0.07 5 1 308 (35)
1.4435 SAE 316 L 18 12 3 <0.03 5 1 308 (35)
1.4439 SAE 317 17 13 4.5 <0.03 10 5 334 (70)
LMN

1.4539 SAE 904 L 20 25 4.5 <0.03 10 5 353 (80)

*Attention: In the sensitised state, these steels have an increased susceptibility to pitting corrosion and
a strongly reduced resistance to intergranular stress corrosion cracking.
** balance Fe

Table 5:  Maximum chloride contents for pitting and crevice corrosion of stainless steels [28, 29]
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Figure 3: Dependence of the pitting potentials of austenitic CrNi steels in 1 mol/l NaCl solutions
on the pitting resistance equivalent (PRE) of chromium and molybdenum [27].

Furthermore, it can be seen from Figure 2 that both manganese as well as nickel
have very little influence on the pitting potential. The presence of chromium only
has a favourable effect on the pitting potential when the steel contains more than 18
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mass% Cr. This determination of the influence of chromium and molybdenum was
the reason for the introduction of the so-called pitting resistance equivalent (PRE =
% Cr + 3.3 % Mo). The larger the pitting resistance equivalent is, the more positive
is the pitting potential Up, as can be seen from Figure 3 and the corresponding val-
ues in Table 4 [27]. Generally, the N content is also included in the pitting resistance
equivalent and is taken into consideration with a factor of 30.

There is a close relationship between crevice corrosion and pitting corrosion. Cre-
vice corrosion only occurs in waste waters that contain chloride ions, and is depen-
dent on the conditions in the crevice. Crevice widths of more than 0.5 mm are gen-
erally not critical; however, the crevice depth must also be taken into account [30].
Crevices between stainless steels and insulating materials, e.g. plastics, are particu-
larly susceptible to crevice corrosion. Experience shows that the most important
potential for crevice corrosion, the critical potential Ug, is clearly more negative than
the pitting potential Up, as shown in Figure 4 [31]. Thus, for example, for a chloride
concentration of 1 g/l, these potentials are Uc = + 0.10 V and Up = + 0.45 V. Crevice
corrosion between stainless steel and stainless steel was also observed; however the
risk of corrosive attack is only to be expected at very high chloride concentrations
[27]. For the use of the materials listed in Table 4, only a very low probability of
corrosion is to be expected if there are crevices in the components [32].

No corrosion

Chloride concentration, pg/I

100

| | |
05 0 +0.5 1

Potential, Vge

Figure 4: Resistance diagram of steel SAE 304 L (cf. 1.4306, X2CrNi19-11) towards pitting and
crevice corrosion in neutral, chloride-containing waters at 298 K (25 °C) [31]

@, O = crevice corrosion potential

/\ = pitting potential

+ = threshold potential

In most cases it is sufficient to use steels with 18 % Cr, 10-12 % Ni and a molyb-
denum content of 2 to 3 %. CrNi steels without additional molybdenum do not ex-
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hibit sufficient resistance to crevice corrosion in waste waters with chloride contents
of approx. 70 mg/1 [5].

The data on pitting corrosion assumes that the stainless steel component has a
smooth surface. However, if there are deposits or films on these surfaces that
remain in place, then there may be a concentration of chloride ions at the sites of
these deposits. At these sites, the pitting potential Up is more negative than the pit-
ting potential outside the deposits. Therefore, in the presence of deposits, pitting
corrosion attack can occur even if the chloride content of the waste water is not at a
critical level. With respect to the deposits caused by operation, the flow rate of the
waste water is of great importance. The greater the flow rate, the less is the likeli-
hood of the formation of deposits and thus also the risk of pitting corrosion. Sur-
faces with low flow rates can thus be susceptible to corrosion.

Adhering deposits can form at the three-phase boundary air/material/waste
water. These deposits lead to the enrichment of chloride ions at this site. Pitting
corrosion is not only favoured by deposits and films, but also by coarse mechanical
damage of the surface, e.g. by scratches or by too coarse grinding.

A further important influential factor for pitting and crevice corrosion is the pos-
sible presence of oxidising agents (e.g. ozone) and anions (e.g. hydroxide and sul-
phate ions) in the waste water. The presence of these substances in the waste water
can shift the potentials Up and Uc in a positive direction. This results in an
increased susceptibility towards pitting and crevice corrosion [27, 31].

In the selection of materials, the possibility of intergranular corrosion must also
be taken into account. This type of corrosion is selective and is based, for example,
on the precipitation of chromium-rich carbides on the grain boundaries (e.g. by
welding). The chromium depletion can lower the corrosion resistance so that the
grains disintegrate. This modification of the material is known as sensitisation [30].
Thus, for example, steel no. 1.4301 (Table 4) can be sensitised and, according to [32],
the use of this material is not recommended.

Steels can be stabilised against intergranular corrosion e.g. by the use of steels
with a low carbon content, as in material no. 1.4435 (Table 4). Another possibility is
alloying with titanium or niobium which have a great affinity for carbon and thus
prevent the formation of chromium carbides, as in e.g. material 1.4571 (SAE 316 Ti,
Table 4).

Steels with 18 % Cr, 10-12 % Ni and carbon contents < 0.03 % or those stabilised
with titanium are recommend for welded constructions [5].

Stress corrosion cracking and corrosion fatigue are only rarely observed in waste
water installations [33]. These types of corrosion are only to be expected in materials
listed in Table 4 only at temperatures above 323 K (50 °C).

Stainless steel components are preferentially joined by welding. During welding,
oxide films and scales are produced on the surfaces and they very greatly reduce the
resistance towards pitting corrosion [32]. Therefore, inert-gas-shielded arc welding is
recommended to prevent the formation of oxide films and scales. It must be
ensured that there is a sufficient supply and correct control of the inert gas. For
example, during welding at construction sites it must be ensured that the position
of the inert gas bell is not disturbed by the wind [34].
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The permissibility of the different tarnishes which are produced during welding
are discussed in [35]. According to this, straw yellow to dark blue tarnishes are harm-
less, whilst the lighter tarnishes with a film thickness of up to 50 nm are close to the
limit of permissibility. Pitting corrosion must be expected in chloride-containing waste
waters for brown to brown-black and particularly black films of macroscopic thickness.
It is recommended to remove all tarnishes, regardless of colour. The films and layers
thatlead to corrosion must be removed by shot peening, careful grinding (grain size
>100 um) or by pickling. The components can be treated by the manufacturer in
pickling baths of nitric acid/hydrofluoric acid. Pickling pastes must be used at the
construction site. The pickling agents must not contain any hydrochloric acid [32].

There are a number of possible welding defects, e.g. drips, root crevices that have
not been properly welded, offset edges, open pores, welding splashes, residual slag
on the base material and the welds. These defects underline the importance of cor-
rect and careful execution of the welding [35].

In the case of rubber-sealed joints, the amount of chlorides that can be extracted
by water must not exceed 0.05% otherwise there is a risk of pitting or crevice corro-
sion. Brazed joints, independent of the braze, are no longer permitted for stainless
steels because of attack by knife-line corrosion [32].

Clamped couplings made of stainless steel with elastomer seals are used for slee-
veless drainpipes of cast iron and fibre cement. According to the principles of con-
struction and inspection from the Deutsches Institut fiir Bautechnik (German Insti-
tute of Building Technology), the following requirements apply to the materials of
the elements used to clamp cast-iron pipes [36]: the clamping straps/sleeves must
be made of stainless steel according to DIN EN 10028-7, which is resistant to inter-
granular corrosion, even in the welded state. Therefore, in the case of austenitic
steels, all grades are permissible, while only the two materials 1.4510 (SAE 439,
X3CrTil7) and 1.4511 (X3CrNb17), are permissible in the case of ferritic and mar-
tensitic steels. For clamping collars made of stainless steel for fibre cement pipes
which are to be welded, only steels may be used that are resistant to intergranular
corrosion (1.4510 and 1.4511).

In waste water installations, the mixed construction i.e. the installation of compo-
nents made of different materials, cannot be avoided. The risk of corrosion in mixed
constructions is also discussed in [37].

Stainless steels are electrochemically noble materials in the passive state, i.e. they
can form cathodes in electrochemical cells. Information with regards to this is given
in Section “Unalloyed steels”.

Corrosion damage which has been ascribed to acid attack has recently been ob-
served in stainless steel sludge tanks in waste water treatment plants. The regions
where corrosion occurred were in contact with sewer gas. The CrNi steels 18 10-12
with 2-3% molybdenum used here proved to have insufficient resistance. Therefore,
the use of more highly alloyed stainless steels with increased resistance to acids is
worthwhile in this case [5].

According to [38], thick-walled CrNiMo rolled-steel pumps are to be favoured for
use as components in waste water installations over those made of plastic or grey
cast iron as they are resistant to corrosion and biocorrosion.



Zinc
Zinc

Zinc is widely used as a coating on unalloyed steel components in waste water
installations. The zinc coating is generally applied using the hot-dip galvanisation
process [39]. Spray galvanisation and electrogalvanisation only play a secondary role
in this range of applications.

Hot-dip galvanised steel components are used in sewer technology as drain gra-
tings, covers and as dirt pans for balconies, roofs, and cellars in road and estate
drainage. It is also used as buckets for drains in roads [40]. A zinc layer of at least
400 g/m” is required for these components [41].

A large area of application are hot-dip galvanised steel drainpipes and fittings for
estate drainage. According to DIN EN 1123-1 [41], these pipes can be used with and
without coating. The hot-dip coating must have a smooth, perfectly adhesive and
uniform layer with a minimum amount of 400 g/m? on average; the individual
value must not be less than 350 g/m”.

For waste water with a normal level of aggressiveness, a service life of e.g.
20 years is calculated for a hot-dip galvanised pipeline with a coating thickness of
100 um and a 1 mm thick wall of the steel pipe. This is based on a corrosion rate of
the hot-dip coating of approx. 5 to 10 um/a (without excessive abrasion) and of the
steel of 100 pm/a (without the normal erosion or cavitation loading) [37].

The combination of hot-dip galvanisation and coating is a synergetic system, i.e.
the overall protective effect is greater than the sum of the protective effects of the
individual components of the system [42]. This system is defined as a duplex
system.

For hot-dip galvanised components (holders, supports, handrails etc.) in waste
water treatment plants that lie above the level of the waste water, it can be expected
that there is an increase in the protective effect by the duplex system by approxi-
mately 50 to 200%, i.e. a four-fold protective effect, compared to the protective effect
of the individual system components [43].

However, below the level of the water, hot-dip galvanised components are only
regarded as resistant in exceptional cases [43]. This behaviour is attributed to the
numerous waste water parameters [39]. The existing good practical experience is
therefore often difficult to transfer to other systems and can only be generalised in a
limited manner. This applies e.g. to the good experience with hot-dip galvanised
components described in various publications [44—46].

Corrosion damage of hot-dip galvanised components in oxygen-poor waste waters
with pH values between approximately 3.5 and 5.0 is reported in [47]. The reason for
the damage is attributed to the low oxygen content under the layers of dirt and
sewer slime. Because the oxygen content is too low, the conditions for the formation
of protective layers of basic zinc carbonates deteriorate.

A coating of hot-dip galvanised components with plastics based on tar pitch or
epoxy resins is recommended in [39]. It is expressly stated that the coating thick-
nesses should lie above 500 to 800 um. Before the coating is applied to the hot-dip
galvanised surfaces they should be treated by means of the irradiation process
known as “sweeping” to obtain good adhesion [48]. For the coating of hot-dip galva-
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nised surfaces, only certain plastics can be used whose suitability must be verified
according to the AGK Worksheet B 1 [49].
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Introduction

Waste waters are classified according to their source into domestic, commercial, and
industrial waste waters and contaminated storm water runoff. Liquids that have
seeped and have been collected from landfill facilities (leachates, landfill leachates)
are also regarded as waste water. If these waste waters are combined, they are
known as municipal waste water [1].

In contrast to municipal waste water, the type and concentration of the pollutants
in commercial and industrial waste waters can vary greatly, depending on their ori-
gin.

Industrial waste waters contain non-recyclable materials from chemical, thermal,
and mechanical processes and may contain a wide variety of corrosive agents,
depending on their origin. The concentrations of these agents must comply with the
legally stipulated values before they can be discharged into waste water treatment
plants or sewers. This is achieved by means of a wide range of treatment processes
that are very specific to the particular branch or industry and the respective process
engineering.

Although modern processing techniques that have integrated environmental pro-
tection aim to minimise waste, they still produce aqueous solutions containing high
levels of contaminants that have to be treated chemically, thermally, physically, or
biologically.

In the diverse waste water treatment processes, the typically high concentrations
of aggressive compounds and the frequently high temperatures necessitate the use
of highly corrosion-resistant materials. This means that a design with standard
materials is no longer suitable.

A very useful description and assessment of the various methods and their var-
iants that are used in practice for industrial waste water treatment are compiled in
[2]. A comprehensive evaluation of the physical and chemical methods reported in
the specialist literature is given in [3] with a total of 382 references.

Comprehensive overviews and information on the origin and types of waste water
produced by the different commercial and industrial facilities as well as the appro-
priate treatment process are given in [4-0].

Reference [7] gives a detailed description of the basic principles for the treatment
of industrial waste waters and also discusses the legal aspects, problems regarding
environmental protection, and the various technical processes. In addition to an
overview on industrial waste waters, evaluation criteria, and the possibilities of re-
ducing or avoiding waste water are also addressed. The chemical, physical, and bio-
logical processes for waste water treatment and the elimination of waste water con-
taminants are described in detail.
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Unalloyed steels and low-alloy steels/cast steel

The corrosion rates of these materials in almost neutral waste waters are chiefly de-
termined by the concentration of oxygen and by its transport to the surface of the
material. However, in addition to uniform surface attack, which must be taken into
account by increasing the wall thickness, there may be increased local attack in the
form of shallow pit corrosion and pitting corrosion due to the formation of aeration
cells. The use of unalloyed and low-alloy steels as well as cast iron and cast steel is
generally not recommend if there are no additional corrosion protection measures,
e.g. with coatings, linings, or cathodic protection.

In air-saturated deionised water with low ozone concentrations and at room tem-
perature, unalloyed steel exhibits a corrosion rate that is several times higher than
that in ozone-free water. This must be taken into account, if appropriate, in waste
water treatment processes that use ozone.

Pipes made of unalloyed and low-alloy steels are frequently used for waste water
pipelines, which are usually installed underground. The corrosion rates of these
materials in almost neutral waste waters are chiefly determined by the concentration
of dissolved oxygen and by its transport to the steel surface. Uniform corrosion rates
are usually in the range of 0.1 to 0.2 mm/a (3.94 to 7.85 mpy). There may be
increased local attack owing to the formation of aeration cells, e.g. underneath
deposits, and if there are differing oxygen concentrations in the medium. Without
corrosion protection, these steel grades are thus not sufficiently resistant to the flow-
ing medium nor to the gas atmosphere above the level of the liquid. Therefore,
pipes made of these steels as well as the frequently used pipes of ductile cast iron
can only be used if they have sufficient corrosion protection [1]. Unalloyed steels are
not attacked by dry H,S at room temperature. There have been several reports of
heavy corrosion of covers of biological settling tanks after longer operating times.
These tanks are exposed to high H,S concentrations and high humidity levels.

The structural steel St 38 (cf. SAE 1015, 1.0037), grey cast iron, austenitic CrNi
steels, aluminium, and polymer materials were tested in the laboratory for their suit-
ability in a waste water treatment plant under simulated operating conditions, such
as in collecting tanks for mixed waste water (buffer tanks), in the neutralisation
stage, in primary biological stage and in the final biological stage. The industrial
waste waters from various points with differing compositions are stored in buffer
tanks at an average temperature of 314 K (41°C). In the neutralisation stage, the
waste waters at approx. 313 K (40°C) are adjusted to pH 6-7. In the main biological
treatment stage, the mixed water, neutralised or at pH 5, is subjected to bacterial
degradation at a temperature between 303 K (30°C) and 313 K (40°C) with excess
oxygen and strong turbulence from recirculating pumps. This increases the pH
value to pH 7-8. The subsequent treatment is carried out in the final biological stage
at 303 K (30°C). The resulting corrosion rates for samples of unalloyed steel and
grey cast iron are given in Table 1 [8].
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According to these results, St 38 (cf. SAE 1015) or grey cast iron can only be used
in the final biological stage under the given conditions. The likewise tested austeni-
tic CrNi steels were resistant under all experimental conditions, whereas all tested
aluminium samples exhibited strong pitting corrosion.

Plant Test duration Corrosion rate
days mm/a (mpy)
unalloyed steel St 38 Grey cast iron
SAE 1015
Buffer tank 140 2.68 (105.5) 5.90
Neutralisation stage 0.76 (29.92) 0.32
Main biological treatment stage 180 to 260 0.89 (35.04) 0.38
Final biological treatment stage 260 0.02 (0.70) 0.02

Table 1:  Corrosion rates of unalloyed steel and grey cast iron in plants used for waste water treat-
ment [8]

The corrosion behaviour of unalloyed C steel USt 42-2 (1.0040, JIS SS 400), low-
alloy steel 34CrMo4 (1.7220, JIS SCM 435) and 36NiCr10 (1.5736, JIS SNC 631),
CrNi steel SAE 304 (1.4301, X5CrNi18-10), 13 % chromium steel SAE 403 (1.4000,
X6Cr13), 17 % chromium steel SAE 430 (1.4016, X6Crl7), copper Cu-PHC
(CWO020A, SE-Cu, 2.0070) and a CuZn alloy CuZn40 (CW509L, 2.0360) in contact
with ozone-containing water was investigated with respect to ozone, which has been
used more frequently in recent years [9]. The chemical composition of the materials
is given in Table 2.

Material DIN-Mat. C Si Mn P S Ni Cr Mo Fe
No.

USt 42-2 1.0040 0.18 0.05 0.80 0.007 0.005 - - —  Dbalance

(JIS SS 400)

34CrMo4 1.7220 034 0.19 0.71 0.012 0.006 - 1.09 0.19 balance

(JIS SCM 435)

36NiCr10 1.5736 0.30 0.32 0.57 0.014 0.006 2.64 0.75 — balance

(JIS SNC 631)

SAE 304 1.4301 0.06 0.40 0.75 0.031 0.004 9.07 18.22 — balance

X5CrNi18-10

SAE 430 1.4016 0.07 0.52 041 0.031 0.007 0.30 16.61 - Dbalance

X6Cr17

Table 2: Composition of the investigated materials (%) [9]
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Table 2: Continued

Material DIN-Mat. C Si Mn P S Ni Cr Mo Fe
No.

SAE 403 1.4000 0.07 0.36 0.32 0.022 0.002 0.24 12.57 - Dbalance

X6Cr13

Cu Zn Fe Pb

CuZn40 20360 61.41 3857 0.006 0.016
(CW509L)
Cu-PHC 20070 9995 - - -

(CW020A, SE-Cu)

Table 2: Composition of the investigated materials (%) [9]

The ozone concentration in the deionised water was varied between 0 and
7.1 mg/l, and the corrosion rate was determined in static, fast-flowing, and slow-
flowing media (Table 3). The corrosion rate of unalloyed steel USt 42-2 (1.0040) in
pure, air-saturated water at room temperature with a very low concentration of dis-
solved ozone, determined under static conditions and with a slow flow rate, was sev-
eral times higher than that obtained in ozone-free water. According to the generally
accepted evaluation rules, resistance can only be expected for higher flow rates. In
practice, however, this favourable behaviour is not significant because the investiga-
tion showed that the corrosion potential was immediately shifted from the positive
range to the negative range when the ozone feed diminished. Once the corrosion
process had started, the potential could not be shifted back into the noble range,
even if ozone was added.

Water flow rate None Low flow rate, High flow rate,
5-10cm/s 1.7m/fs
Ozone concentration, mg/| 2.1 0 2.1 (/] 2.1 0
Material Corrosion rate, mm/a (mpy)
Unalloyed steel USt 42-2 0.18 0.07 0.68 0.11 0.003 0.003
(1.0040) (7.09)  (276)  (26.77)  (433)  (0.12)  (0.12)
Low-alloy steel 34CrMo4 0.14 0.05 0.17 0.06 0.01 0.002
(1.7220) (5.51)  (197)  (6.69)  (236)  (0.39)  (0.08)
Low-alloy steel 36NiCr10 0.12 0.04 0.15 0.05 0.015 0.001
(1.5736) 471 (157)  (5.91)  (1.97)  (0.59)  (0.04)

Table 3: Corrosion rates of the metals listed in Table 2 in air-saturated water with and without
ozone at room temperature and with differing flow rates [9]



Unalloyed steels and low-alloy steels/cast steel

Table 3: Continued

Water flow rate None Low flow rate, High flow rate,
5-10cm/s 1.7m/s
Ozone concentration, mg/l 2.1 0 2.1 (/] 2.1 0
Material Corrosion rate, mm/a (mpy)
CrNi steel SAE 403 <0.001 <0.001 <0.001 <0.001 - -
(1.4301, X5CrNi18-10) (<0.04)  (0.04) (<0.04) (<0.04)
13 %-Cr steel SAE 304 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
(1.4000, X6Cr13) (<0.04)  (0.04) (<0.04) (<0.04) (<0.04) (<0.04)
17 %-Cr steel SAE 430 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
(1.4016, X6Cr17) (<0.04) (<0.04) (<0.04) (<0.04) (<0.04) (<0.04)
Copper SE-Cu 0.02 0.002 0.02 0.003 0.03 0.004
(CW0204, 2.0070) 0.79)  (0.08)  (0.79)  (0.12)  (1.18)  (0.16)
Brass CuZn40 0.02 0.003 0.03 0.003 0.05 0.01
(CW509L, 2.0360) 0.79)  (0.12)  (1.18)  (0.12)  (1.97)  (0.39)

Table 3: Corrosion rates of the metals listed in Table 2 in air-saturated water with and without
ozone at room temperature and with differing flow rates [9]

From the experience with ozone treatment of cooling waters reported in [10], it
can be assumed that a negative influence on the corrosion of low-alloy steels is not
expected for ozone concentrations of 0.1 mg/l. However, the use of high-alloy steels
is recommended for pipelines carrying ozone-rich water.

Reference [11] describes the influence of sulphate-reducing bacteria on the corro-
sion of unalloyed steels in detail. Certain prerequisites are linked to the formation of
a biofilm. These are essentially the concentrations of dissolved oxygen and dissolved
Fe?* ions as well as the physical and chemical properties of the resulting iron sulphi-
des. Locally occurring anaerobic conditions on metal surfaces in industrial waste
water systems encourage the formation of biofilms that contain sulphate-reducing
bacteria. Even low concentrations of Fe?* ions in the presence of sulphate-reducing
bacteria lead to the breakdown of protective layers, and the corrosion rate increases
proportionally to the concentration of iron ions (Figure 1). The corrosion rate of
unalloyed steels in industrial waste water systems is not directly determined by the
activity of sulphate-reducing bacteria, but indirectly by the properties of the adhering
Fe’" sulphides produced as corrosion products [11].
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Figure 1: Corrosion rate of unalloyed steels depending on the Fe** concentration in water and on
the presence of sulphate-reducing bacteria [11]

Corrosion damage to several components made of low-alloy steels and cast iron
in the waste water treatment plant of a petroleum refinery were also caused by the
action of sulphate-reducing bacteria. To prevent further damage, the pipelines were
either replaced by those made of glass-fiber-reinforced polyester resin or they were
lined with sulphate-resistant concrete [12].

Unalloyed cast iron and low-alloy cast iron
High-alloy cast iron

Silicon cast iron

Unalloyed cast iron (grey cast iron) exhibits similar behaviour to unalloyed steel in
waste water treatment plants. Waste water pumps made of grey cast iron (GG 22,
GG 25, 0.6025) have a rough surface that is an ideal substrate for adhesive biofilms
that can cause biocorrosion. Biocorrosion cannot be completely excluded on pol-
ished cast parts containing spheroidal graphite and silicon as well as on high-alloy
CrNiMo cast pumps. The corrosion properties of hard chromium-molybdenum cast
iron G-X 250 CrMo 15 3 (cf. G-X 300 CrMo 15 3, 0.9635) are comparable to those of
unalloyed cast iron; however, the former is a superior material for immersion
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pumps owing to its better resistance to abrasive wear. Ferritic-austenitic CrNiMo
cast steel G-X 3 CrNiMoCuN 24 6 (cf. DIN-Mat. No. 1.4517) is a superior pump
material compared to other cast materials, particularly if the pumped medium is a
chemical waste water containing chloride and large quantities of abrasive solids and
also has a widely fluctuating pH value.

The results of corrosion tests described in Section “Unalloyed and low-alloy
steels” that were carried out in a biological industrial waste water treatment plant on
samples of grey cast iron are given in Table 1.

These showed, as expected, that unalloyed cast iron behaves similarly to unalloyed
steel [8].

Immersed motor pumps made of grey cast iron have been used for many years in
waste water applications; however, for reasons of weight and improved corrosion
resistance, they have recently been replaced by pumps made of CrNiMo stainless
steels [13].

Waste water pumps made of grey cast iron (EN-GJL-250, 0.6025) have surface
roughnesses between 12 and 50 um (Ra, arithmetic mean roughness) and are thus
ideal substrates for adhesive biofilms. Biocorrosion is accelerated on these materials,
in contrast to polishable spherical graphite cast iron and cast ferrosilicon. Bronze
pumps have improved mean roughness values of approx. 10 um Ra, and pumps
made of cast high-alloy CrNiMo can be polished to values of 5 pm Ra. However, the
formation of cavities with a risk of biocorrosion cannot be excluded in this case [14].

Unalloyed cast iron grades (e.g. EN-GJL-250) are mainly recommended for less
aggressive waste waters in the pH range of > 6 with low concentrations of abrasive
solid particles (less than 1 g/1) [15]. Pipes made of grey cast iron usually have corro-
sion protection coatings on the inner and outer surfaces [1]. The withdrawn stan-
dard DIN 19690 specified a bitumen-based coating for the external corrosion protec-
tion. The new DIN EN 598 [16] stipulates that the standard external protection of
the pipes must consist of a zinc coating plus top coat as well as an epoxy resin coat-
ing in the region of the male ends and the inner surfaces of the sockets. DIN 19690
stipulates a cement-bonded mortar lining for the inner corrosion protection [17].

Hard chromium-molybdenum-alloyed cast iron G-X 250 CrMo 15 3 (Norihard®
NH 15 3, cf. G-X 300 CrMo 15 3, 0.9635) has a predominantly martensitic micro-
structure with chromium carbide inclusions. It is characterised by a high wear resis-
tance and relatively good toughness. The hardness and abrasion resistance of this
material is only superseded by the pure metal oxides and metal carbides (hard met-
als). However, compared to these materials, it has the advantage that it can be soft-
annealed by heat treatment after casting so that it can be machined. It has a corro-
sion resistance comparable to unalloyed cast iron. However, as a material for sub-
mersible pumps, it is superior to the latter material because it has a better resistance
to abrasive wear. Under comparable operating conditions, it has a 10- to 15-fold
longer service life than grey cast iron and a 5- to 10-fold longer service life than
wear-resistant special cast iron. Application areas include the transport of lime milk,
sludges in alumina production, sinter waters from steelworks, and ash/water sus-
pensions in power stations [18].
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The high-alloy ferritic-austenitic CrNiMo cast steel G-X 3 CrNiMoCuN 24 6 with a
ferrite/austenite ratio of 50:50 (Noridur® 9.4460, cf. GX2CrNiMoCuN25-6-3-3,
1.4517) is suitable as a pump material owing to its good resistance to simultaneous
hydroabrasive wear and chemical attack. Its high chromium and molybdenum con-
tents make it superior to the conventional austenitic CrNi and CrNiMo cast steel
grades, particularly if, for example, there are strong fluctuations in the pH value and
high chloride concentrations in chemical waste waters that also contain large quan-
tities of abrasive solids [15, 18 —21]. Table 4 gives the relevant material data for the
various cast materials and Table 5 gives information on their applications [18].

Materials Comments on applications

EN-GJL-250, 0.6025 Standard material for waste waters containing chemicals
that are not aggressive; without abrasive solids

EN-GJS-400-15, 0.7040 For waste waters containing chemicals that are not
aggressive; without abrasive solids when pressurised
components are subjected to pressure surges or if there is
a risk of frost damage

Norihard® NH 15 3 For waste waters containing chemicals that are not

cf. G-X 300 CrMo 15 3, 0.9635 aggressive but with large quantities of abrasive solids
1.4408, CF-8M For waste waters containing chemicals that are not
GX5CiNiMo019-11-2 aggressive up to pH values of > 4.0 and chloride concen-

trations of < 100 mg/1

Noridur® 9.4460 For chemical waste waters with extremely low pH values
cf. GX2CrNiMoCuN25-6-3-3, 1.4517 and high chloride concentrations; also for low concentra-
tions of abrasive solids

Table 5: Comments on applications for selected pump materials [18]

Pipes made of ductile cast iron i.e. cast iron with spheroidal graphite according to
DIN EN 1593 [22] are used extensively in communal and industrial waste water dis-
posal systems. The technical terms of delivery DIN EN 598 [16] contain information
on the material parameters, on their joints, as well as on the testing and quality con-
trol of pipes. Some material parameters are given in Table 6.
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Material parameters

Tensile strength > 400 N/mm’
0.2 % Yield strength > 300 N/mm’
Elongation at failure 2 7 % (pipes)
Hardness < 250 HB 5/750
Modulus of elasticity 170 kN/mm”
Bursting strength > 300 N/mm’
Hoop strength > 550 N/mm’
Longitudinal bending strength > 420 N/mm”

Table 6: Material data for pipes made of ductile cast iron according to DIN EN 598 [16, 24]

Pipes made of ductile cast iron are supplied with push-in joints according to DIN
28603 [23]. These joints have a sealing ring made of natural or synthetic rubber. The
pipes are used in waste water applications with a standard protection consisting of
an internal cement mortar lining and an external spray-coating of zinc with an addi-
tional bitumen-based coating. The cement mortar lining not only provides passive
protection because it separates the metal surface from the media, but it also provides
active protection by absorbing lime out of the mortar so that the phase on the sur-
face of the metal has a pH value greater than 12 in which the cast iron is virtually
passive [24].

Ferritic chromium steels with <13 % Cr
Ferritic chromium steels with > 13 % Cr
High-alloy multiphase steels
Ferritic/pearlitic-martensitic steels

Ferritic-austenitic steels/duplex steels

Although ferritic chromium steels exposed to chloride-containing waters exhibit
good resistance to chloride-induced stress corrosion cracking, they are rarely used
owing to the problems associated with their processing. Ferritic-austenitic steels
have proven suitable in waste water facilities because of their good resistance to pit-
ting and stress corrosion cracking, even under critical conditions.

In a biological sewage treatment plant, components made of ferritic stainless
chromium steel SAE 409 (1.4512, X2CrTil2) that were partially immersed in the
waste water exhibited strong corrosion, particularly at the weld seams. The incom-
ing industrial waste water contained between 1100-3080 mg/1 chloride during the
observation period. A microbiological analysis also showed high levels of sulphate-
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reducing bacteria. The selected material with a chromium content of only 12 % was
not suitable for this application [25].

Table 3 [9] also gives the results of exposure tests in ozone-containing water for
the 13 % chromium steel SAE 403 (1.4000, X6Cr13) and the 17 % chromium steel
SAE 430 (1.4016, X6Cr17) (composition in Table 2). Both materials were resistant
under the given test conditions. In contrast, the low-alloy chromium steel 34CrMo4
(UNS G41300, 1.7220) is not resistant in ozone-containing water.

Most of the waste waters from oil refinery plants arise from stripping of acidic
waste gases that are produced by distillation or gas production. In this process, the
H,S and CO, components are absorbed by a counterflow of amine solutions (mono-
ethanolamine (MEA) or diethanolamine (DEA)). The absorption solution is recycled
after thermal removal of the acidic gases. The heat exchangers used in this process
are subjected to the conditions given as an example in Table 7.

Untreated water, piping Treated water, outer wall

H,S 5,000 ppm 4 ppm
Mercaptans 90 ppm 15 ppm
Thiosulphate - 25 ppm
cr 10-30 ppm -
pH 7 9-11
Temperature  inlet: 303 K (30°C) inlet: 423 K (150°C)

outlet: 373 K (100°C) outlet: 333 K (60 °C)
Pressure 1.0 MPa 1.0 MPa

Table 7:  Corrosion conditions in heat exchangers exposed to waste waters from oil refining for
components made of ferritic-austenitic steel (duplex steel) UNS S31500 (3RE60, 1.4417) [26, 27]

Heat exchangers made of duplex steel UNS S31500 (18 Cr, 5 Ni, 3 Mo, cf. 3RE60,
1.4417) have been used without problems for more than 10 years. In previous trials,
the ferritic 17 % chromium steel SAE 430 (1.4016, X6Cr17) and also the austenitic
chromium-nickel-molybdenum steel SAE 316 (1.4401, X5CrNiMo17-12-2) failed due
to stress corrosion cracking less than six months after commissioning. The duplex
steel UNS S31500 has been used successfully for almost seven years as a head con-
denser in a DEA scrubber. The gas in contact with the pipes contained hydrogen
sulphide, water, carbon dioxide, ammonia, as well as traces of DEA, oxygen, and
acetonitrile. The temperature was 368-378 K (95-105 °C). The outer wall was in con-
tact with brackish water containing 1000-1200 ppm ClI™ [26, 27].

In general, for the selection of materials to be used in conditions where there is a
risk of stress corrosion cracking, it is advisable to short-list duplex steels because
these exhibit better resistance than austenitic chromium-nickel steels [28].

Ferritic, austenitic, or ferritic-austenitic cast alloys are used in preference as mate-
rials for pumps in scrubber circuits of flue gas desulphurisation plants (FGD
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plants). The chemical compositions of some typical high-alloy pump materials are
given in Table 8 [29]. The pumped media are strongly corrosive owing to their low pH
values and high salt concentrations. Also the entrained solids cause hydroabrasive wear
of pump parts, such as impellers or wear plates, that are exposed to fast-flowing media.
Table 9 gives the essential parameters to which the material is exposed along with values
of a typical FGD scrubbing solution. Furthermore, Sheet 4 of the ATV Notice H 706
discusses waste waters from flue gas scrubbers in detail [30].

Material Cc Si Mn Cr Ni Mo Cu other
GX5CrNiMo19-11-2, Norinox® <014 <15 <15 19.0 11.0 2.3

1.4408

EN-GJN-HV 600, 0.9650 Noriloy® NL 252 1.7 1.0 1.0 25.0 2.0
GX3CrNiMoCu 24-6-2-3, Noridur® <004 <15 <15 250 60 24 31 N
1.4593

GX3CrNiMoCuN 24-6-5, Noriclor® NL246 < 0.04 < 1.0 < 1.0 240 60 50 20 N
1.4573, SAE 316 Ti

Table 8: Approximate analysis values of some high-alloy cast steel grades used for pump con-
struction (mass%, balance Fe) [29]

Parameters and contents Unit  Usual range Extreme values
pH value 4-8 <1-12
Chloride concentration g/l 5-80 100
Sulphate concentration g/l 1-4 6
Nitrate concentration g/l 0.2-1.0 1.5
Other salts mg/1 <0.5

Solids content mass% 10-25 60
Density g/cm3 1.02-1.15 1.5

Table 9: Essential parameters of scrubbing solutions in flue gas desulphurisation plants that
operate with the calcium carbonate scrubbing process [29]

Under critical conditions, these materials also exhibit damage due to abrasion or
corrosion. For example, in a FGD scrubbing suspension with the following data

e pH value: 3.5-5.5
e chloride concentration: approx. 70,000 mg/1
¢ solids content: > 200 g/1

the wear plate of a pump made of EN-GJN-HV 600 exhibited strong abrasive wear after
8800 operating hours. Noticeably improved service lives were attained under these con-
ditions by the use of GX3CrNiMoCu 24-6-2-3 with a wear plate protected with by a weld-
cladding with the hard alloy Stellite® H6 or by a SiC ceramic coating [29).
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Austenitic CrNi steels
Austenitic CrNiMo(N) steels

Austenitic CrNiMoCu(N) steels

The molybdenum-free austenitic steels are susceptible to crevice corrosion at chlo-
ride concentrations greater than approx. 20 mg/1 and to pitting corrosion at concen-
trations above approx. 200 mg/l. Austenitic steels containing 18 % Cr, 10-12 % Ni
and 2-3 % Mo have proven suitable in waste water treatment plants and are fre-
quently used. They have sufficient resistance to pitting corrosion at moderate tem-
peratures (up to approx. 308 K (35°C)) in neutral to weakly acidic waters and chlo-
ride concentrations up to approx. 1000 mg/l. However, they may exhibit crevice cor-
rosion at chloride concentrations above 200 mg/l. At higher temperatures, higher
chloride concentrations, and lower pH values, as in e.g. evaporator units for waste
waters from flue gas desulphurisation units, sewage sludge drying, and for landfill
leachates, steels containing high Mo contents must be used. These include 1.4439
(SAE 317 LMN, X2CrNiMoN17-13-5), 1.4539 (SAE 904 L, X1NiCrMoCuN25-20-5),
1.4529 (UNS N08926, X1NiCrMoCuN25-20-7), and 1.4562 (UNS N08031, X1NiCr-
MoCu32-28-7). Nickel-based alloys should be used in strongly acidic solutions and
in solutions with a high redox potential.

Stainless steels must be processed and machined correctly so as not to interfere
with the homogeneous formation of the protective oxide layer. The surface finish
has a significant influence on the corrosion resistance. The greatest resistance is
attained with a clean and metallically bright surface that is also free of cracks and
crevice like phenomena. This is particularly important if the parts are welded. Tarn-
ishing and other surface defects, such as weld splashes and slag residues, undercuts,
incomplete welding of the root and pores, as well as metal abrasion, deposits, and
extraneous rust must be carefully removed. Crevices and stresses must also be
avoided in the design.

In addition to ferritic-austenitic steels (duplex steels), austenitic CrNiMo steels
can also be used in waste water treatment plants. These steels are sufficiently passi-
ve in most waste waters so that uniform surface corrosion can be practically
neglected; however, under critical conditions, they can exhibit local corrosive attack
in the form of pitting corrosion, crevice corrosion, or stress corrosion cracking. The
decisive evaluation criteria for their possible application with respect to the media
are:

¢ the chloride concentration
e the pH value

e the temperature

e the redox potential

Pitting corrosion only occurs when the potential of the steel in the medium is
more positive than the pitting corrosion potential. For longer exposures, the corro-
sion potential of the steel shifts in the direction of the redox potential, however, it
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does not exceed this potential. Pitting corrosion cannot occur if the pitting corrosion
potential is more positive than the redox potential of the system. In the inverse case,
if the pitting corrosion potential is more negative than the redox potential, there is
always a risk of pitting corrosion.

The risk of pitting corrosion thus increases if the pitting corrosion potential is
shifted to more negative values, e.g. in the event of

e anincreasing chloride concentration
e adecreasing pH value
e ahigher temperature

Higher redox potentials, i.e. high concentrations of oxidising agents, increase the
risk of pitting corrosion in that they shift the resting potential of the steel in the
direction of the pitting corrosion potential.

The resistance to pitting corrosion increases as the pitting corrosion potential
becomes increasingly positive. As the contents of chromium and molybdenum
increase, the pitting corrosion potential of stainless steels is shifted to more positive
values, i.e. the resistance to pitting corrosion is increased, whereby the effect of
molybdenum is approximately three times greater than that of chromium.

This allows the pitting corrosion resistance to be estimated from the composition
of the steel. The differing efficiencies of the alloying elements is taken into account
in the pitting resistance equivalent (PRE).

PRE = mass% Cr + 3.3 x mass% Mo

The pitting corrosion resistance of the steels increases as the value of the pitting
resistance equivalent increases.

Correctly selected materials made of CrNiMo stainless steels have proven suitable
in various components of sewage treatment plants, including aerated and buried
sewage sludge and digester gas tanks. The few problematic cases to date have been
limited to two types of damage, which, however, are not limited to waste water treat-
ment plants, but are generally applicable:

¢ spots of extraneous rust due to incomplete final cleaning
e crevice corrosion due to deposits that were not removed by routine cleaning
e processing faults

These problems can be avoided by final checks before commissioning the plant
and sufficiently high flow rates during operation.
Table 10 gives a selection of DIN and European standards for stainless steels [31].
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DIN 17440 [32] Stainless steels; Technical terms of delivery for sheets, hot-rolled strip,
rolled wire, drawn wires, bars, forgings, and semi-finished products

DIN EN 10028-7 [33]  Stainless steels; Technical terms of delivery for cold-rolled strips and
split strips as well as sheets cut from them

DIN 17455 [34] Welded circular tubes made of stainless steels for general quality
requirements: Technical terms of delivery

DIN 17456 [35] Seamless circular tubes made of austenitic stainless steels for general
quality requirements; Technical terms of delivery

DIN EN 10217-7 [36] Welded circular tubes made of austenitic stainless steels for enhanced
quality requirements; Technical terms of delivery

DIN 17458 [37] Seamless circular tubes made of austenitic stainless steels for enhanced
quality requirements; Technical terms of delivery

DIN EN 1124-3[38]  Pipes and fittings of longitudinally welded stainless steel pipes with
spigot and socket joints for waste water pipelines — Part 3: System X;
Dimensions

SEW 400 [39] Stainless steels for rolling and forging

DIN EN 10088-1 [40]  List of stainless steels, chemical composition and physical properties

DIN EN 10088-2 [41] Technical terms of delivery for sheet and strip steel for general purposes

DIN EN 10088-3 [42] Technical terms of delivery for semifinished products, bars, rolled wire,
and sections for general purposes

Applicable to pressure vessels:

DIN EN 10028-7 [33]  Flat products, bars

DIN EN 10225-5 [43]  Forgings

Table 10: DIN and DIN EN standards for stainless steels [31]

Nowadays, austenitic steels with chromium contents of 18 %, nickel contents of
10-12 % and molybdenum contents of 2-3 % are generally used in preference in
waste water treatment plants. Steels that do not contain molybdenum are generally
not sufficiently crevice corrosion resistant to the chloride concentrations of approx.
70 mg/l that are typical in waste waters. Repeatedly observed corrosion damage of
the gas zone in sludge tanks are attributed to the influence of high concentrations
of organic acids. Under these conditions, preference should be given to the use of
more highly alloyed metallic materials with an enhanced resistance to acids by alloy-
ing with copper, e.g. SAE 904 L (X1NiCrMoCuN25-20-5, 1.4539) or UNS N08926
(XINiCrMoCuN25-20-7, 1.4529) [44]. Table 11 gives the critical values for the chlo-
ride ion concentrations in pure, neutral water for a few commercially available steels
with respect to avoiding pitting and crevice corrosion. The critical concentrations
decrease with decreasing pH values and increasing temperatures [45].
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Alloy Contents of key alloying components Max. chloride Max.
concentration temperature
g/l K(*Q)

% C % Cr % Ni %Mo  Other PC cC

SAE 304 max. 0.07 18 10 - 0.2 0.02 298 (25)
1.4301
X5CrNil8-10

SAE 304 L max. 0.03 19 11 - 0.2 0.02 298 (25)
1.4306
X2CrNil9-11

SAE 321 max. 0.08 18 10 - Ti 0.2 0.02 298 (25)
1.4541
X6CrNiTi18-10

SAE 316 max. 0.07 17 12 2 1.0 0.2 308 (35)
1.4401
X5CrNiMo17-12-2

SAE 316 L max. 0.03 17 13 2 1.0 0.2 308 (35)
1.4404
X2CrNiMo17-12-2

SAE 316 Ti max. 0.08 17 12 2 Ti 1.0 0.2 308 (35)
1.4571
X6CrNiMoTil7-12-2

SAE 316 max. 0.07 17 13 3 5.0 1.0 308 (35)
1.4436
X3CrNiMo17-13-3

SAE 316 L max. 0.03 18 14 3 5.0 1.0 308 (35)
1.4435
X2CrNiMo18-14-3

SAE 317 LMN max. 0.03 17 13 5 N 10.0 5.0 343 (70)
1.4439
X2CrNiMoN17-13-5

SAE 904 L max. 0.03 20 25 5 Cu, N 10.0 5.0 353 (80)
1.4539
X1NiCrMoCuN25-20-5

UNS N08926 max. 0.02 20 25 6 Cu, N 10.0 5.0 353 (80)
1.4529
X1NiCrMoCuN25-20-7

PC: pitting corrosion, CC: crevice corrosion

Table 11:  Critical concentrations of chloride ions in neutral waters to avoid pitting or crevice corrosion of stain-
less steels [45]
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Figure 2 gives an example of a flow diagram of a waste water treatment plant
with the essential components. Table 12 gives the associated operating conditions
and the behaviour of the austenitic steel grades CrNi18-8 (type SAE 304, comparable
to 1.4301) and CrNiMo18-8-2 (type SAE 316, comparable to 1.4401, 1.4436) for the
respective conditions [46].
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Figure 2: Typical flow diagram of a waste water treatment plant [46]

The corrosion rates for uniform surface corrosion are always less than
0.002 mmy/a (0,08 mpy), so that this type of corrosion can be neglected. However, for
molybdenum-free steel grades, there is a risk of crevice corrosion in most cases.
Both types of steel are also insensitive to damp gases containing H,S that occur in
some parts of the plant. Damp chlorine vapors, which arise if there is insufficient
ventilation in the vicinity of chlorine storage tanks, can also lead to pitting corrosion
of the 316-type steels at locations where such vapors can collect.

Austenitic steels are sufficiently corrosion-resistant for chlorine concentrations
below 3 mg/l, which usually occur if the waste water is chlorinated. The molybde-
num-free grades are susceptible to crevice corrosion if they are in continuous con-
tact with waters with a residual chlorine concentration of 3-5 mg/l. Austenitic steels
are not suitable in chlorine discharge systems in which the chlorine concentration
may reach several hundreds of mg/1.

Iron(III) chloride, which is frequently added as a flocculant to treatment tanks,
can lead to pitting corrosion and crevice corrosion of both types of steel.
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Plant Flow rate Component Type 304° Type 316°
section”)
1 untreated raw water <0.002 mm/a <0.002 mm/a
BOD?: 175-300 ppm (< 0.08mpy) CC (< 0.08mpy) CC
O,: 140 ppm; solids: 220-550
ppm
2 0.6-09m/s 70 % waste water <0.002 mm/a <0.002 mm/a
30 % activated sludge + H,S (< 0.08mpy) CC (< 0.08mpy) CC
3 vigorous 70 % waste water <0.002 mm/a <0.002 mm/a
30 % activated sludge (< 0.08mpy) CC (< 0.08mpy) CC
4 weak activated sludge <0.002 mm/a  <0.002mm/a
some outflow (< 0.08mpy) CC (< 0.08mpy) CC
5 fairly high <0.002mm/a  <0.002 mm/a
(< 0.08mpy) CC (< 0.08mpy) CC
6 0.3m/s active sludge <0.002mm/a  <0.002 mm/a
no aeration  FeCl; addition (250-300 ppm) (< 0.08mpy) CC (< 0.08mpy) CC
+PC
7 0.6 m/s <0.002 mm/a <0.002 mm/a
moderate (< 0.08mpy) PC (< 0.08mpy) CC
aeration
8 1.2-1.5m/s  high concentrations of chloride =~ <0.002mm/a  <0.002 mm/a
intensive and solids possible (< 0.08mpy) CC (< 0.08mpy) CC
aeration
9 high aeration <0.002mm/a  <0.002mm/a
(<0.08mpy) CC (< 0.08mpy) CC

1) Numbering from Figure 2, 2) BOD: Biological Oxygen Demand, 3) Corrosion rate, CC: crevice corro-
sion, PC: pitting corrosion

Table 12 Operating conditions in the plant sections shown in Figure 2 and corrosion behaviour of
austenitic CrNi and CrNiMo steels
(temperature range: 293-298 K (20-25 °C); pH range: 7.4-7.7) [46]

Wet oxidation is a process to oxidise organic waste materials as an alternative to
incineration. It is carried out at high temperatures (up to approx. 603 K (330°C))
and high pressures (up to approx. 250 bar) in aqueous media. This process is used
for the treatment of sewage sludge and industrial waste water. The chloride concen-
tration of the waste water is the decisive criterion for the selection of materials for
plant components, such as reactors, heat exchangers, high-pressure pumps, and air
compressors. Austenitic CrNiMo stainless steels can be used for chloride-free or
low-chloride waste waters containing less than 300-400 mg/1 chloride. Only special
alloys, such as Hastelloy® C-276 alloy (cf. 2.4819, NiMo16Cr15W) or Inconel® alloy
625 (2.4856, NiCr22Mo9ND) are suitable for chloride concentrations of 1000 mg/l and
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temperatures of approx. 423 K (200 °C). Titanium has proven suitable at higher con-
centrations [47].

Reference [48] reports on practical experience with respect to the corrosion beha-
viour of austenitic steels, nickel alloys, and titanium in more than 30 plants used for
the wet oxidation of sewage sludge over a period of more than 5 years. It also gives
the results of investigations in autoclaves and in a pilot plant under comparable con-
ditions. The investigated materials are given in Table 13. The investigations were
carried out in autoclaves on welded U-bend samples and in the pilot plant on pipe
samples and on bend samples. The results of these investigations are given in
Table 14.

The austenitic steels alloy SAE 304 (1.4301, X5CrNi18-10) and alloy SAE 316
(1.4401, XS5CrNiMo17-12-2) were only resistant to stress corrosion cracking in
sludges with chloride concentrations of less than 300-400 mg/1 and also at tempera-
tures up to 561 K (288 °C). Stress corrosion cracking of steel SAE 316 was observed
after 48 hours of exposure to a chloride concentration of 1000 g/1. For information
on the behaviour of nickel alloys in these investigations, see corresponding Sec-
tions.

Material Ni Fe Cr Mo C,, Other

Hastelloy® alloy 2.4819 balance 5 16 16 0.015 Copay 2.5,

C-276 NiMo16Cr15W W 3.5

Inconel® alloy 625 2.4856 balance max.5 22 9 0.010 (Nb+Ta)3.5
NiCr22Mo9Nb

Hastelloy® alloy G 2.4618 balance 20 22 6.5 0.015 Cu2.0,
NiCr22Mo6Cu Copmax. 2.5,

(Nb + Ta) 2.0

28Cr-4Mo cf. UNS S44700 max. 0.15 balance 28 4  0.01 (C+ N)pa
29-4 0.025

28Cr-4Mo-2Ni cf. UNS S44800 2 balance 28 4  0.01 (C+ N)p.
29-4-2 0.025

Incoloy® 825 2.4858 42 balance 21 3 0.025 Cu?2
NiCr21Mo

Carpenter® 20Cb-3 2.4660 37 balance 20 2.5 0.05 Cu3.5,
NiCr20CuMo Mn,,., 2.0,

Nbyy 1.0

Sandvik® 2RN65 24 balance 17.5 4.7 0.02 Mn 1.8

E-Brite® 26-1 max. 0.5 Dbalance 26 1.0 0.06

Sandvik® 3REGO 1.4417 4.7 balance 18.5 2.7 0.03 Si1.65,
X 2 CrNiMoSi 19 5 Mn,,,, 2.0

Table 13: Composition (approximate, mean, or maximum % values) of the materials investigated
under conditions of wet oxidation of sewage sludge [48]
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Table 13: Continued

Material Ni Fe Cr Mo C,, Other
SAE 316 1.4401 12 balance 17 25 0.08 Mny, 2.0,
X5CrNiMo17-11-2 Sipae 1.0
SAE 304 1.4301 9 balance 18 0.08 Mn,,, 2.0,
X5CrNi18-10 Sip 1.0
Titanium balance Ti 99.5

Table 13: Composition (approximate, mean, or maximum % values) of the materials investigated
under conditions of wet oxidation of sewage sludge [48]

Material DIN-Mat. No. Autoclave experiments Pilot plant
477 K (204 °C) 450 K
(177 °C)
Chloride concentration
600 mg/l 1000 mg/l 3000 mg/l 1000 mg/l

Titanium 0 0 0 0

Hastelloy® alloy C-276 2.4819 0 0 PC 0
NiMo16Cr15W

Inconel® alloy 625 2.4856 0 0 PC 0
NiCr22Mo9Nb

Hastelloy® alloy G 2.4618 0 PC; CC PC;CC -
NiCr22Mo6Cu

28Cr-4Mo cf. UNS S44700 0 PC; CC PC;CC PC
29-4

28Cr-4Mo-2Ni cf. UNS S44800 0 PC; CC PC;,CC -
29-4-2

Incoloy® 825 2.4858 PC; CC PC; CC PC; CC PC
NiCr21Mo

Carpenter® 20Cb-3 2.4660 PC; CC PC; CC PC; CC PC
NiCr20CuMo

Sandvik® 2RN65 - PC;CC; PC;CC; PC;SCC

SCC SCC

E-Brite® 26-1 PC;CC  PC;CC PG CC PC

Sandvik® 3RE60 1.4417 PC; CC PC;CG; PC;CG; PC;SCC
X 2 CrNiMoSi 19 5 SCC SCC

SAE 316 1.4436 PC;CG; PC;CG; - PC;CG;
X3CrNiMo17-13-3 SCC SCC SCC

0 = No corrosion, PC = pitting corrosion, CC = crevice corrosion, SCC = stress corrosion cracking

Table 14: Results of corrosion tests of the materials listed in Table 13 [48]
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Pipe-in-pipe heat exchangers made of four different alloys were tested in a wet
oxidation unit for sewage sludge over a period of 1600 h under the following operat-

ing conditions.

Temperature 294466 K (21-193 °C)
pH 5.1
Chloride concentration 250-500 ppm
Sludge composition

COD (Chemical Oxygen Demand) 26.1g/l
Total volatile acids 0.6 g/
NHj, total 0.06 g/1

N, total 0.31 g/

P, total 0.10 g/1
Solids, total 22.0¢g/1
Volatile substances 14.4 g/
Sulphur, total 0.17 g/1
Alkalinity calculated as CaCO3 0.24 g/1
Soluble chlorides 0.51 g/l

Table 15:  Experimental conditions in a wet oxidation unit for sewage sludge [49]

The investigated materials were stainless steel SAE 316 L (1.4401, X5CrNiMo17-12-2)
and the nickel alloys Incoloy® 825 (2.4858, NiCr21Mo), Hastelloy® alloy G (2.4618,
NiCr22Mo6Cu) and Hastelloy® alloy C-276 (DIN-Mat. No. 2.4819, NiMo16Cr15W).
The dismantled heat exchangers were examined after completion of the test.
Depending on the operating conditions and the alloy, some of them exhibited pitting
corrosion as well as crevice corrosion and stress corrosion cracking. All the investi-
gated materials exhibited uniform surface corrosion rates of 0.03-0.06 mmj/a (1.18—
2.36 mpy). Table 16 gives the limiting temperatures of the materials with respect to
local corrosion for these test conditions [49].
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Material Limiting temperature

Alloy 316 L 366 K (93°C)
1.4401, X5CrNiMo17-12-2

Incoloy® 825 395 K (122°C)
2.4858, NiCr21Mo

Hastelloy® alloy G 395 K (122 °C)
2.4618, NiCr22Mo6Cu

Hastelloy® alloy C-276 466 K (193°C)"
2.4819, NiMo16Cr15W

! Final temperature of the test

Table 16: Limiting temperatures for the occurrence of local corrosion in a wet oxidation unit for
sewage sludge [49]

A study was carried out with a large number of individual and mixed waste waters
in test plants at pressures of 150-200 bar, temperatures of 543-603 K (270-330°C)
and with variations of the chloride, sulphate, and phosphate concentrations, the pH
values as well as the COD values (Chemical Oxygen Demand). The following metal-
lic materials were examined in this study with regard to their suitability in wet oxida-
tion plants for industrial waste waters: chromium-nickel-molybdenum steel 1.4571
(X6CrNiMoTil7-12-2), titanium, tantalum, and nickel. None of the investigated
materials was resistant at acidic pHs. At pH values > 7, titanium and tantalum were
resistant, even in the presence of low fluoride concentrations and chloride concen-
trations of up to 100 g/1 [50].

The standard stainless steels of type SAE 300 series (cf. SAE 304, 1.4301,
X5CrNil18-10; SAE 321, 1.4541, X6CrNiTi18-10; SAE 316, 1.4401, X5CrNiMo17-12-2;
SAE 316 Ti, 1.4571, X6CrNiMoTil17-12-2) exhibited sufficient resistance to damp
hydrogen sulphide and to waters containing low concentrations of sulphuric acid.
They are used in biological waste water plants for pipelines to extract odorous gases
as well as for aeration screens and ladders [51].

The chromium-nickel steel SAE 304 (1.4301, X5CrNil18-10) is resistant to ozone-
containing water (Table 3).

Austenitic chromium-nickel steels have proven suitable in all sections (collecting
tanks for various industrial waste waters, treatment tanks) in a biological sewage
treatment plant [8].

References [52] and [53] point out that the oxidic passive layer on stainless steels
only develops its full effectiveness if the material has been properly processed. If
this work is not carried out properly, it may result in damage at a lower corrosive
load than the expected nominal resistance. Table 17 lists the processing steps that
can have a negative effect on the corrosion resistance of the materials [52]. Figure 3
shows the influence of tarnishes, which may be produced during welding, on the
pitting potential of the austenitic steel 1.4571 (SAE 316 Ti, X6CrNiMoTil7-12-2).
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Tarnishes must be completely removed by pickling with nitric acid/hydrofluoric acid
[52].

Reference [54] gives a general discussion of the effect of tarnishing on the pitting
corrosion of austenitic steels. With respect to this, the author emphasises the com-
mon practice of removing all tarnishing to prevent any pitting corrosion. It is now
considered standard practice to avoid tarnishing. If tarnishing cannot be prevented,
the materials must be pickled. If there are places where it is not possible to check
for tarnishing and thus its presence cannot be reliably excluded, the materials must
be pickled.

Factors influencing corrosion

Production step causing corrosion

Chemical composition

melting
welding, weld filler, welding parameters

Microstructure

hot and cold forming, heat treatment

Precipitations
¢ intermetallic phases
e nonmetallic compounds

heat treatment
welding, welding parameters

Gaps

constructive design
flanges, sleeves, seals, weldments

Superficial contaminants
e Inclusions of foreign metals

mechanical processing and machining;
shaping, cutting, grinding, peening, welding

® Notches
® Oxide layers

Surface roughness surface treatment

peening, grinding, pickling

State of stress welding, construction, production, assembly

Table 17:  Possible influences of the material during production [52]

It is just as important that the construction has been properly executed for the
particular material taking account of the specific strength and elasticity values, care-
ful assembly, as well as parting and joining techniques during assembly [52, 53].

The immersion motor pumps that were made of chromium-nickel-molybdenum
steel SAE 316, 1.4401 (X5CrNiMo17-12-2) were compared to those made of cast
iron. In addition to a better corrosion resistance, the CrNiMo steel pumps also have
the advantage of a smooth and poreless surface and can thus be cleaned more easily
if used in waste water treatment tanks [13].

CrNiMo pumps made of rolled, thick walled material that have a poreless and
void-less surface have considerable advantages with respect to their susceptibility to
biocorrosion owing to their lower roughness, which can be as low as approx. 1 um
Ra after a corresponding surface finishing [55-57].
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Figure 3: Influence of tarnishing on the pitting corrosion potential of steel 1.4571 (X6CrNi-
MoTi17-12-2); 0.01 M NaCl, 303 K (30°C) [52]

The austenitic chromium-nickel-molybdenum steel UNS N08904 (1.4539,
X1NiCrMoCu25-20-5) has proven suitable as a material for the head cooler of strip-
per units used in waste water treatment plants of refineries [26]. The operating
parameters are summarised in Table 18.

Inner surface of the pipe Outer surface of the pipe
Medium cooling water with 2 % chlo- stripped acidic water
rides
Temperature 323 K (50°C) 403 K (130°C)
Pressure 0.5 MPa 1.0 MPa

Table 18: Operating parameters of UNS N08904 (1.4539, XTNiCrMoCu25-20-5) in a stripping
unit [26]

The chromium-nickel-molybdenum steels 1.4571 (SAE 316 Ti, X6CrNiMoTil7-
12-2) and particularly 1.4435 (SAE 316 L, X2CrNiMo18-14-3) are resistant to crevice
corrosion, which can occur under the operating conditions in a digester if steels
with lower alloy contents are used. The importance of the correct constructive
design as well as the elimination of welding tarnishes by pickling is discussed [58].

The raw waters produced in waste water treatment plants or seawater desalination
plants that operate on the principle of reverse osmosis must also be treated. Suitable
materials for the pipelines must have good corrosion resistance to chlorides and
other aggressive ingredients in the media as well as good strength properties to
be able to withstand the pressures occurring during the reverse osmosis process.
The requirements demanded by some of the operating conditions are fulfilled
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by the austenitic chromium-nickel steel X1NiCrMoCuN25-20-7 (DIN-Mat. No.
1.4529) which contains 6-7 % molybdenum [59].

Filters made of stainless steel of grade CrNi18-10 exhibited pitting corrosion due
to contact corrosion with the activated carbon that is used for waste water treatment.
Activated carbon is electrochemically more noble than steel. Suitable countermea-
sures include modification of the filter design and more frequent cleaning of the
filters. The chemical composition of the steels for the outer and the inner pipes are
given in Table 19 [60].

Outer pipe Inner pipe
C 0.06 0.06
Si 0.57 0.76
Mn 1.76 1.04
P 0.038 0.030
Cr 18.74 18.38
Ni 11.03 8,51
Mo 0.39 0.13

Table 19: Chemical composition of the corroded pipes [60]

For small evaporator units, e.g. those used to concentrate emulsions for drilling,
cutting, grinding, and deep-drawing, as well as process solutions and rinsing baths
used for surface treatments during electroplating, pickling, anodising, phosphating,
EPS coating, and painting, the austenitic chromium-nickel-molybdenum steel
1.4571 (SAE 316 Ti, X6CrNiMoTi17-12-2) is used for components exposed to dirty
water and distillates, such as evaporators and heat exchangers [61].

According to the Federal Water Resources Act (Wasserhaushaltsgesetz, 17th
BImSchV), from 1996 onwards, all waste waters must be treated, including those
from flue gas desulphurisation plants (FGD), from the drying of activated sludge, as
well as landfill leachates. Because of the higher levels of pollutants, particularly
heavy metals in waste waters, the stipulations given in the approvals must be taken
into account for the construction of new thermal waste recycling plants. Such waste
waters are treated in waste water evaporator units. Salt concentrations of up to 60 %
may arise that crystallise to give a disposable or a reusable salt as the end product.
The very high chloride concentrations and temperatures up to approx. 393 K
(120 °C) require a high corrosion resistance of the metallic construction materials in
the waste water evaporator units [62]. Stainless steels soon exhibit pitting corrosion,
crevice corrosion, and stress corrosion cracking, so that preference is given to nickel
alloys. An average FGD waste water analysis is given in Table 20 [63]. The samples
were analysed after a two-stage concentration process and after concentration in the
thin-film evaporator in the final stage. The waste water is evaporated at almost neu-
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tral pH values. The suitability of the metal materials for components in evaporator
units are given in Table 21 [63].

Main components Initial concentration = Concentrated to 1:6  Concentrated to 1:8
(%) after 2-stage after the thin-film
evaporation evaporator
(%) (%)

Anions:

Chloride 4.50 27.00 36.00
Fluoride 0.006 0.036 0.048
Bromide 0.01 0.06 0.08
Todide 0.005 0.03 0.04
Sulphate 0.14 0.84 1.12
Nitrate 0.10 0.60 0.80
Cations:

Calcium 1.80 10.80 14.40
Potassium 0.03 0.18 0.24
Sodium 0.18 1.08 1.44
Magnesium 0.40 2.40 3.20
Aluminium 0.015 0.09 0.12

Sum of the heavy metals 0.008 0.05 0.066
Silicic acid 0.015 0.09 0.12

DOC 0.003 0.018 0.02

DOC = dissolved organic carbon

Table 20: Average waste water analysis values from a flue gas desulphurisation unit [63]

Material Standard abbreviations Composition, approx. values (%)

DIN-Mat. No. Alloy UNS Ni Cr Fe Mo other

X1NiCrMoCuN25-20-7 1.4529 926 N08926 25 21 balance 6.5 Cu0.9;NO0.2
(Cronifer® 1925 hMo)

X1NiCrMoCu32-28-7 1.4562 31 NO08031 31 27 balance 6.5 Cu1.2;N0.2
(Nicrofer® 3127 hMo)

NiCr22Mo9Nb 2.4856 625 NO06625 62 22 2 9 Nb 3.5
(Nicrofer® 6020 hMo)

NiMo16Cr15W 2.4819 C-276 N10276 57 16 6 16 W38

(Nicrofer® 5716 hMoW)

NiCr23Mo16Al 2.4605 59 NO06059 59 23 1 16 -
(Nicrofer® 5923 hMo)

Table 21:  Stainless steels and nickel-based alloys for environmental engineering [63]



Austenitic CrNi steels — Austenitic CrNiMoCu(N) steels

The materials listed in Table 21 were investigated by simulating laboratory tests
under operating conditions and exposure tests in waste water evaporator units of
flue gas desulphurisation plants and waste incineration plants [64]. It was confirmed
that only an approximate resistance can be estimated for the metallic materials in these
plant sections. Precise material resistance data can only be determined for actual plants.
The mass losses determined for alloy C-276 and alloy 59 after an exposure time of 9
months was only 0.053 mmy/a (2.09 mpy) and 0.045 mm/a (1.77 mpy), respectively, with
respect to the term of exposure. Therefore, they do not have technical significance.
This results in the following proposal for materials for pipelines and tanks of waste
water evaporator units of flue gas desulphurisation plants

o for the 1st evaporation stage: XINiCrMoCu32-28-7, 1.4562 (Nicrofer®
3127 hMo, alloy 31)

o for the 2nd evaporation stage: NiCr23Mo16Al, 2.4605 (Nicrofer® 5923 hMo,
alloy 59)
possibly also : NiMo16Cr15W, 2.4819 (Nicrofer® 5716 hMoW, alloy C-276)

The high-alloy austenitic steel 1.4529 (X1NiCrMoCuN25-20-7) and the nickel
alloy Inconel® alloy 625 (NiCr22Mo9Nb, 2.4856) are not sufficiently resistant for the
third concentration stage of waste waters from flue gas desulphurisation plants
using thin-film evaporators. Alloy C-4 (NiMo16Cr16Ti, 2.4610) is not always suffi-
ciently resistant. Laboratory tests indicated that the most resistant material is alloy
59 (NiCr23Mo16Al, 2.4605). However, in this case, the pH value must not drop
below pH 5 and the redox potential must not increase into the transpassive dissolu-
tion range of this NiCrMo alloy. In addition, the design must avoid crevices as far as
possible [62-65].

Austenitic steels for the evaporation of problematic leachates from special waste
landfills were not sufficiently resistant to pitting corrosion when exposed to chloride
concentrations of up to 6 g/l at the given temperatures [66].

Tanks for vehicles used to recover materials that are hazardous to water and waste
media after accidents at sea or on land must be qualified with respect to the resis-
tance of the tank materials. Statements on the resistance of tank materials to hazar-
dous materials are given in the following regulations:

e List from the Bundesanstalt fiir Materialforschung und -prifung (BAM, Ger-
man Federal Institute for Materials Research and Testing): Requirements for
tanks used to transport hazardous goods [67]

¢ Ordinance on the transport of hazardous goods on roads (Gefahrgutverord-
nung Strafe — GGVS) [68]

e DIN 6601 [69]: Resistance of materials of steel tanks against liquids, (positive
list of liquids)

On the basis of the evaluated literature data, X1NiCrMoCuN25-20-7 (1.4529, cf.
UNS N08926) has been qualified for the transport of more than 1000 media [70].

In a Russian study of construction materials to test for their suitability for indus-
trial waste water plants in which the samples were exposed for 8 h/d with stirring to
the waste water media [Table 22], only the steel 06ChN28MDT (22-25 % Cr, 26-29
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% Ni, 2.5-3 % Mo, 2.3-3.5 % Cu) proved to be resistant in acidic waste water (Medi-
um 1) with a corrosion rate of 0.002 mm/a (0.08 mpy). The steels from Table 23
were also resistant in neutralised waste water (Medium 2) [71].

Medium 1
acidic waste water

Medium 2
waste water neutralised with NaOH and lime milk

pH 0.95-2.7 7.1

ar 3.2-10.3 g/l 3.7 g/l
NO;~ 0.13 g/l 0.05 g/l
NH,* 0.26 g/l 0.08 g/l
SO~ 7.4 g/l
Br 0.2g/1

Nitro compounds

0.008-0.300 g/1

Amino compounds

0.17-0.40 g/l

Phenolic compounds

0.007-0.028 g/l

Table 22:  Analysis of the waste water [71]

Grade (Russian)

Analysis

Abbreviation

06ChN28MDT 0.06 C, 0.80 Si, 0.80 Mn, 0.035 P, 0.020 S, 22-25 Cr, -
2.5-3.5 Cu, 2.5-3.0 Mo, 26-29 Ni, 0.5-0.9Ti
12Ch13 0.09-0.15 C, 0.80 Si, 0.80 Mn, 0.030 P, 0.025 S, 1.4006, X12Cr13,
12-14 Cr, 0.30 Cu, 0.60 Ni, 0.20 Ti SAE 410
08Ch17T 0.08 C, 0.80 Si, 0.80 Mn, 0.035 P, 0.025 S, 16-18 Cr, 1.4510,
0.30 Cu, 0.60 Ni X3CrTil7
15Ch25T 0.15 C, 1.0 Si, 0.80 Mn, 0.035 P, 0.025 S, 24-27 Cr, -
0.30 Cu, 1.0 Si
08Ch22N6T 0.08 C, 0.80 Si, 0.80 Mn, 0.035 P, 0.025 S, 21-23 Cr, -
0.30 Cu, 0.30 Mo, 5.30-6.30 Ni, 0.20 W
12Ch18N10T 0.12 C, 0.80 Si, 2.0 Mn, 0.035 P, 0.020 S, 17-19 Cr, 1.4541, SAE 321,
0.30 Cu, 0.50 Mo, 9-11 Ni, 0.20 W X6CrNiTil8-10
08Ch21N6M2T 0.08 C, 0.80 Si, 2.0 Mn, 0.035 P, 0.025 S, 20-22 Cr,
0.30 Cu, 1.80-2.50 Mo, 5.5-6.5 Ni, 0.20-0.40 Ti,
0.20 W
10Ch17N13M2T  0.10 C, 0.80 Si, 2.00 Mn, 0.035 P, 0.020 S, 16-18 Cr, 1.4571, SAE 316 Tij,
0.30 Cu, 2.00-3.00 Mo, 12-14 Ni, 0.20 W X6CrNiMoTi17-12-2
06ChN28MDT 0.06 C, 0.80 Si, 0.80 Mn, 0.035 P, 0.020 S, 22-25 Cr;
26-29 Ni; 2.5-3 Mo; 2.5-3.5 Cu, 0.5-0.9 Ti
Table 23: List of Russian steel grades that are resistant to neutralised waste water (Medium 2

from Table 22) [71]



Nickel-chromium alloys — Nickel-copper alloys

Nickel-chromium alloys
Nickel-chromium-iron alloys (without Mo)
Nickel-chromium-molybdenum alloys

Nickel-copper alloys

Nickel-based alloys of the Hastelloy® group (alloy C-4, NiMo16Cr16Ti, 2.4610, alloy
C-276, NiMo16Cr15W, 2.4819) and Inconel® 625 (NiCr22Mo9Nb, 2.4856) have prov-
en resistant to chloride concentrations of approx. 1000 mg/l and temperatures of
approx. 573 K (300 °C) in wet oxidation units for sewage sludge and waste water.

NiCrMo alloys with high molybdenum contents can be used in waste water evap-
orator units of FGD plants. Their resistance decreases in the following order: 59
(NiCr23Mo16Al, 2.4605), alloy C-22 (NiCr21Mol4W, 2.4602), and alloy C-276
(NiMo16Cr15W, 2.4819).

The nickel-copper Monel® 400 (NiCu 30 Fe, 2.4360) can be used in evaporator/
crystallisation units for FGD waste waters at 363 K (90°C) and pH values from pH
8-10. It exhibits a corrosion rate of 0.04 mm/a.

Investigations of the suitability of nickel alloys Hastelloy® alloy C-276 (2.4819,
NiMo16Cr15W), Incoloy® 825 (2.4858, NiCr21Mo) and Hastelloy® alloy G (2.4618,
NiCr22Mo6Cu) as materials for heat exchanger pipes in a wet oxidation unit for sew-
age sludge are reported in [49]. The experimental conditions in the wet oxidation
plant for sewage sludge are given in Table 15. Hastelloy® alloy C-276 was resistant
up to the final testing temperature of 466 K (193 °C), Incoloy® 825 and Hastelloy®
alloy G were resistant up to 395 K (122 °C).

The evaluations of the behaviour of various metallic materials from more than
30 plants used to treat sewage sludges with the wet oxidation process after more
than 5 years and supplementary test results showed that Hastelloy® alloy C-276
(2.4819, NiMo16Cr15W) and Inconel® alloy 625 (2.4856, NiCr22Mo9Nb) are resis-
tant under the corresponding operating conditions with up to 1000 mg/1 chloride.
Both alloys exhibited signs of attack when exposed to 3000 mg/1 Cl™ ions. Hastelloy®
alloy G can only be used up to approx. 600 mg/l CI". The remaining alloys (see
Table 13) exhibited noticeably lower operating limits (Table 14) [48].

Reference [72] summarises the results of intensified SCC tests of various nickel-
based materials under conditions simulating wet oxidation (Table 24). The test solu-
tion had the following composition:

e 3,000 ppm acetic acid

e 7,500 ppm oxygen

e 2,500 ppm carbon dioxide
e 1,000 ppm chloride

¢ 5 ppm fluoride

The test was carried out on C-ring samples at a temperature of 565 K (292 °C) and
a pressure of 107 bar. Only Hastelloy® alloy C-276 did not show any stress corrosion
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cracking and pitting corrosion. The other materials reacted in the following order of
decreasing resistance:

Inconel® alloy 625

Hastelloy® alloy G

E-Brite® 26-1

Carpenter® 20 Cb-3

Wet oxidation units are used to treat waste waters and sludges that contain con-
taminants which are difficult to biodegrade and which are frequently produced in
the chemical industry. They are treated at temperatures up to 603 K (330°C) and
pressures up to 250 bar. The following materials are proposed for concentrations of
1000 mg/1 chloride and temperatures of 573 K (300 °C): nickel-chromium-molybde-
num alloys of the Hastelloy®-C group (C-4, NiMo16Cr16Ti, 2.4610; C-276, 2.4819,
NiMo16Cr15W; C-22, NiCr21Mol4W, 2.4602) and Inconel® alloy 625 (2.4856,
NiCr22Mo9ND). Titanium has proven suitable for higher chloride concentrations,
whereas Hastelloy® C exhibited considerable pitting corrosion in a waste water con-
taining 80 g/l NaCl at 493 K (220 °C). Comparisons of economic viability have been
carried out for processes based on adsorption, biological treatment, and incinera-
tion, whose range of applications depend on the COD value (Chemical Oxygen
Demand) of the waste water [47].

The desulphurisation of flue gases in coal-fired power plants is usually carried
out with wet processes. This scrubbing process uses suspensions of lime milk or
limestone to remove sulphur dioxide as well as all other water-soluble components
in the flue gases, e.g. halogen hydracids. In the evaporation process used to treat
these scrubbing fluids from flue gas desulphurisation plants in coal-fired power
plants and waste incineration plants, the aqueous phase that has been separated
from the solids contains high concentrations of soluble salts, mainly calcium chlo-
ride (see Table 20) [63]. Table 25 summarises results from extensive laboratory inves-
tigations in simulated test solutions. These results, which have been confirmed by
exposure tests, indicate that only NiCrMo alloys with molybdenum contents greater
than 14 % can be used for the highest exposure levels. These include alloy C-22
(DIN-Mat. No. 2.4602, NiCr21Mol14W), alloy C-276 (DIN-Mat. No. 2.4819,
NiMo16Cr15W), alloy C-4 (DIN-Mat. No. 2.4610, NiMo16Cr16Ti) [65]. Subsequent
laboratory investigations of alloy 59 (DIN-Mat. No. 2.4605; NiCr23Mo16Al) showed
it to be the most resistant material. However, it must be ensured that the pH value
does not drop below pH 5, if possible, and that the redox potential cannot increase
into the transpassive dissolution range. Crevices must be avoided [62, 63, 65].
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Zinc

Because of their lack of susceptibility to chloride-induced stress corrosion crack-
ing, nickel-copper alloys are used in seawater desalination plants as pipes for evapor-
ators or heat exchangers. An evaporator made of alloy 400 (NiCu 30 Fe, 2.4360)
exhibited a corrosion rate of > 0.01 mm/a (> 0.4 mpy) after an exposure time of 225
days to a CaCl, concentration of up to 35 % and a temperature of 433 K (160 °C).
The corrosion rate was 0.07 mm/a (2.76 mpy) for a NaCl solution saturated with
water vapor and air at 366 K (93 °C) [73].

Alloy 400 (NiCu30Fe, 2.4360) was used in three stages of the evaporator/crystallisa-
tion unit for waste water from the absorption fluid of a flue gas desulphurisation plant
at 364 K (91 °C) and a pH value of 8-10. A corrosion rate of 0.04 mmy/a (1.57 mpy) was
measured after an operating time of 4 years. The alloy was used because the previously
fitted rubber-coated steel components required frequent repairs [74].

Zinc

The most commonly used method of coating steel parts with a metal layer is hot-dip
galvanising. For this, the steel part is given a suitable surface treatment and is then
dipped into a zinc melt. A zinc-iron alloy is formed first, and a zinc layer then grows
on top. This produces a uniform, poreless, and firmly adhering corrosion protection
coating. The good corrosion behaviour of zinc coatings is essentially determined by
the dense and firmly adhering top layers produced in air. The thickness of the zinc
coating is

e 50 pm to 150 pm for individually galvanised parts
¢ more than 60 um for galvanised pipes
e 10 pm to 70 pm for strip galvanising

Examples for the use of hot-dip galvanised components for waste water engineer-
ing are described in [75, 76].

For the use of galvanised steel parts in sewage treatment plants, a differentiation
is made between the above-water zone and zone in contact with the waste water. Much
positive long-term experience has been made with galvanised components in the above-
water zone, e.g. for brackets, supports, handrails, etc. An additional coating of the zinc
layer is recommended (the so-called duplex process) [77]. An assessment of the corro-
sion protection effect in the zone in contact with the water is primarily based on the
understanding of the chemical and physical criteria of the waste water and the type of
processing during treatment. The following limiting values of the waste water must be
observed for the use of hot-dip galvanised components without a coating:

e pHvalue 6.5 to 9.0 (temporarily 6.0 to 9.5).

e Chloride ion concentrations up to 300 mg/l (temporarily up to 1000 mg/1).

¢ The effects of other neutral salts are regarded as secondary; the electrical con-
ductivity should not exceed 100 mS/cm.

e Maximum copper ion concentration of 0.064 mg/1. If the Cu concentration in
the water exceeds this value, there is a risk of copper-induced corrosion.
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Key to materials compositions

Table 1: Chemical compositions of alloys according to German and other standards

German Materials Compositions Us-Standard

Standard

Mat.-No. DIN-Design Percent in Weight SAE/ASTM/UNS

0.6015 EN-JL1020 - A 48 (25B)

0.6025 EN-JL1040 - A 48 (40B)

0.6655 GGL-NiCuCr 1562 Fe-max. 3.0C-1.0-2.8Si-0.5-1.5Mn- A 436 Type 1
13.5-17.5Ni-1.0-2.5Cr-5.5-7.5Cu

0.6656 GGL-NiCuCr 156 3 Fe-max. 3.0C-1.0-2.85i-0.5-1.5Mn- A 436 Type 1b
13.5-17.5Ni-2.5-3.5Cr-5.5-7.5Cu

0.6660 GGL-NiCr 202 Fe-max. 3.0C-1.0-2.8Si-0.5-1.5Mn- A 436 Type 2
18.0-22.0Ni-1.0-2.5Cr

0.6661 GGL-NiCr 20 3 Fe-max. 3.0C-1.0-2.8Si-0.5-1.5Mn- A 436 Type 2b
18.0-22.0Ni-2.5-3.5Cr

0.6667 GGL-NiSiCr 205 3 Fe-<2.5C-3.5-5.55i-0.5-1.5Mn-1.5-4.5Cr-
18.0-22.0Ni

0.6676 GGL-NiCr 30 3 Fe-max. 2.5C-1.0-2.8Si-0.5-0.8Mn- A 436 Type 3
2.5-3.5Cr-28.0-32.0Ni

0.6680 GGL-NiSiCr 305 5 Fe-<2.5C-5.0-6.0Si-0.5-1.5Mn-4.5-5.5Cr- A 436 Type 4
29.0-32.0Ni

0.7040 EN-JS1030 - A 536 (60-40-18)

0.7660 EN-GJSA-XNiCr20-2 Fe-<3.0C-1.5-3.0Si-0.5-1.5Mn-<0.080P- A 439 Type D-2
1.0-3.5Cr-<0.50Cu-18.0-22.0Ni

0.7661 GGG-NiCr203 Fe-<3.0C-1.5-3.0Si-0.5-1.5Mn-<0.080P- A 439 Type D-2B
2.5-3.5Cr-18.0-22.0Ni

0.7665 GGG-NiSiCr 2052 Fe-<3.0C-4.5-5.55i-0.5-1.5Mn-<0.080P- A 439 Type D-2C
1.0-2.5Cr-18.0-22.0Ni

0.7670 EN-GJSA-XNi22 Fe-<3.0C-1.0-3.0Si-1.5-2.5Mn-<0.080P- A 439 Type D-2C
<0.5Cr-<0.5Cu-21.0-24.0Ni

0.7679 GGG-NiSiCr 305 2 Fe-<2.6C-4.0-6.0Si-0.5-1.5Mn-<0.08P-
29.0-32.0Ni

0.7680 EN-GJSA-XNiSiCr30-5-5 Fe-<2.6C-5.0-6.0Si-0.5-1.5Mn-<0.080P- A 439 Type D-4
4.5-5.5Cr-<0.5Cu-28.0-32.0Ni
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Standard
Mat.-No. DIN-Design Percent in Weight SAE/ASTM/UNS
0.7688 EN-GJSA-XNiSiCr35-5-2; Fe-<2.0C-4.0-6.0Si-0.5-1.5Mn-<0.08P- A 439 (Type D-55S)

GGG-NiSiCr3552

1.5-2.5Cr-<0.5Cu-34.0-36.0Ni

0.9625 EN-GJN-HV550 Fe-<3.0-3.6C-<0.0805i-<0.080Mn-<0.1P- A 532 (IA NiCr-HC)
<0.15-1.5-3.0Cr-<0.5Mo0-3.0-5.5Ni

0.9635 EN-JN3029 Fe-max. 1.8-2.4C-1.0Si-0.5-1.5Mn-0.08P- A 532
0.08S-14.0-18.0Cr-3.0Mo-2.0Ni

0.9640 EN-GJN-HV600(XCr14) Fe-<1.8-2.4C-<1.0Si-<0.5-1.5Mn-<0.080P- A 532
<0.0805-14.0-18.0Cr-<3.0Mo-<2.0Ni

0.9650 EN-JN3049 Fe-max. 2.4-3.2C-1.0Si-0.5-1.5Mn-0.08P- A 532
0.08S-23.0-28.0Cr-3.0Mo-2.0Ni

1.0030 St 00 Fe-<0.30C-<0.30Si-0.20-0.50Mn-<0.08P-
<0.05S

1.0032 St 34-2; (S205GT) Fe-<0.15C-<0.3Si2.0-0.5Mn-0.05P-0.05S- 1010 (SAE)
0.007N

1.0035 St 33; S 185

1.0036 S235JRG1; USt 37-2; Fe-<0.17C-<1.4Mn-<0.0045P-<0.045S- K02502 (UNS)

USt 37-2 G; (S235JRG1+CR) <0.007N

1.0037 St 37-2; S235]R Fe-<0.17C-<0.3Si-<1.4Mn-<0.045P- A 283; SAE 1015
<0.045S-<0.009N

1.0038 RSt 37-2; S235]R Fe-<0.17C-<1.4Mn-<0.045P-<0.045S- UNS K02502
<0.009N

1.0040 USt 42-2 Fe-<0.25C-<0.2-0.5Mn-<0.05P-<0.05S-
<0.007N

1.0044 S275]R; St 44-2 Fe-<0.21C-<1.50Mn-<0.045P-<0.045S- UNS K03000
<0.009N A 853 (1020)

SAE 1020

1.0050 E295; St 50-2 Fe-<0.045P-<0.0455-<0.009N

1.0070 E360; St 70-2 Fe-<0.045P-<0.0455-<0.009N

1.0114 $235J0 Fe-<0.17C-<1.40Mn-<0.040P-<0.040S-
<0.009N

1.0116 $235J2G3; St 37-3 N Fe-max. 0.17C-1.4Mn-0.035P-0.035S UNS K02001

1.0120 S235JRC Fe-<0.17C-<1.40Mn-<0.045P-<0.045S-
<0.009N

1.0204 UQst 36 Fe-<0.14C-<0.25-0.50Mn-<0.040P-0.040S ~ SAE 1008

1.0208 RSt 35-2; (C10G2) Fe-0.06-0.12C-<0.25Si-0.40-0.60Mn-
<0.035P-<0.0355-<0.25Cu-<0.012N

1.0253 USt 37.0 Fe-<0.2C-<0.55S5i-<1.6Mn-<0.04P-<0.04S-
<0.007N

1.0254 P235TR1, St 37.0 Fe-max. 0.16C-0.35Si-1.2Mn-0.025P- UNS K02501
0.020S-0.30Cr-0.30Cu-0.08Mo0-0.010Nb-
0.30Ni-0.04Ti-0.02V

1.0256 St 44.0 Fe-<0.21C-<0.558i-<1.60Mn-<0.040P- A 106

<0.040S-<0.009N
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Standard

Mat.-No. DIN-Design Percent in Weight SAE/ASTM/UNS

1.0301 C10 Fe-<0.07-0.13C-<0.4Si-<0.3-0.6Mn- SAE 1010
<0.045P-<0.045S

1.0305 St 35.8 Fe-<0.17C-<0.10-0.35Si-<0.40-0.80Mn- UNS K01200
<0.040P-<0.040S

1.0308  E 235 Fe-<0.17C-<0.35Si-0.4Mn-<0.05P-<0.05S-  SAE 1010
<0.007N

1.0309  DX55D Fe-<0.16C-0.17-0.40Si-0.35-0.65Mn- UNS K02501
<0.05P-<0.050S-<0.30Cr-<0.30Ni-<0.30Cu

1.0330 St12; DCO1 + ZN Fe-<0.12C-<0.60Mn-<0.045P-<0.045S A 366 (C)

1.0333  USt13 Fe-<0.08C-<0.007N

1.0336  USt4 Fe-<0.09C-<0.25-0.50Mn-<0.030P-
<0.030S-<0.007N

1.0338  DCO04; St 14 Fe-<0.08C-<0.40Mn-<0.03P-<0.030S

1.0345 P235GH; H I Fe-<0.16C-<0.35Si-<0.40-1.20Mn-<0.030P- A 285; A 414
<0.025S-0.02A1-<0.30Cr-<0.30Cu-<0.08Mo-
<0.010Nb-<0.30Ni-<0.03Ti-<0.02V

1.0346 H220G1 Fe-<0.04C-<0.40Mn-<0.03P-<0.025-<0.01- UNS K02202
0.04Ti A 516 (55)(380)

1.0356  TTSt35N Fe-<0.18C-<0.13-0.458i-<0.55-0.98Mn- UNS K03000
<0.035P-<0.04S A 524 (LII)

1.0375 THS57; T 57 Fe-<0.1C-Traces Si-0.25-0.45Mn-<0.04P-
<0.04S-0.007N

1.0401 Cc15 Fe-<0.12-0.18C-<0.40Si-<0.3-0.6Mn- SAE 1015
<0.045P-<0.045S

1.0402 C22 Fe-<0.17-0.24C-<0.4Si-<0.4-0.7Mn- SAE 1020
<0.045P-<0.045S-<0.4Cr-<0.1Mo0-<0.4Ni

1.0405  St45.8 Fe-<0.21C-<0.10-0.35Si-<0.40-1.20Mn- A 106
<0.040P-<0.040S

1.0408 St 45 Fe-<0.25C-<0.035Si-0.40Mn-<0.050P- A 108; SAE 1020
<0.050S

1.0414 C20D; D 20-2 Fe-<0.18-0.23C-<0.30Si-<0.3-0.6Mn- UNS G10200; SAE 1020
<0.035P-<0.035S-<0.01A1-<0.2Cr-<0.3Cu-
<0.05Mo0-<0.25Ni

1.0425  P265GH; HII Fe-<0.20C-<0.4Si-<0.5-1.4Mn-<0.030P- UNS K01701
<0.0255-0.02A1-<0.3Cr-<0.3Cu-<0.08Mo-
<0.01ND-<0.3Ni-<0.03Ti-<0.02V

1.0426 P280GH Fe-<0.08-0.20C-<0.4Si-<0.9-1.5Mn- A 662 (A)
<0.025P-<0.015S-<0.30Cr

1.0461 StE 255 Fe-<0.18C-<0.40Si-<0.50-1.30Mn- UNS K02202
<0.035P-<0.0305->0.02A1-<0.30Cr- A 516 (55)(380)
<0.20Cu-<0.08M0-<0.02N-<0.03NDb-<0.30Ni

1.0473  P355GH;19Mn6 Fe-<0.1-0.22C-<0.6Si-<1.0-1.7Mn-<0.03P- A 299

<0.0255-<0.30Cr-<0.3Cu-<0.08Mo0-<0.3Ni
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1.0481 17 Mn 4; P 295 GH Fe<0.08-0.20C-<0.4Si-<0.90-1.50Mn- A 414, 515

<0.030P-<0.0255-0.02A1-<0.30Cr-<0.30Cu-
<0.08M0-<0.010Nb-<0.3Ni-<0.03Ti-<0.02V

1.0482

19 Mn 5

Fe-<0.17-0.22C-<0.30-0.60Si-
<1.00-1.30Mn-<0.045P-<0.045S-<0.30Cr

UNS K12437; A 537

1.0490

S275N

Fe-<0.18C-<0.40Si-0.50-1.40Mn-<0.035P-
<0.030S-20.0200A1-<0.30Cr-<0.35Cu-
<0.10M0-<0.015N-<0.050Nb-<0.30Ni-
<0.03Ti-<0.05V

UNS K03000

1.0501

C35

Fe-<0.32-0.39C-<0.4Si-<0.5-0.8 Mn-
<0.045P-<0.0455-<0.4Cr-<0.1M0-<0.4Ni

SAE 1035

1.0503

C45

Fe-<0.42-0.50C-<0.45i<0.5-0.8Mn-
<0.045P-<0.045S-<0.4Cr-<0.1Mo0-<0.4Ni

SAE 1045

1.0505

StE 315

Fe-<0.18C-<0.45Si-<0.70-1.50Mn-
<0.035P-<0.030S-<0.30Cr-0.020Al-
<0.20Cu-<0.020N-<0.03NDb-<0.08Mo-0.30Ni

A 573

1.0528

C 30

Fe-<0.27-0.34C-<0.45i-<0.5-0.8Mn-
<0.045P-0.0455-<0.4Cr-<0.1M0=<0.4Ni

SAE 1030

1.0540

C50

Fe-0.47-0.55C-<0.40Si-0.60-0.90Mn- A 689 (1050) ASTM
<0.045P-<0.0455-<0.40Cr-<0.10M0-<0.40Ni A 866 (1050) ASTM

1.0545

S355N

Fe-<0.20C-<0.50Si-<0.90-1.65Mn- UNS K12709
<0.035P-0.030S-0.02A1-<0.30Cr-<0.35Cu-
<0.10M0-<0.015N-<0.050Nb-<0.50Ni-

<0.03Ti-<0.12V

1.0553

$355J0

Fe-<0.20C-<0.558i-<1.60Mn-<0.04P-
<0.04S-<0.009N

1.0562

StE 355; P 355 N

Fe-<0.20C-<0.50Si-<0.90-1.70Mn-<0.03P-
<0.025S-0.02A1-<0.30Cu-<0.30Cr-<0.08 Mo-
<0.02N-<0.05Nb-<0.50Ni-0.03Ti

A 633 (C)

1.0564

N-80

Fe-<0.030P-<0.030S —

1.0570

St52-3 N; S 355 J2G3

Fe-<0.20C-<0.5585i-<1.60Mn-<0.035P- SAE 1024
<0.035S

1.0580

E 355

Fe-<0.22C-<0.55Si-<1.60Mn-<0.025P-
<0.025S

A 513 (1024) (ASTM)

1.0589

GL-E 36

Fe-<0.18C-<0.50Si-0.90-1.60Mn-<0.040P-
<0.040S-20.0200A1-<0.20Cr-<0.35Cu-
<0.08M0-0.020-0.050Nb-<0.40Ni-0.05-0.10V

UNS K11852

1.0601

C60

Fe-0.57-0.65C-<0.40Si-0.60-0.90Mn- A 830 (1060) ASTM
<0.045P-<0.045S-<0.40Cr-<0.10M0-<0.40Ni A 713 (1060) ASTM

1.0605

C75

Fe-<0.7-0.8C-<0.15-0.35Si-<0.6-0.8Mn- SAE 1074
<0.045P-<0.045S

1.0616

C86D

Fe-<0.83-0.88C-<0.10-0.30Si-
<0.50-0.80Mn-<0.035P-<0.035S-<0.01Al-
<0.15Cr-<0.25Cu-<0.05M0-<0.20Ni

SAE 1086




Key to materials compositions | 355

German Materials Compositions US-Standard

Standard

Mat.-No. DIN-Design Percent in Weight SAE/ASTM/UNS

1.0619 GP240GH Fe-<0.18-0.23C-<0.60Si-<0.50-1.20Mn- A 216
<0.03P-<0.02S

1.0664 St 160/180 Fe-<0.80C-<0.208Si-<0.70Mn-<0.04P-<0.04S

1.0670 P-105 Fe-<0.70C-<0.03-0.30Si-1.0Mn-<0.04P- —
<0.04S-<0.007N

1.0721 10S20 Fe-0.07-0.13C-<0.40Si-0.70-1.10Mn- SAE 1109
<0.060P-0.150-0.250S

1.0854  M125-35P consult producer

1.0912 46Mn7 Fe-<0.42-0.50C-<0.15-0.35Si-<1.6-1.9Mn-  SAE 1345
<0.05P-<0.05S-<0.007N

1.1013 RFe 100 Fe-<0.05C-<0.10Si-<0.20-0.35Mn-<0.03P-
<0.035S-<0.04-0.10A1

1.1104 EStE 285; P275NL2 Fe-<0.16C-<0.4Si-<0.5-1.5Mn-<0.025P- P275NL2
<0.015S-0.02A1-<0.30Cr-<0.30Cu-<0.02N-
<0.5Ni

1.1106 P355NL2; EStE 355 Fe-<0.18C-<0.5Si-<0.9-1.7Mn-<0.025P- A 707
<0.015S-<0.3Cr-<0.3Cu-<0.3Mo-0.5Ni-
<0.02N

1.1121 C10E; Ck 10 Fe-<0.07-0.13C-<0.405i-<0.30-0.60Mn- SAE 1010
<0.035P-<0.035S

1.1127 36Mn6 Fe-<0.34-0.42C-<0.15-0.35Si-<1.4-1.65Mn-
<0.035P-<0.035S

1.1136 G24Mn4 Fe-0.20-0.28C-0.30-0.60Si-0.90-1.20Mn-
<0.035P-<0.035S

1.1151 Ck 22; C22E Fe-<0.17-0.24C-<0.45i-<0.4-0.7Mn- SAE 1023
<0.035P-<0.035S-<0.4Cr-<0.1M0-<0.4Ni

1.1166 34Mn5 Fe-0.30-0.37C-0.15-0.30Si-1.20-1.50Mn- G15360 (UNS)
<0.035P-<0.035S A 711 (1536) (ASTM)

1536 (SAE)

1.1176 G36Mn5 Fe-<0.32-0.40C-<0.15-0.35Si- UNS H10380; A 830;
<1.20-1.50Mn-<0.035P-<0.035S SAE 1038

1.1186 C40E; Ck 40 Fe-<0.37-0.44C-<0.4Si-<0.5-0.8Mn- SAE 1040
<0.035P-<0.035S-<0.4Cr-<0.1Mo0-<0.4Ni

1.1191 C45E; Ck 45 Fe-<0.42-0.50C-<0.4Si-<0.50-0.80Mn- SAE 1045
<0.035P-<0.035S-<0.40Cr-<0.10Mo-<0.4Ni

1.1520 C70U Fe-<0.65-0.74C-<0.10-0.30Si-<0.10-0.35Mn-
<0.030P-<0.030S

1.1525 C80U; C80W1 Fe-<0.75-0.85C-<0.10-0.25Si- SAE W 108
<0.10-0.25Mn-<0.020P-<0.020S

1.1545 C105U; C105W1 Fe-<1.0-1.1C-<0.10-0.25Si-<0.10-0.25Mn- ~ SAE W 110
<0.020P-<0.020S

1.1730 C45U; C45W Fe-<0.42-0.50C-<0.15-0.40Si- A 830 (1045); SAE 1045

<0.60-0.80Mn-<0.03P-<0.03S
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1.2210 115CrV3 Fe-1.10-1.25C-0.15-0.30Si-0.20-0.40Mn- L2 SAE
<0.030P-<0.030S-0.50-0.80Cr-0.07-0.12V A 681 (L2) ASTM

1.2311 40CrMnMo7 Fe-0.35-0.45C-0.20-0.40Si-1.30-1.60Mn-
<0.035P-<0.035S-1.80-2.10Cr-0.15-0.25Mo

1.2343  X37CrMoV5-1; X38CrMoV5-1 Fe-0.33-0.41C-0.80-1.20Si-0.25-0.50Mn- H 11 SAE
<0.030P-<0.0205-4.80-5.50Cr-1.10-1.50Mo- A 681 (H 11) ASTM
0.30-0.50V T 20811 UNS

1.2344  X40CrMoV5-1 Fe-0.35-0.42C-0.80-1.20Si-0.25-0.50Mn- H 13 SAE
<0.030P-<0.020S-4.80-5.50Cr-1.20-1.50Mo- T 20813 UNS
0.85-1.15V A 681 (H13) ASTM

1.2365  32CrMoV12-28 Fe-<0.28-0.35C-<0.10-0.40Si- SAEH 10

X32CrMoV33 <0.15-0.45Mn-<0.030P-<0.030S-

<2.70-3.20Cr-<2.60-3.00M0-<0.40-0.70V

1.2550  60WCrVS; 60WCrvy Fe-0.55-0.65C-0.70-1.008i-0.15-0.45Mn-
<0.030P-<0.030S-0.90-1.20Cr-0.10-0.20V-
1.70-2.20W

1.2567  30WCrV17-2 Fe-0.25-0.35C-0.15-0.30Si-0.20-0.40Mn-
<0.035P-<0.035S-2.20-2.50Cr-0.50-0.70V-
4.00-4.50W

1.2787  X23CINil7 Fe-<0.10-0.25C-<1.00Si-<1.00Mn-<0.035P-
<0.0355<15.5-18.0Cr-<1.0-2.5Ni

1.2823  70Si7 Fe-<0.65-0.75C-<1.50-1.80Si-<0.60-0.80Mn-
<0.03P-<0.03S

1.2842  90MnCrvs Fe-<0.85-0.95C-<0.10-0.40Si-<1.80-2.20Mn- UNS T31502; SAE 02; A
<0.030P-<0.030S-<0.20-0.50Cr-<0.05-0.20V 681 (O2); SAE O2

1.3247  HS2-9-1-8 Fe-1.05-1.15C-<0.70Si-<0.40Mn-<0.030P-  UNS T11342

$2-10-1-8 <0.030S-7.50-8.50Co-3.50-4.50Cr-

9.00-10.00M0-0.90-1.30V-1.20-1.90W

1.3355 HS 18-0-1 Fe-<0.70-0.78C-<0.455i-<0.4Mn-<0.030P- A 600
<0.0305-<3.8-4.5Cr-<1.0-1.2V-<17.5-18.5W

1.3505  100Cr6 Fe-<0.93-1.05C-<0.15-0.35Si- SAE 52100; A 29
<0.25-0.45Mn-<0.025P-<0.015S-<0.05Al-
<1.35-1.60Cr-<0.30Cu-<0.10Mo

1.3551  80MoCrV42-16 Fe-<0.77-0.85C-<0.40Si-<0.15-0.35Mn- SAE M50; A 600 (M50)
<0.025P-<0.0155-<3.90-4.30Cr-<0.30Cu-
<4.00-4.50M0-<0.90-1.10V-<0.25W

1.3728  AlNiCo9/5 Fe-<11.0-13.0A1-5.0C0-2.0-4.0Cu-<57.0Fe-
21.0-28.0Ni-<1.0Ti

1.3813  X40MnCrN19 Fe-<0.30-0.50C-<0.80Si-<17.0-19.0Mn-
<0.10P-<0.030S-<3.0-5.0Cr-<0.08-0.12N

1.3817  X40MnCrl8 Fe-0.30-0.50C-<1.00Si-17.00-19.00Mn-

<0.060P-<0.030S-<3.00-5.00Cr-<0.100N-
<1.00Ni
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1.3914 X2CrNiMnMoNNDbL21-15-7-3  Fe-<0.03C-<0.75Si-6.00-8.00Mn-<0.025P-
<0.010S-20.00-22.00Cr-3.00-3.50Mo-
0.350-0.500N-0.100-0.250Nb-14.00-16.00Ni

1.3940 GX2CrNiN18-13 Fe-<0.03C-<1.00Si-<2.00Mn-<0.035P-
<0.020S-16.50-18.50Cr-0.100-0.200N-
12.00-14.00Ni

1.3951 G-X 4 CrNiMoN 22 15 Fe-<0.05C-0.80-1.10Si-0.50-1.00Mn-
<0.030P-<0.030S-22.00-23.50Cr-
1.10-1.30M0-0.150-0.250N-17.00-18.00Ni

1.3952 X2CrNiMoN18-14-3 Fe-<0.03C-<1.00Si-<2.00Mn-<0.045P-
<0.015S-16.50-18.50Cr-2.50-3.00Mo-
0.150-0.250N-13.00-15.00N1

1.3955 GX12CrNi18-11 Fe-<0.15C-<1.00Si-<2.00Mn-<0.045P-
<0.030S-16.50-18.50Cr-<0.75Mo-
10.00-12.00Ni

1.3964 X2CrNiMnMoNNDL21-16-5-3  Fe-<0.03C-<1.00Si-4.00-6.00Mn-<0.025P-  NITRONIC 50
<0.010S-20.00-21.50Cr-3.00-3.50Mo-
0.200-0.350N-<0.250Nb-15.00-17.00Ni

1.3974 X2CrNiMnMoNNDL23-17-6-3  Fe-<0.03C-<1.00Si-<4.50-6.50Mn-<0.025P-
<0.015-<21.00-24.50Cr-<2.80-3.40M0-<0.30-
0.50N-<0.10-0.30Nb-<15.50-18.00Ni

1.3981 NiCo 29 18; (X3NiC029-18)  Fe-<0.050C-<0.30Si-<0.50Mn- UNS K94610
<17.0-18.0Co0-<28.0-30.0Ni

1.4000 X6Cr13 Fe-<0.08C-<1.0Si-<1.0Mn-<0.04P- SAE 403, 410S
<0.015S-<12.0-14.0Cr

1.4001 X7Crl4 Fe-<0.08C-<1.00Si-<1.00Mn-<0.045P- 429 (SAE)
<0.030S-<13.00-15.00Cr A240 (410S) (ASTM)

410S (SAE)

1.4002 X6CrAl13 Fe-<0.08C-<1.0Si-<1.0Mn-<0.04P- SAE 405
<0.0155-<0.10-0.3A1-<12-14Cr

1.4003 X2CrNil2 Fe-<0.03C-<1.0Si-<1.5Mn-<0.04P- UNS S40977
<0.015S-<10.5-12.5Cr-<0.03N-<0.3-1.0Ni

1.4005 X12CrS13 Fe-<0.08-0.15C-<1.0Si-<1.5Mn-<0.04P- SAE 416
<0.15-0.355-<12.0-14.0Cr-<0.6Mo

1.4006 X12Cr13 Fe-<0.08-0.15C-<1.00Si-<1.5Mn-<0.04P- SAE 410
<0.0155-<11.0-13.5Cr-<0.75Ni

1.4008 GX7CrNiMo12-1 Fe-<0.10C-1.0Si-1.0Mn-<0.035P-<0.025S-  UNS J91150
12.0-13.5Cr-0.20-0.50Mo-1.0-2.0Ni

1.4015 X8Cr18 Fe-<0.10C-<1.50Si-<1.50Mn-<0.030P- 543080 (UNS)
<0.030S-<16.50-18.50Cr

1.4016 X6Cr17 Fe-<0.08C-<1.0Si-<1.0Mn-<0.04P- SAE 430
<0.0155-<16.0-18.0Cr

1.4021  X20Cr13 Fe-<0.16-0.25C-<1.0Si-<1.5Mn-<0.04P- SAE 420

<0.015S-<12.0-14.0Cr
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1.4024 X15Cr13 Fe-<0.12-0.17C-<1.0Si-<1.0Mn-<0.045P- SAE 420
<0.035-<12.0-14.0Cr

1.4028 X30Cr13 Fe-<0.26-0.35C-<1.0Si-<1.5Mn-<0.04P- A 743; UNS J91153
<0.0155-<12.0-14.0Cr

1.4031  X39Cr13 Fe-<0.36-0.42C-<1.00Si-<1.00Mn- UNS S42080
<0.04P-<0.015S-<12.5-14.5Cr

1.4034  X46Cr13 Fe-<0.43-0.5C-<1.0Si-<1.0Mn-<0.04P-
<0.015S-<12.5-14.5Cr

1.4057 X17CrNil6-2 Fe-<0.12-0.22C-<1.0Si-<1.5Mn-<0.04P- SAE 431
<0.0155-<15.0-17.0Cr-<1.5-2.5Ni

1.4085  GX70Cr29 Fe-<0.50-0.90C-2.0Si-1.0Mn-<0.045P-
<0.030S-27.0-30.0Cr

1.4104  X14CrMosS17 Fe-<0.10-0.17C-<1.0Si-<1.5Mn-<0.04P- SAE430F
<0.15-0.355-<15.5-17.5Cr-<0.2-0.6Mo

1.4105 X6CrMoS17 Fe-<0.08C-<1.50Si-<1.50Mn-<0.040P-<0.15-
0.355-<16.00-18.00Cr-<0.20-0.60Mo

1.4110 X55CrMol4 Fe-<0.48-0.60C-<1.0Si-<1.0Mn-<0.04P-
<0.0155-<13.0-15.0Cr-<0.5-0.8M0-<0.15V

1.4112 X90CrMoV18 Fe-<0.85-0.95C-<1.0Si-<1.0Mn-<0.04P- SAE 440 B
<0.015S5-<17.0-19.0Cr-<0.9-1.3M0-<0.07-
0.12V

1.4113 X6CrMol7-1 Fe-<0.80C-<1.0Si-<1.00Mn-<0.04P- SAE 434
<0.035-<16.0-18.0Cr-<0.90-1.40Mo

1.4116 X50CrMoV15 Fe-<0.45-0.55C-1.0Si-1.0Mn-<0.040P-
<0.015S-14.0-15.0Cr-0.5-0.8Mo0-0.10-0.20V

1.4117 X38CrMoV15 Fe-<0.35-0.40C-1.0Si-1.0Mn-<0.045P-
<0.030S-14.0-15.0Cr-0.4-0.6M0-0.10-0.15V

1.4120 X20CrMo13 Fe-<0.17-0.22C-<1.0Si-<1.0Mn-<0.04P-
<0.0155-<12-14Cr-<0.9-1.3Mo-<1.0Ni

1.4122  X39CrMo17-1 Fe-<0.33-0.45C-<1.0Si-<1.5Mn-<0.04P-
<0.0155-<15.5-17.5Cr-<0.8-1.3Mo0-<1.0Ni

1.4125 X105CrMol7 Fe-<0.95-1.20C-1.0Si-1.0Mn-<0.040P- SAE 617
<0.015S-16.0-18.0Cr-0.4-0.8Mo

1.4126 X110 CrMo 13 Fe-<1.05-1.15C-<1.0Si-<1.0Mn-<0.040P-
<0.030S- <17.0-18.0Cr-<0.8-1.0Mo

1.4131 X1CrMo 261 Fe-<0.010C-<0.40Si-<0.40Mn-<0.020P-
<0.020S-<0.015N-<25.0-27.5Cr-<0.75-
1.50Mo-<0.50Ni

1.4133 Fe-<0.01C-1.0Si-1.0Mn-<0.030P-<0.030S-
26.0-30.0Cr-1.7-2.3Mo0-0.010N

1.4136 GX70CrMo29-2 Fe-<0.50-0.90C-2.0Si-1.0Mn-<0.045P-
<0.030S-27.0-30.0Cr-2.0-2.5Mo

1.4138 GX120CrMo29-2 Fe-<0.90-1.30C-2.0Si-1.0Mn-<0.045P-

<0.030S-27.0-30.0Cr-2.0-2.5Mo
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1.4153 X80CrVMo13-2 Fe-<0.76-0.86C-<1.00Si-<1.00Mn-<0.045P-
<0.0305-<12.00-14.00Cr-<0.40-0.60Mo-
<1.50-2.10V

1.4300 X 12CrNi188 Fe-<0.12C-<1.0Si-<2.0Mn-<0.045P-<0.030S-
<17.0-19.0Cr-<8.0-10.0Ni

14301  X5CrNi18-10 Fe-<0.07C-<1.0Si-<2.0Mn-<0.045P- SAE 304
<0.0155<17-19.5Cr-<0.11N-<8.0-10.5Ni

1.4302  X5CrNil9-9 Fe-<0.05C-<1.40Si-<1.90Mn-<0.025P- UNS $30888
<0.015S-<18.2-19.8Cr-<8.70-10.30Ni

1.4303 X4CrNil8-12 Fe-<0.06C-<1.0Si-<2.0Mn-<0.045P- SAE 305/308
<0.015S-<17-19Cr-<0.11N-<11.0-13.0Ni

14304  X5CrNil8-12E Fe-<0.12C-<1.0Si-<2.0Mn-<0.045P-<0.030S-
<17-19Cr-<8.0-10.0Ni

1.4305  X8CrNiS18-9; Fe-<0.10C-<1.0Si-<2.0Mn-<0.045P-<0.15-  SAE 303

X10CrNiS189 0.355-<17-19Cr-<1.0Cu-<0.11N-<8.0-10.0Ni

1.4306 X2CrNil9-11 Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P- SAE 304 L
<0.015S-<18-20Cr-<0.11N-<10.0-12.0Ni

1.4307  X2CrNi18-9 Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P-<0.015S-
<17.5-19.5Cr-<0.11N-<8.0-10.0Ni

1.4308 GX5CrNi19-10 Fe-<0.07C-<1.5Si-<1.5Mn-<0.04P-<0.030S- SAE 304 H
<18.0-20.0Cr-<8.0-11.0Ni

14310  X10CrNil8-8 Fe-<0.05-0.15C-<2.0Si-<2.0Mn-<0.045P-  SAE 301
<0.015S-<16.0-19.0Cr-<0.8M0-<0.11N<6.0-
9.5Ni

14311  X2CrNiN18-10 Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P- SAE 304 LN
<0.0155-<17.0-19.5Cr-<8.5-11.5Ni-<0.12-
0.22N

1.4312 GX10CrNi18-8 Fe-<0.12C-<2.0Si-<1.5Mn-<0.045P-<0.03S- A 743
<17.0-19.5Cr-<8.0-10.0Ni

1.4313 X3CrNiMo13-4 Fe-<0.05C-<0.7Si-<1.5Mn-<0.04P- UNS J91540
<0.015S-<12.0-14.0Cr-<0.3-0.7M0-<0.02N-
<3.5-4.5Ni

1.4315 X5CrNiN19-9 Fe-<0.06C-<1.0Si-<2.0Mn-<0.045P-<0.03S-
<18.0-20.0Cr-<0.12-0.22N-<8.0-11.0Ni

14317  GX4CrNil3-4 Fe-<0.06C-<1.00Si-<1.00Mn-<0.035P- UNS J91540
<0.0255-<12.00-13.50Cr-<0.70Mo- A 743 (CA-6NM)
<3.50-5.00Ni1

1.4318 X2CrNiN18-7 Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P-<0.015S-
<16.5-18.5Cr-<0.1-0.2N-<6.0-8.0Ni

14319  X3CrNiN17-8 Fe-<0.05C-<1.00Si-<2.00Mn-<0.045P-
<0.0155-<16.00-18.00Cr-<0.04-0.08N-
<7.00-8.00Ni

1.4330 X 2 CrNi 25 20 Fe-<0.03C-<1.0Si-<1.5Mn-<0.045P-<0.035S-

<18.0-22.0Cr-<23.0-27.0Ni
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1.4333 X 5NiCr3221 Fe-<0.07C-<1.40Si-<2.40Mn-<0.045P- $33200 (UNS)
<0.030S-<19.00-22.00Cr-<30.00-34.00Ni $33200 (SAE)

B 710 (N 08330) (ASTM)

1.4335

X1CrNi25-21

Fe-<0.02C-<0.25Si-<2.0Mn-<0.025P-
<0.0105-<24.0-26.0Cr-<0.20M0-<0.110N-
<20.0-22.0Ni

1.4340

GX40CrNi27-4

Fe-<0.30-0.50C-<2.00Si-<1.50Mn-
<0.045P-<0.0305-<26.0-28.0Cr-<3.5-5.5Ni

A 743

1.4347

GX6CrNiN26-7

Fe-<0.08C-<1.50Si-<1.50Mn-<0.035P-
<0.020S-25.00-27.00Cr-0.100-0.200N-
5.50-7.50Ni

1.4361

X1CrNiSi18-15-4

Fe-<0.015C-<3.70-4.50Si-<2.00Mn-
<0.025P-<0.010S-<16.5-18.5Cr-<0.20Mo-
<0.110N-<14.0-16.0Ni

A 336

1.4362

X2CrNiN23-4

Fe-<0.03C-<1.00Si-<2.00Mn-<0.035P-
<0.0155-<22.0-24.0Cr-<0.10-0.60Cu-
<0.10-0.60M0-<0.050-0.200N-<3.5-5.5Ni

1.4371

X2CrMnNiN17-7-5

Fe-<0.30C-<1.0Si-<6.0-8.0Mn-<0.045P-
<0.0155-<16.0-17.0Cr-<0.15-0.20N-
<3.5-5.5Ni

SAE 202

1.4401

X5CrNiMo17-12-2

Fe-<0.07C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<16.5-18.5Cr-<2.0-2.5Mo-
<0.110N-<10.0-13.0Ni

SAE 316

1.4404

X2CrNiMo17-12-2;
X2 CrNiMo 17122

Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<16.5-18.5Cr-<2.0-2.5M0-<10.0-
13.0Ni<0.110N

SAE 316 L

1.4405

X5 CrNiMo 16 5;
GX4CrNiMo16-5-1

Fe-<0.07C-<1.0Si-<1.0Mn-<0.035P-
<0.0255-<15.0-16.5Cr-<0.5-2.0Mo-<4.5-
6.0Ni

1.4406

X2CrNiMoN17-11-2;
X2 CrNiMoN 1712 2

Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<16.5-18.5Cr-<2.0-2.5Mo-
<0.12-0.22N-<10.0-12.0Ni

SAE 316 LN

1.4408

GX5CrNiMo19-11-2

Fe-<0.07C-<1.50Si-<1.50Mn-<0.04P-
<0.030S-<18.0-20.0Cr-<2.0-2.5Mo-
<9.0-12.0Ni

CF-8M

1.4410

X2CrNiMoN25-7-4

Fe-<0.03C-<1.0Si-<2.0Mn-<0.035P-
0.0155-<24.0-26.0Cr-<3.0-4.5Mo-
<0.200-0.350N-<6.0-8.0Ni

2507; A 182

1.4413

X3CrNiMo13-4

Fe-<0.05C-<0.30-0.605i-<0.50-1.00Mn-
<0.03P-<0.025-<12.00-14.00Cr-
<0.30-0.70M0-<3.50-4.00Ni

UNS $42400
A 988 (S 41500)
SAE S41500

1.4417

GX2CrNiMoN25-7-3

Fe-<0.03C-<1.0Si-<1.5Mn-<0.030P-
<0.020S-<24.0-26.0Cr-<1.0Cu-<3.0-4.0Mo-
<0.150-0.250N-<6.0-8.5Ni-<1.0W

3REGO; A 789
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1.4418

X4CrNiMo16-5-1

Fe-<0.06C-<0.7Si-<1.5Mn-<0.040P-
<0.0155-<15.0-17.0Cr-<0.8-1.5M0-<0.020N-
<4.0-6.0Ni

1.4424

X2CrNiMoSi18-5-3

Fe-<0.03C-1.40-2.00Si-1.20-2.00Mn-
<0.035P-<0.015S-18.00-19.00Cr-
2.50-3.00M0-0.050-1.00N-4.50-5.20Ni

1.4427

X12CrNiMoS18-11

Fe-<0.12C-<1.0Si-<2.0Mn-<0.06P-
<0.15-0.355-<16.5-18.5Cr-<2-2.5Mo-
<10.5-13.5Ni

1.4429

X2CrNiMoN17-13-3

Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<16.5-18.5Cr-<2.5-3.0Mo-
<11.0-14.0Ni-<0.12-0.22N

SAE 316 LN

1.4430

X2CrNiMo19-12

Fe-<0.02C-<1.40Si-<1.90Mn-<0.025P-
<0.015S-17.20-19.80Cr-2.50-3.00Mo-
10.70-13.30Ni

S 31688 UNS
S 31683 UNS

1.4434

X2CrNiMoN18-12-4

Fe-<0.03C-<1.00Si-<2.00Mn-<0.045P-
<0.0155-<16.50-19.50Cr-<3.00-4.00Mo-
<0.10-0.20N-<10.50-14.00Ni

1.4435

X2CrNiMo18-14-3;
X2 CrNiMo 18 4 3

Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<17.0-19.0Cr-<2.5-3.0Mo-
<0.110N-<12.5-15.0Ni

SAE316L

1.4436

X3CrNiMo17-13-3;
X5 CrNiMo 17 13 3

Fe-<0.05C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<16.5-18.5Cr-<2.5-3.0M0-<0.110N-
<10.5-13.0Ni

SAE 316

1.4438

X2CrNiMo18-15-4

Fe-<0.03C-<1.0Si-<2.0Mn-<0.045P-
<0.015S-<17.5-19.5Cr-<3.0-4.0M0-<0.110N-
<13.0-16.0Ni

SAE 317 L

1.4439

X2CrNiMoN17-13-5

Fe-<0.030C-<1.00Si-<2.00Mn-<0.045P-
<0.0155-<16.5-18.5Cr-<4.00-5.00Mo-
<12.5-14.5Ni-<0.12-0.22N

1.4440

X2CrNiMo18-16-5

Fe-<0.03C-<1.00Si-2.00-3.00Mn-<0.025P-
<0.025S-17.00-20.00Cr-4.00-5.00Mo-
16.00-19.00Ni1

SAE 317 L

1.4441

X2CrNiMo18-15-3

Fe-<0.03C-<1.00Si-<2.00Mn-<0.025P-
<0.01S-<17.00-19.00Cr-<0.50Cu-
<2.50-3.20M0-<0.10N-<13.00-15.50Ni

1.4442

X2CrNiMoN18-15-4

Fe-<0.03C-1.0Si-2.0Mn-<0.025P-<0.010S-
17.0-18.5Cr-3.7-4.2Mo0-0.1-0.2N-14.0-16.0Ni

SAE 317 LN

1.4447

X5CrNiMo18-13

Fe-<0.06C-1.55i-2.0Mn-<0.025P-<0.020S-
17.0-19.0Cr-4.0-5.0Mo-12.5-15.5Ni

1.4449

X3CrNiMo18-12-3

Fe-<0.035C-<1.008i-<2.00Mn-<0.045P-
<0.015S5-<17.0-18.2Cr-<1.0Cu-
<2.25-2.75M0-<0.08N-<11.5-12.5Ni

SAE 317

1.4457

X8CrNiMo17-5-3

Fe-<0.07-0.11C-<0.50Si-<0.50-1.25Mn-
<16.00-17.00Cr-<2.50-3.25M0-<4.00-5.00Ni
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1.4460

X3CrNiMoN27-5-2

Fe-<0.05C-<1.0Si-<2.0Mn-<0.035P-
<0.0155-<25.0-28.0Cr-<1.3-2.0Mo-
<0.05-0.2N-<4.5-6.5Ni

SAE 329

1.4462

X2CrNiMoN22-5-3

Fe-<0.03C-<1.00Si-<2.00Mn-<0.035P-
<0.0155-<21.0-23.0Cr-<2.50-3.50Mo-
<4.50-6.50Ni-<0.1-0.22N

2205; A 182

1.4463

GX6CrNiMo24-8-2

Fe-<0.07C-1.58i-1.5Mn-<0.045P-<0.030S-
23.0-25.0Cr-2.0-2.5Mo-7.0-8.5Ni

1.4464

GX40CrNiMo27-5

Fe-0.30-0.50C-<2.00Si-<1.50Mn-<0.045P-
<0.030S-26.00-28.00Cr-2.00-2.50Mo0-4.00-
6.00Ni

1.4465

X1CrNiMoN25-25-2

Fe-<0.02C-<0.70Si-<2.0Mn-<0.020P-
<0.0155-<24.0-26.0Cr-<2.0-2.5Mo-
<22.0-25.0Ni-<0.08-0.16N

1.4466

X1CrNiMoN25-22-2

Fe-<0.02C-<0.7S5i-<2.0Mn-<0.025P-
<0.0105-<24.0-26.0Cr-<2.0-2.5Mo-
<21.0-23.0Ni-<0.1-0.16N

1.4467

X2CrMnNiMoN26-5-4

Fe-<0.03C-<0.8S5i-<4.0-6.0Mn-<0.03P-
<0.0155-<24.5-26.5Cr-<2.0-3.0Mo-
<0.3-0.45N-<3.5-4.5Ni

1.4469

GX2CrNiMoN26-7-4

Fe-<0.03C-1.0Si-1.0Mn-<0.035P-<0.025S-
25.0-27.0Cr-<1.30Cu-3.0-5.0Mo0-0.12-0.22N-
6.0-8.0Ni1

UNS J93404

1.4492

X 8 CrNiMoN 17 5

Fe-<0.07-0.11C-<0.55i-<0.5-1.25Mn-<0.04P-
<0.035-<16.0-17.0Cr-<2.5-3.25Mo-
<4.0-5.0Ni

1.4500

GX7NiCrMoCuNb25-20

Fe-<0.08C-<1.50Si-<2.0Mn-<0.045P-
<0.035-<19.0-21.0Cr-<1.5-2.5Cu-
<2.5-3.5M0-<24.0-26.0Ni

A 351

1.4501

X2CrNiMoCuWN25-7-4

Fe-<0.03C-<1.0Si-<1.0Mn-<0.035P-
<0.0155-<24.0-26.0Cr-<0.5-1.0Cu-
<3.0-4.0M0-<0.2-0.3N-<6.0-8.0Ni-<0.5-1.0W

UNS S32760

1.4502

X8CrTil8

Fe-<0.09C-<1.40Si-<1.40Mn-<0.030P-
<0.020S-16.70-18.30Cr-<0.060N-
0.35-0.65Ti

1.4503

X3NiCrCuMoTi27-23

Fe-<0.04C-0.75S5i-0.75Mn-<0.030P-<0.015S-
22.0-24.0Cr-2.5-3.5Cu-2.5-3.0M0-26.0-
28.0Ni-0.4-0.7Ti

1.4504

Fe-<0.09C-<0.50Si-<1.00Mn-<0.025P-
<0.025S-<0.75-1.25A1-<16.00-17.25Cr-
<6.50-7.75Ni

UNS $17780
SAE 517700
A 705 (631)

1.4505

X4NiCrMoCuNb20-18-2

Fe-<0.05C-<1.0Si-<2.0Mn-<0.045P-
<0.015S-<16.5-18.5Cr-<2.0-2.5Mo-
<19.0-21.0Ni-<1.8-2.2Cu

SAE/ASTM/UNS

SAE 310 MoLN
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1.4506 X5NiCrMoCuTi20-18 Fe-<0.07C-<1.0Si-<2.0Mn-<0.045P-<0.030S-
<16.5-18.5Cr-<2.0-2.5M0-<19.0-21.0Ni-
<1.8-2.2Cu

1.4507  X2CrNiMoCuN25-6-3 Fe-<0.03C-<0.78i-<2.0Mn-<0.035P- UNS S43940
<0.0155-<24.0-26.0Cr-<1.0-2.5Cu-
<0.15-0.30N-<5.5-7.5Ni-<2.7-4.0Mo

1.4509  X2CrTiNb18 Fe-<0.03C-<1.08i-<1.0Mn-<0.040P-
<0.0158-<17.5-18.5Cr-<0.10-0.60Ti

1.4510 X6CrTil7 Fe-<0.05C-<1.0Si-<1.0Mn-<0.040P- SAE 430 Ti
<0.0155-<16.0-18.0Cr

1.4511 X3CrNb17; X6CrNb17 Fe-<0.05C-<1.0Si-<1.0Mn-<0.040P-
<0.0155-<16.0-18.0Cr

14512  X2CrTil2 Fe-<0.03C-<1.08i-<1.0Mn-<0.040P- SAE 409
<0.015S-<10.5-12.5Cr

1.4515 GX2CrNiMoCuN26-6-3 Fe-<0.03C-<1.0Si-<2.0Mn-<0.030P-
<0.020S-<0.12-0.25N-<24.5-26.5Cr-
<2.5-3.5M0-<5.5-7.0Ni-<0.8-1.3Cu

1.4517 GX2CrNiMoCuN25-6-3-3 Fe-max. 0.03C-1.0Si-1.5Mn-0.035P- UNS J93372
0.0258-24.5-26.5Cr-2.75-3.50Cu-2.50-
3.50Mo0-0.12-0.22N-5.0-7.0Ni1

1.4519 X2CrNiMoCu20-25 Fe-<0.02C-<1.40Si-<2.10-4.90Mn-<0.025P-
<0.025-<19.20-21.80Cr-<0.90-1.90Cu-
<4.10-5.90Mo0-<24.30-26.70Ni

1.4520 X2CrTil7 Fe-<0.025C-<0.5Si-<0.5Mn-<0.04P-
<0.015S-<16.0-18.0Cr-<0.015N-<0.3-0.6Ti

1.4521 X2CrMoTi18-2 Fe-<0.025C-<1.0Si-<0.040P-<0.015S- SAE 444
<1.0Mn-<17.0-20.0Cr-<1.8-2.5M0-<0.030N

1.4522 X2CrMoNb18-2 Fe-<0.025C-<1.0Si-<1.0Mn-<0.040P- SAE 443
<0.0155-<17.0-19.0Cr-<1.8-2.3M0-<0.25Ni

1.4523  X2CrMoTiS18-2 Fe-<0.03C-<1.08i-<0.5Mn-<0.040P-
<0.15-0.355-<17.5-19.0Cr-<2.0-2.5Mo-
<0.30-0.80Ti

1.4525  GXS5CrNiCul6-4; GX4CrNi-  Fe-<0.07C-<0.80Si-<1.00Mn-<0.035P-

CuNb16-4 <0.025S-<15.00-17.00Cr-<2.50-4.00Cu-

<0.80M0-<0.050N-<0.350Nb-<3.50-5.50Ni

1.4527  GX4NiCrCuMo30-20-4 Fe-<0.06C-<1.508i-<1.50Mn-<0.040P-
<0.030S-19.00-22.00Cr-3.00-4.00Cu-2.00-
3.00Mo-27.50-30.50Ni

1.4528 X105CrCoMo18-2 Fe-<1.0-1.1C-<1.0Si-<1.0Mn-<0.045P-
<0.030S-<16.5-18.5Cr-<1.0-1.5Mo-
<0.30-0.80Ti-<1.3-1.8C0<0.07-0.12V

1.4529  X1NiCrMoCuN25-20-7 Fe-<0.02C-<0.508i-<1.00Mn-<0.030P- A 249; ASTM N08926

<0.010S-<19.0-21.0Cr-<6.0-7.0Mo-
<0.5-1.5Cu-<0.15-0.25N-<24.0-26-0Ni
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1.4530

X1CrNiMoAITi12-9

Fe-<0.015C-0.10Si-0.10Mn-<0.020P-
0.6-1.0A1-11.0-12.5Cr-1.5-2.5Mo-
8.5-10.5Ni-0.25-0.40Ti

1.4532

X8CrNiMoAl15-7-2

Fe-<0.1C<0.7Si<1.2Mn<0.04P<0.015S-
0.7-1.5A1-14.0-16.0Cr-2.0-3.0Mo0-6.5-7.8Ni

UNS S15700

1.4533

X6CrNiTi18-10S

Fe-<0.06C-<1.00Si-<2.00Mn-<0.035P-
<0.0155-<0.20C0-<17.00-19.00Cr-
<9.00-12.00Ni

1.4534

X3CrNiMoAl13-8-2

Fe-<0.05C-<0.10Si-<0.10Mn-<0.010P-
<0.008S-<0.90-1.20A1-<12.25-13.25Cr-
<2.0-2.50M0-<0.01N-<7.50-8.50Ni

S 13800

1.4536

GX2NiCrMoCuN25-20

Fe-<0.03C<1.0Si<1.0Mn<0.035P<0.01S-
19.0-21.0Cr-1.5-2.0Cu-2.5-3.5Mo-
24.0-26.0Ni

UNS J94650

1.4537

X1CrNiMoCuN25-25-5

Fe-<0.02C-<0.70Si-<2.00Mn-<0.030P-
<0.010S-24.00-26.00Cr-1.00-2.00Cu-4.70-
5.70M0-0.170-0.250N-24.00-27.00Ni

1.4539

X1NiCrMoCu25-20-5

Fe-<0.02C-<0.70Si-<2.0Mn-<0.030P-
<0.0105-<19.0-21.0Cr-<4.0-5.0Mo-
<24.0-26.0Ni-<1.2-2.0Cu-<0.150N

SAE 904 L

1.4540

Fe-<0.06C-1.0Si-1.0Mn-15.0-17.0Cr-
2.5-4.0Cu-0.050N-0.15-0.40Nb-3.5-5.0Ni

UNS J92130

1.4541

X6CrNiTi18-10

Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<17.0-19.0Cr-<9.0-12.0Ni

SAE 321

1.4542

X5CrNiCuNb16-4

Fe-<0.07C-<0.70Si-<1.5Mn-<0.040P-
<0.0155-<15.0-17.0Cr-<3.0-5.0Ni-
<3.0-5.0Cu-<0.60Mo

SAE 630; 17-4 PH

1.4544

X 10 CrNiMnTi 18 10

Fe-<0.08C-<1.0Si-<2.0Mn-<0.035P-
<0.025S5-<17.0-19.0Cr-<9.0-11.5Ni

SAE 321; UNS ]J92630

1.4545

Fe-<0.07C-<1.00Si-<1.00Mn-<0.03P-
<0.0155-<14.00-15.50Cr-<2.50-4.50Cu-
<0.50M0-<3.50-5.50N1

UNS $15500
SAE S15500
A 705 (XM-12)

1.4546

X5CrNiNb18-10

Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-
<0.030S-<17.0-19.0Cr-<9.0-11.5Ni

SAE 347

1.4547

X1CrNiMoCuN20-18-7

Fe-<0.02C-<0.70Si-<1.0Mn-<0.030P-
<0.0105-<19.5-20.5Cr-<0.5-1.0Cu-
<6.00-7.00M0-<0.18-0.25N-<17.5-18.5Ni

254 SMO; A 182

1.4548

X5CrNiCuNb17-4-4

Fe-<0.07C-<1.0Si-<1.0Mn-<0.025P-
<0.025S5-<15.0-17.5Cr-<3.0-5.0Cu-
<0.15-0.45Nb-<3.00-5.00Ni

17-4 PH; SAE 630

1.4550

X6CrNiNb18-10

Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<17.0-19.0Cr<9.0-12.0Ni

SAE 347
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1.4551

X5CrNiNb19-9

Fe-<0.06C-<1.40Si-<1.90Mn-<0.025P-
<0.0155-<18.20-19.80Cr-<8.20-9.80Ni

UNS S34780
S34781
S34788

1.4552

GX5CrNiNb19-11

Fe-<0.07C<1.58i<1.5Mn<0.04P<0.03S-
18.0-20.0Cr-9.0-12.0Ni

UNS 92710

1.4557

GX2CrNiMoCuN20-18-6

Fe-<0.025C-<1.00Si-<1.20Mn-<0.03P-
<0.015-<19.50-20.50Cr-<0.50-1.00Cu-
<6.00-7.00M0-<0.18-0.24N-<17.50-19.50Ni

1.4558

X2NiCrAlTi32-20

Fe-<0.03C-<0.70Si-<1.0Mn-<0.020P-
<0.015S-<0.15-0.45A1<20.0-23.0Cr-
<32.0-35.0Ni

1.4561

X1CrNiMoTil8-13-2

Fe-<0.02C-<0.50Si-<2.0Mn-<0.035P-
<0.0155-<17.0-18.5Cr-<2.0-2.5Mo-
<11.5-13.5Ni-<0.4-0.6Ti

1.4562

X1NiCrMoCu32-28-7

Fe-<0.015C-<0.308Si-<2.0Mn-<0.020P-
<0.0105-<26.0-28-0Cr-<1.0-1.4Cu-
<6.0-7.0M0-<0.15-0.25N-<30.0-32.0Ni1

Alloy 31

1.4563

X1NiCrMoCu31-27-4

Fe-<0.02C-<0.70Si-<2.0Mn-<0.030P-
<0.0105-<26.0-28.0Cr-<3.0-4.0Mo-
<30.0-32.0Ni-<0.70-1.5Cu-<0.11N

B 668

1.4564

Fe-<0.09C-<1.00Si-<1.00Mn-<0.04P-
<0.035-<0.75-1.50A1-<16.00-18.00Cr-
<0.50Cu-<6.50-7.75Ni

UNS 17700
SAE $17700
A 705 (631)

1.4565

X2CrNiMnMoNbN25-18-5-4

Fe-<0.03C-<1.0Si-<3.5-6.5Mn-<0.030P-
<0.0155-<23.0-26.0Cr-<3.0-5.0Mo-
<0.3-0.5N-<0.15Nb-<16.0-19.0Ni

UNS S34565

1.4566

X3CrNiMnMoCuNbN

23-17-5-3

Fe-<0.04C<1.0Si-4.5-6.5Mn<0.03P-
<0.015S-21.0-25.0Cr-0.3-1.0Cu-3.0-4.5Mo-
15.0-18.0Ni-0.1-0.3Nb

1.4567

X3CrNiCul8-9-4;
X 3 CrNiCu 189

Fe-<0.04C-<1.00Si-<2.00Mn-<0.045P-
<0.0155-<17.00-19.00Cr-<3.00-4.00Cu-
<0.110N-<8.50-10.50Ni

304 Cu (SAE)
S 30430 (UNS)
A 493 (S 30430) (ASTM)

1.4568

X7CrNiMoAl17-7

Fe-<0.09C-<0.70Si-<1.0Mn-<0.040P-
0.0155-<16.0-18.0Cr-<6.5-7.80Ni-
<0.70-1.5Al

17-7 PH; SAE 631

1.4571

X6CrNiMoTil7-12-2

Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-
0.0155-<16.5-18.5Cr-<2.0-2.5Mo-
<10.5-13.5Ni

SAE 316 Ti

1.4573

GX3CrNiMoCuN24-6-5

Fe-<0.40C-<1.0Si-<1.0Mn-<0.030P-
<0.020S-<22.0-25.0Cr-<1.5-2.5Cu-
<4.5-6.0M0-<0.15-0.25N-<4.5-6.5Ni

SAE 316 Ti

1.4574

Fe-<0.09C-<1.00Si-<1.00Mn-<0.040P-
<0.030S-<0.75-1.50A1-<14.00-16.00Cr-
<2.00-3.00M0-<6.50-7.75Ni

S 15700 (SAE)
A 579 (63) (ASTM)
S 15700 (UNS)
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1.4575

X1CrNiMoNb28-4-2

Fe-<0.015C-<1.0Si-<1.0Mn-<0.025P-
<0.0155-<26.0-30.0Cr-<1.8-2.5Mo-
<0.035N-<3.0-4.5Ni

25-4-4; A 176

1.4577

X3CrNiMoTi25-25

Fe-<0.04C-<0.50Si-<2.0Mn-<0.030P-
<0.0155-<24.0-26.0Cr-<2.0-2.5Mo-
<24.0-26.0Ni

1.4580

X6CrNiMoNb17-12-2

Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-
<0.0155-<16.5-18.5Cr-<2.0-2.5Mo-
<10.5-13.5Ni

SAE 316 Cb
UNS 92971

1.4581

GX5CrNiMoNb19-11-2

Fe-<0.07C<1.58i<1.5Mn<0.04P<0.03S-
18.0-20.0Cr<2.0-2.5M0-9.0-12.0Ni

1.4582

X4CrNiMoNb25-7

Fe-<0.06C-<1.00Si-<2.00Mn-<0.045P-
<0.0305-<24.00-26.00Cr-<1.30-2.00Mo-
<6.50-7.50Ni

1.4583

X10CrNiMoNb18-12

Fe-<0.10C-<1.00Si-<2.00Mn-<0.045P-
<0.0305-<16.5-18.5Cr-<2.5-3.0Mo-
<12.0-14.5Ni

318 (Spec)

1.4585

GX7CrNiMoCuNb1818

Fe-<0.080C-<1.508i-<2.0Mn-<0.045P-
<0.0305-<16.5-18.5Cr-<2.0-2.5Mo-
<19.0-21.0Ni-<1.8-2.4Cu

1.4586

X5NiCrMoCuNb22-18

Fe-<0.07C-1.0Si-2.0Mn-<0.045P-<0.030S-
16.5-18.5Cr-1.5-2.0Cu-3.0-3.5Mo-
21.5-23.5Ni

1.4589

X5CrNiMoTil5-2

Fe-<0.080C-<1.0Si-<1.0Mn-<0.045P-
<0.030S-<13.0-15.5Cr-<0.2-1.2Mo-
<1.0-2.5Ni-<0.3-0.5Ti

UNS 542035

1.4591

X1CrNiMoCuN33-32-1

Fe-<0.015C-<0.5Si-<2.0Mn-<0.020P-
<0.010S-<31.0-35.0Cr-<0.3-1.2Cu-
<0.5-2.0M0-<0.35-0.6N-<30.0-33.0Ni

1.4592

X1CrMoTi29-4

Fe-<0.025C-1.0Si-1.0Mn-<0.030P-<0.010S-
28.0-30.0Cr-3.5-4.5M0-0.045N

1.4593

GX3CrNiMoCuN24-6-2-3

Fe-<0.04C-1.58i-1.5Mn-<0.030P-<0.020S-
23.0-26.0Cr-2.75-3.5Cu-2.0-3.0Mo0-0.1-0.2N-
5.0-8.0Ni

1.4603

X1CrTil7

Fe-<0.02C-<1.00Si-<1.00Mn-<0.040P-
<0.0155-<16.00-18.00Cr

1.4604

X2CrTi20

Fe-<0.03C-<1.00Si-<1.00Mn-<0.040P-
<0.0155-<19.00-21.00Cr-<0.40-0.80Ti

1.4652

X1CrNiMoCuN24-22-8

Fe-<0.02C-<0.5Si-<2.0-4.0Mn-<0.03P-
<0.005S-<23.0-25.0Cr-<0.3-0.6Cu-
<7.0-8.0M0-<0.45-0.55N-<21.0-23.0Ni

1.4712

X10CrSi6

Fe-<0.12C-<2.00-2.50Si-<1.00Mn-<0.045P-
<0.030S-<5.50-6.50Cr
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1.4713 X10CrAl7; X10CrAlSi7 Fe-<0.12C-<0.50-1.00Si-<1.00Mn-<0.040P-
<0.015S-<0.5-1.0A1-<6.00-8.00Cr
1.4718 X45CrSi9-3 Fe-0.4-0.5C-2.7-3.35i-<0.6Mn-<0.04P- S65007 (UNS)
<0.03S-8.0-10.0Cr-<0.5Ni
1.4720  X7CrTil2 Fe-<0.08C-1.0Si-1.0Mn-<0.040P-<0.030S-  SAE 409
10.5-12.5Cr
1.4722 X 10CrSi13 Fe-<0.12C-<1.90-2.40Si-<1.00Mn-<0.045P-
<0.030S-<12.0-14.0Cr
1.4724 X10CrAl13; X10CrAlSi13 Fe-<0.12C-<0.70-1.40Si-<1.00Mn-<0.040P-
<0.0155-<0.70-1.20A1-<12.0-14.0Cr
1.4725 CrAl 14 4; (X8CrAl14-4) Fe-<0.1C-<0.55i-<1.0Mn-<0.045P-<0.03S-  K91670 (UNS)
3.5-5.0A1-13.0-15.0Cr
1.4742  X10CrAlSi18; X10CrAl18 Fe-<0.12C-<0.70-1.40Si-<1.00Mn-<0.040P-
<0.015S-<0.70-1.20A1-<17.00-19.00Cr
1.4749 X18CrN28 Fe-0.15-0.20C-1.0Si-1.0Mn-<0.040P-
<0.0158-26.0-29.0Cr-0.15-0.25N
1.4762 X10 CrAl 24; X10CrAlSi25 Fe-<0.12C-<0.70-1.40Si-<1.00Mn-<0.040P- SAE 446
<0.015S-<1.20-1.70A1-<23.0-26.0Cr
1.4765  CrAl 25 5; (X8CrAl25-5) Fe-<0.10C-<1.00Si-<0.60Mn-<0.045P-
<0.030S-<4.50-6.00A1-<22.00-25.00Cr
1.4773  X8Cr30 Fe-<0.09C-<1.90Si-<1.40Mn-<0.030P-
<0.025S-<28.80-31.20Cr-<2.00Ni
1.4776 GX40CrSi28 Fe-0.30-0.50C-1.0-2.5Si-1.0Mn-<0.040P- UNS J92605
<0.030S-27.0-30.0Cr-0.50Mo-1.0Ni
1.4777  GX130CrSi29 Fe-1.20-1.40C-1.0-2.5Si-0.5-1.0Mn-<0.035P-
<0.030S-27.0-30.0Cr-0.50Mo-1.0Ni
1.4821  X15CrNiSi25-4; Fe-0.1-0.2C-0.8-1.5Si-<2.0Mn-<0.04P-
X20 CrNiSi 25 4 <0.015S-24.5-26.5Cr-<0.11N-3.5-5.5Ni
1.4828 X15CrNiSi20-12 Fe-<0.20C-<1.50-2.505i-<2.0Mn-<0.045P-  SAE 309
<0.0155-<19.0-21.0Cr-<0.11N-<11.0-13.0Ni
1.4829  X12CrNi22-12 Fe-<0.14C-0.90-1.90Si-1.90Mn-<0.025P- UNS $30980
<0.015S-20.8-23.2Cr-10.2-12.8Ni
1.4833  X7CrNi23 14; Fe-<0.15C-<1.00Si-<2.00Mn-<0.045P- SAE 309 S
X12CrNi23-14 <0.015S-<22.0-24.0Cr-<0.11N-<12.0-14.0Ni
1.4835 X9CrNiSiNCe21-11-2 Fe-<0.05-0.12C-<1.4-2.5Si-<1.0Mn- 253 MA; A 182
<0.045P-<0.0155-<0.030-0.080Ce-
<20.0-22.0Cr-<0.12-0.20N-<10.0-12.0Ni
1.4841  X15CrNiSi25-20; Fe-<0.20C-<1.50-2.50Si-<2.00Mn- 3REGO; SAE 310;
X15CrNiSi25-21 <0.045P-<0.0155-<24.0-26.0Cr-<0.11N- SAE 314
<19.0-22.0Ni
1.4845 X8CrNi25-21; Fe-<0.15C-<1.50Si-<2.00Mn-<0.045P- SAE 310 S

X12CrNi25-21

<0.0155-<24.0-26.0Cr-<0.11N-
<19.0-22.0Ni
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1.4847 X8CrNiAlTi20-20 Fe-<0.08C-<1.0Si-<1.0Mn-<0.030P- 334 (SAE)
<0.015S-<0.6Al-18.0-22.0Cr-18.0-22.0Ni-
0.6Ti
1.4848  GX40CrNiSi25-20 Fe-<0.30-0.50C-<1.00-2.508i-<1.50Mn- A 297 (HK)
<0.035P-<0.030S-<24.0-26.0Cr-
<19.0-21.0Ni
1.4856  GX40NiCrSiNbTi35-25 Fe-<0.35-0.45C-<1.00-1.508i-<0.5-1.50Mn-
<0.035P-<0.030S-<23.0-27.0Cr-
<0.9-1.5NDb-<33.0-37.0Ni-<0.10-0.25Ti
1.4857  GX40NiCrSi35-25 Fe-<0.30-0.50C-<1.00-2.50Si-<1.50Mn- A 297 (HP)
<0.035P-<0.030S-<24.0-26.0Cr-
<34.0-36.0Ni
1.4862  X8NiCrSi38-18 Fe-<0.1C-1.5-2.5Si-0.8-1.5Mn-<0.03P-
<0.038-17.0-19.0Cr-<0.5Cu-35.0-39.0Ni-
<0.2Ti
1.4864  X12NiCrSi35-16; Fe-<0.15C-<1.0-2.0Si-<2.0Mn-<0.045P- SAE 330
X12 NiCrSi 36 16 <0.015S-<15.0-17.0Cr-<0.11N-<33.0-37.0Ni
1.4871 X53CrMnNiN21-9 Fe-<0.48-0.58C-<0.255i-<8.00-10.00Mn- S 63008 (UNS)
<0.045P-<0.0305-<20.00-22.00Cr- EV 8 (SAE)
<0.35-0.50N-<3.25-4.50Ni
1.4873 X45CrNiw18-9 Fe-<0.40-0.50C-<2.00-3.00Si-<0.80-1.50Mn-
<0.045P-<0.0305-<17.00-19.00Cr-
<8.00-10.00Ni-<0.80-1.20W
1.4875  X55CrMnNiN20-8 Fe-<0.50-0.60C-<0.25Si-<7.00-10.00Mn- S 63012 (UNS)
<0.045P-<0.030S-<19.50-21.50Cr- EV 12 (SAE)
<0.20-0.40N-<1.50-2.75Ni
1.4876 ~ X10NiCrAlTi32-21; Fe-<0.12C-<1.00Si-<2.00Mn-<0.030P- N 08332 (UNS)
X10 NiCrAlTi 32 20 <0.015S-<0.15-0.60A1-<19.00-23.00Cr- B 366 (N08332) (ASTM)
<30.00-34.00Ni-<0.15-060Ti N 8810 (SAE)
1.4877  X6NiCrNbCe32-27 Fe-0.04-0.08C-<0.35i-<1.0Mn-<0.02P- $33228 (UNS)
<0.01S-<0.025A1-0.05-0.1Ce-26.0-28.0Cr-
0.11N-0.6-1.0Nb-31.0-33.0Ni
1.4878  X10CrNiTi18-10; Fe-<0.10C-<1.0Si-<2.0Mn-<0.045P-0.015S-
X12 CrNiTi 18 9 <17.0-19.0Cr-<9.0-12.0Ni
1.4903  X10CrMoVNb9-1 Fe-<0.08-0.12C-<0.20-0.50Si- A182
<0.30-0.60Mn-<0.020P-<0.010S-
<0.04A1-<8.0-9.5Cr-<0.85-1.05Mo-
<0.030-0.070N-<0.06-0.1Nb-<0.4Ni-
<0.18-0.25V
14913  X19CrMoNbVN11-1 Fe-0.17-0.23C-0.50Si-0.40-0.90Mn-<0.025P-

<0.015S-<0.02A1-<0.0015B-10.0-11.5Cr-
0.5-0.8M0-0.05-0.1N-0.25-0.55Nb-
0.20-0.60Ni-0.10-0.30V
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1.4919

X6CrNiMo17-13

Fe-<0.04-0.08C-<0.755i-<2.0Mn-<0.035P-
<0.0155-<0.0015-0.0050B-<16.0-18.0Cr-
<2.0-2.5M0-<0.11N-<12.0-14.0Ni

SAE316 H

1.4922

X20CrMoV11-1

Fe-<0.17-0.23C-<0.505i-<1.00Mn-<0.030P-
<0.0305-<10.0-12.5Cr-<0.80-1.20Mo-
<0.30-0.80Ni-<0.25-0.35V

1.4943

X4NiCrTi25-15

Fe-<0.06C-<1.0Si-<2.0Mn-<0.025P-
<0.015S-<0.35A1-<0.003-0.01B-<13.5-16Cr-
<1.0-1.50Mo0-<24.00-27.00Ni-<1.70-2.00Ti-
<0.10-050V

SAE HEV 7

UNS 566545
ASI S 66286
A 891

1.4944

Fe-<0.08C-<1.0Si-<2.0Mn-<0.025P-
<0.0155-<0.35A1-<0.003-0.01B-
<13.50-16.0Cr-<1.0-1.50Mo-
<24.00-27.00Ni-<1.90-2.30Ti-<0.10-0.50V

UNS 566286;
ASI 660; A 638

1.4947

Fe-<0.07C-0.50-1.25i-1.5-2.0Mn-<0.035P-
<0.0255-22.0-23.0Cr-<0.3Cu-<0.75Mo-
9.5-10.5Ni

UNS J93001

1.4948

X6CrNil8-10

Fe-<0.04-0.08C-<0.75Si-<2.0Mn-<0.035P-
<0.0155-<17.0-19.0Cr-<10.0-12.0Ni

SAE 304 H

1.4958

X5NiCrAlTi31-20

Fe-0.03-0.08C-<0.7Si-<1.5Mn-0.015P-
<0.015-0.2-0.5A1-0.5C0-19.0-22.0Cr-<0.5Cu-
<0.03N-<0.1Nb-30.0-32.5Ni-0.2-0.5Ti

N08810 (UNS)

1.4959

X8NiCrAlTi32-21

Fe-0.05-0.1C-<0.7Si-<1.5Mn-<0.015P-
<0.01S-0.2-0.65A1-<0.5C0-19.0-22.0Cr-
<0.5Cu-<0.03N-30.0-34.0Ni-0.25-0.65Ti

NO08811 (UNS)

1.4961

X8CrNiNb16-13

Fe-<0.04-0.1C-<0.3-0.6Si-<1.5Mn-<0.035P-
<0.0155-<15.0-17.0Cr-<12.0-14.0Ni

1.4970

X 10 NiCrMoTiB 15 15

Fe-0.08-0.12C-0.25-0.45Si-1.6-2.0Mn-
<0.03P-<0.015S-0.003-0.006B-14.5-15.5Cr-
1.05-1.25M0-15.0-16.0Ni-0.35-0.55Ti

1.4971

X12CrCoNi21-20

Fe-<0.08-0.16C-<1.00Si-<2.00Mn-<0.035P-
<0.0155-<18.50-21.00C0-<20.00-22.50Cr-
<2.50-3.50M0-<0.10-0.20N-<0.75-1.25Nb-
<19.00-21.00Ni-<2.00-3.00W

HEV 1 (SAE)
661 (SAE)
R 30155 (UNS)

1.4977

X 40 CoCrNi 20 20

Fe-0.35-0.45C-<1.00Si-<1.50Mn-<0.045P-
<0.0305-19.00-21.00C0-19.00-21.00Cr-3.50-
4.50Mo-3.50-4.50Nb-19.00-21.00Ni-3.50-
4.50W

R 30590 UNS

1.4980

X6NiCrTiMoVB25-15-2;
X5NiCrTi26-15

Fe-0.03-0.08C-<1.0Si-1.0-2.0Mn-<0.025P-
<0.015S-<0.35A1-0.003-0.01B-13.5-16.0Cr-
1.0-1.5Mo0-24.0-27.0Ni-1.9-2.3Ti-0.1-0.5V

663 (SAE)

1.4981

X8CrNiMoNb16-16

Fe-<0.04-0.10C-<0.30-0.60Si-<1.50Mn-
<0.035P-<0.015S-<15.5-17.5Cr-
<1.60-2.00Mo0-<15.5-17.5Ni
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1.4982 X10CrNiMoMnNbVB15-10-1 Fe-<0.07-0.13C-<1.00Si-<5.50-7.00Mn-
<0.040P-<0.030S-<0.003-0.009B-
<14.00-16.00Cr-<0.80-1.20M0-<0.110N-
<0.75-1.25Nb-<9.00-11.00Ni-<0.15-0.40V

1.4986 X8CrNiMoBNb16-16 Fe-<0.04-0.1C-<0.3-0.6Si-<1.5Mn-<0.045P-
<0.0305-<0.05-0.1B-<15.5-17.5Cr-
<1.6-2.0Mo0-<15.5-17.5Ni

1.4988 X8CrNiMoVNDb16-13 Fe-<0.04-0.1C-<0.3-0.6Si-<1.5Mn-<0.035P-
<0.0155-<15.5-17.5Cr-<1.1-1.5Mo-
<12.5-14.5Ni-<0.60-0.85V-<0.06-0.14N

1.5069 36Mn7 Fe-<0.35C<0.5Si<1.6Mn<0.025P<0.025S ~ UNS H13400

1.5094 38MnS6 Fe-<0.35-0.40C-<0.20-0.65Si-<1.30-1.60Mn-
<0.045P-<0.045-0.065S-<0.01-0.05Al-
<0.10-0.20Cr-<0.015-0.020N

1.5122 37MnSi5 Fe-<0.33-0.41C-<1.1-1.4Si-<1.1-1.4Mn-
<0.035P-<0.035S

1.5219 41MnV5 Fe-0.38-0.44C-0.1-0.4Si-
1.1-1.3Mn<0.035P<0.035S-0.1-0.15V

1.5415 15 Mo 3; 16Mo3 Fe-<0.12-0.2C-<0.355i-<0.4-0.9Mn- A 204 (A)

<0.030P-<0.025S-<0.30Cr-<0.30Cu-
<0.25-0.35Mo0-<0.30Ni

1.5431 G12MnMo7-4 Fe-0.08-0.15C<0.6Si-
1.5-1.8Mn<0.02P<0.015S<0.2Cr-
0.3-0.4M0<0.05Nb<0.1V

1.5511 35B2 Fe-<0.32-0.39C-<0.4Si-<0.5-0.8Mn-
<0.035P-<0.0355-<0.02A1-<0.0008-0.005B

1.5662 X8Ni9 Fe-<0.10C-0.358Si-0.30-0.80Mn-<0.020P- UNS K71340
<0.010S-<0.10M0-8.5-10.0Ni-0.05V

1.5680 X12Ni5; 12 Ni 19 Fe-<0.15C-<0.35Si-0.3-0.8Mn-<0.02P- A 2515 (SAE)
<0.01S-4.75-5.25Ni-<0.05V-<0.5Cr-<0.5Mo-
<0.5Cu

1.5736 36NiCr10 Fe-max. 0.32-0.40C-0.15-0.35Si- SAE 3435
0.40-0.80Mn-0.035P-0.035S-0.55-0.95Cr-
2.25-2.75Ni

1.6354 Fe-<0.03C-<0.10Si-<0.10Mn-<0.01P- UNS J93150

<0.01S-<0.05-0.15A1-<8.00-9.50Co-
<4.60-5.20M0-<17.00-19.00Ni-<0.60-0.90Ti

1.6511  36CrNiMo4 Fe-<0.32-0.40C-<0.4S5i-<0.5-0.8Mn- SAE 9840
<0.035P-<0.0355-<0.9-1.2Cr-<0.15-0.3Mo-
<0.9-1.2Ni

1.6545  30NiCrMo2-2 Fe-<0.27-0.34C-<0.15-0.48i-<0.7-1.0Mn-  SAE 8630

<0.035P-<0.0355-<0.4-0.6Cr-<0.15-0.3Mo-
<0.4-0.7Ni
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1.6562

40 NiCrMo 8 4

Fe-<0.37-0.44C-<0.20-0.35Si-
<0.70-0.90Mn-<0.02P-<0.015S-
<0.005-0.05A1-<0.70-0.95Cr-<0.30-0.40Mo-
<1.65-2.00Ni

UNS G43406
SAE 4340
UNS H 43406
A 829

SAE E 4340 H

1.6565

40NiCrMo6

Fe-0.35-0.45C-<0.15-0.35Si-<0.50-0.70Mn-
<0.035P-<0.035S-<0.90-1.4Cr-<0.20-0.30Mo-
<1.4-1.7Ni

SAE 4340

1.6580

30CrNiMo8

Fe-<0.26-0.34C-<0.4Si-<0.3-0.6Mn-<0.035P-
<0.0355-<1.8-2.2Cr-<0.3-0.5M0-<1.8-2.2Ni

1.6582

34CrNiMo6

Fe-<0.3-0.38C-<0.45i-<0.5-0.8Mn-<0.035P-
<0.0355-<1.3-1.7Cr-<0.15-0.3M0-<1.3-1.7Ni

1.6751

22NiMoCr3-7

Fe-<0.17-0.25C-<0.3585i-<0.5-1.0Mn-
<0.02P-<0.02S-<0.05A1-<0.3-0.5Cr-
<0.18Cu-<0.5-0.8M0-<0.6-1.2Ni-<0.03V

A 508

1.6900

X12CrNi189

Fe-<0.12C-<1.00Si-<2.00Mn-<0.045P-
<0.030S-<17.00-19.00Cr-<0.5Mo-
<8.00-10.00Ni

UNS 92801

1.6903

X 10 CrNiTi 18 10

Fe-<0.10C-<1.00Si-<2.00Mn-<0.045P-
<0.030S-<17.0-19.0Cr-<0.5M0-<10.0-12.0Ni

1.6906

X5CrNi1810

Fe-<0.07C-<1.0Si-<2.0Mn-<0.045P-<0.030S-
<17.0-19.0Cr-<0.50M0-<9.0-11.5Ni

1.6932

28NiCrMoV8-5

Fe-0.24-0.32C<0.4Si-
0.15-0.4Mn<0.035P<0.035S-1.0-1.5Cr-
0.35-0.55Mo-1.8-2.1Ni-0.05-0.15V

1.6944

Fe-<0.35-0.40C-<0.15-0.35Si-<0.50-0.80Mn-
<0.015P-<0.01S-<0.65-0.90Cr-<0.30-0.40Mo-
<1.65-2.00Ni-<0.08-0.15V

1.6948

27NiCrMoV11-6; 26NiCr-
MoV11-5

Fe-<0.22-0.32C-<0.155i-<0.15-0.40Mn-
<0.010P-<0.007S-<1.20-1.80Cr-<0.25-
0.45Mo-<2.40-3.10Ni-<0.05-0.15V

1.6952

24NiCrMoV14-6

Fe-<0.20-0.28C-<0.15-0.40Si-<0.30-0.60Mn- K 42885 (UNS)
<0.035P-<0.035S-<1.20-1.80Cr-<0.35-
0.55Mo0-<3.00-3.80Ni-<0.04-0.12V

1.6956

33NiCrMoV14-5;
33NiCrMo14-5

Fe-<0.28-0.38C-<0.405i-<0.15-0.40Mn-
<0.035P-<0.035S-<1.00-1.70Cr-
<0.30-0.60M0-<2.90-3.80Ni-<0.08-0.25V

1.6957

27NiCrMoV15-6

Fe-0.22-0.32C<0.15Si-
0.15-0.4Mn<0.01P<0.007S-1.2-1.8Cr-
0.25-0.45Mo-3.4-4.0Ni-0.05-0.15V

ASTM A 470

1.7005

45Cr2

Fe-<0.42-0.48C-<0.15-0.40Si-<0.50-0.80Mn-
<0.025P-<0.035S-<0.40-0.60Cr

1.7033

34Cr4

Fe-<0.3-0.37C-<0.45i-<0.6-0.9Mn-<0.035P-
<0.0355-<0.9-1.2Cr

UNS G51320

A 649 (6,7, 8) (ASTM)
A 470 (5, 6, 7) (ASTM)
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1.7035 41Cr4 Fe-<0.38-0.45C-<0.4Si-<0.6-0.9Mn- SAE 5140;
<0.035P-<0.035S-<0.9-1.2Cr UNS H51400

1.7120 Fe-<0.1C-<0.25S5i-<0.45Mn-<0.16Cu-
<0.07Ni-<0.05Cr-<0.035P-<0.035S

1.7131 16MnCr5 Fe-0.14-0.19C-<0.40Si-1.00-1.30Mn- G 51170 UNS
<0.035P-<0.035S-0.80-1.10Cr A 711 (5115) ASTM

1.7147 20MnCr5 Fe-<0.17-0.22C-<0.40Si-<1.10-1.40Mn- UNS H51200
<0.035P-<0.035S-<1.00-1.30Cr A 752 (5120)

SAE 5120H

1.7214 Fe-<0.22-0.29C-<0.15-0.35Si-<0.5-0.8Mn-
<0.02P-0.015S-<0.90-1.20Cr-<0.15-0.20Mo-
0.30Ni

1.7218 25CrMo4 Fe-<0.22-0.29C-<0.40Si-<0.60-0.90Mn- SAE 4130
<0.035P-<0.035S5-<0.90-1.20Cr-
<0.15-0.30Mo

1.7219 26 CrMo 4; 26CrMo4-2 Fe-<0.22-0.29C-<0.35Si-<0.5-0.8Mn- A 372
<0.03P-<0.025S-<0.9-1.2Cr-<0.15-0.30Mo

1.7220  34CrMo4 Fe-<0.3-0.37C-<0.4Si-<0.6-0.9Mn- SAE 4130
<0.035P-<0.0355-<0.9-1.2Cr-<0.15-0.30Mo

1.7225  42CrMo4 Fe-<0.38-0.45C-<0.40Si-<0.60-0.90Mn- UNS G41400
<0.035P-<0.0355-<0.90-1.20Cr- A 866 (4140)
<0.15-0.30Mo SAE 4140 RH

1.7242 16CrMo4 Fe-<0.13-0.20C-<0.15-0.35Si-<0.50-0.80Mn-
<0.035P-<0.035S-<0.90-1.20Cr-
<0.20-0.30M0-<0.40Ni

1.7259 26CrMo7 Fe-<0.22-0.30C-<0.15-0.35Si-<0.50-0.70Mn-
<0.035P-<0.0355-<1.50-1.80Cr-
<0.20-0.25Mo

1.7273 24CrMol0 Fe-<0.20-0.28C-<0.15-0.35Si-<0.50-0.80Mn-
<0.035P-<0.035S-<2.30-2.60Cr-
<0.20-0.30M0-<0.80Ni

1.7276  10CrMoll Fe-<0.08-0.12C-<0.15-0.35Si-<0.30-0.50Mn-
<0.035P-<0.0355-<2.70-3.00Cr-
<0.20-0.30Mo

17279 17 MnCrMo 3 3 Fe-<0.20C-0.50-0.90Si-0.70-1.10Mn-
<0.035P-<0.035S-0.60-1.00Cr-0.20-0.60Mo-
0.06-0.12V-0.06-0.12Zr

17281  16CrMo9-3 Fe-<0.12-0.20C-<0.15-0.355i-<0.30-0.50Mn-
<0.035P-<0.035S-<2.00-2.50Cr-
<0.30-0.40Mo

1.7335 13 CrMo 4 4; 13CtMo4-5 Fe-<0.08-0.18C-<0.355i-<0.4-1.0Mn- A182

<0.030P-<0.0255-<0.7-1.15Cr-<0.3Cu-
<0.4-0.6Mo
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1.7357

G17CrMo5-5

Fe-<0.15-0.20C-<0.60Si-<0.50-1.0Mn- A 217;
<0.020P-<0.020S-<1.00-1.50Cr- UNS J11872
<0.45-0.65Mo

1.7362

X12CrMo5

Fe-<0.08-0.15C-<0.505i-<0.30-0.60Mn- SAE 501
<0.025P-<0.020S-<4.00-6.00Cr-
<0.45-0.65Mo

1.7375

12CrMo9-10

Fe-<0.10-0.15C-<0.30Si-<0.30-0.80Mn- UNS K21590
<0.015P-<0.010S-<0.01-0.04Al-
<2.00-2.50Cr-<0.20Cu-<0.9-1.10Mo-

<0.012N-<0.30Ni

1.7380

10CrMo9-10

Fe-<0.08-0.14C-<0.50Si-<0.40-0.80Mn- A 182 (F22);
<0.030P-<0.025S-<2.00-2.50Cr- UNS J21890
<0.30Cu-<0.90-1.10Mo

1.7383

11CrMo9-10

Fe-<0.08-0.15C-<0.505i-<0.40-0.80Mn-
<0.030P-<0.025S-<2.00-2.50Cr-
<0.30Cu-<0.90-1.10Mo

1.7386

X12CrMo9-1

Fe-<0.07-0.15C-<0.25-1.0Si-<0.30-0.60Mn-  SAE 504;
<0.025P-<0.020S-<8.0-10.0Cr-<0.90-1.1Mo  UNS S50488

1.7388

X7CrMo9-1

Fe-<0.04-0.09C-<0.45-0.75Si- S 50480 (UNS)
<0.43-0.72Mn-<0.015P-<0.015S-
<8.60-9.90Cr-<0.90-1.10Mo

1.7707

30CrMoV9

Fe-0.26-0.34C-<0.4Si-0.4-0.7Mn-<0.035P-  G43406 (UNS)
<0.035S-2.3-2.7Cr-<0.25M0-<0.6Ni-0.1-0.2V

1.7711

40CrMoV4-6; 40CrMoV4-7

Fe-<0.36-0.44C-<0.405i-<0.45-0.85Mn- A 437 (B4D)
<0.03P-<0.03S-<0.015A1-<0.90-1.20Cr-
<0.50-0.65M0-<0.25-0.35V

1.7715

14MoV6-3

Fe-<0.1-0.18C-<0.1-0.35Si-<0.4-0.7Mn- UNS K11591
<0.035P-<0.0355-<0.3-0.6Cr-<0.5-0.7Mo-
<0.22-0.32V

1.7734

Fe-<0.12-0.18C-<0.205i-<0.80-1.10Mn-
<0.02P-<0.0155-<1.25-1.50Cr-<0.80-1.00Mo-
<0.20-0.30V

1.7766

17CrMoV10

Fe-<0.15-0.20C-<0.15-0.3585i-<0.30-0.50Mn-
<0.035P-<0.0355-<2.70-3.00Cr-
<0.20-0.30M0-<0.10-0.20V

1.7779

20 CrMoV 13 5;
20CrMoV13-5-5

Fe-<0.17-0.23C-<0.15-0.35S5i-<0.30-0.50Mn-
<0.025P-<0.020S-<3.00-3.30Cr-
<0.50-0.60M0-<0.45-0.55V

1.7783

X41CrMoV5-1

Fe-<0.38-0.43C-<0.80-1.0Si-<0.20-0.40Mn- SAE 610
<0.015P-<0.010S-<4.75-5.25Cr-<1.2-1.4Mo-
<0.40-0.60V

1.8070

21CrMoV5-11

Fe-<0.17-0.25C-<0.30-0.60Si-<0.30-0.60Mn-
<0.035P-<0.0355-<1.20-1.50Cr-
<1.00-1.20M0-<0.60Ni-<0.25-0.35V
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1.8075

10CrSiMoV7

Fe-<0.12C-<0.9-1.25i-<0.35-0.75Mn-
<0.035P-<0.0355-<1.6-2Cr-<0.25-0.35Mo-
<0.25-0.35V

1.8159

51CrV4; 50 CrV 4

Fe-<0.47-0.55C-<0.405i-<0.70-1.10Mn-
<0.035P-<0.035S-<0.90-1.20Cr-<0.10-0.25V

UNS G61500
A 866 (6150)
SAE 6150H

1.8719

15MnCrMo3-2

Fe-0.10-0.20C-0.15-0.35Si-0.60-1.00Mn-
<0.025P-<0.025S-0.0005B-0.40-0.65Cr-
0.15-0.50Cu-0.40-0.60Mo-0.70-1.00Ni-
0.03-0.08V

1.8812

18MnMoV5-2

Fe-<0.20C-0.20-0.50Si-1.00-1.50Mn-
<0.030P-<0.025S-0.10-0.30M0-<0.02N-
0.05-0.10V

1.8850

S460MLH

Fe-<0.16C-<0.60Si-<1.70Mn-<0.030P-
<0.025S-0.02A1-<0.20M0-<0.025N-
<0.050Nb-<0.30Ni-<0.05Ti-<0.12V

1.8901

S460N

Fe-<0.2C<0.6Si-1.0-1.7Mn-<0.035P-
<0.035-<0.3Cr-<0.7Cu-<0.1M0-<0.05Nb-
<0.8Ni-<0.03Ti<0.2V

1.8905

P460N; StE 460

Fe-<0.20C-<0.60Si-<1.00-1.70Mn-<0.030P-
<0.025S-<0.02A1-<0.30Cr-<0.70Cu-
<0.10M0-<0.025N-<0.050Nb-<0.80Ni-
<0.03Ti-<0.20V

A 225 (C), A 633 (E)

1.8907

StE 500

Fe-<0.21C-<0.1-0.65i-<1.0-1.7Mn-<0.035P-
<0.035-<0.02A1-<0.30Cr-<0.70Cu-<0.10Mo-
<0.020N-<0.05Nb-<1.0Ni-<0.2Ti-<0.22V

6386 B; UNS K02001

1.8912

S420NL; TStE 420

Fe-<0.2C-<0.65i-<1.0-1.7Mn-<0.03P-
<0.025S-<0.02A1-<0.3Cr-<0.7Cu-<0.1Mo-
<0.025N-<0.050Nb-<0.8Ni-<0.03Ti-<0.2V

A737:
UNS K02002

1.8924

S500Q; StE 500V

Fe-<0.2C-<0.85i-<1.7Mn-<0.025P-<0.015S-
<1.5Cr-<0.5Cu-<0.7M0-<0.06Nb-<2.0Ni-
<0.05Ti-<0.15Zr

1.8931

S690Q; StE 690V

Fe-<0.2C-<0.85i-<1.7Mn-<0.025P-<0.015S-
<1.5Cr-<0.5Cu-<0.7M0-<0.06Nb-<2.0Ni-
<0.05Ti-<0.15Zr

1.8935

WStE 460;
P460NH

Fe-<0.20C-<0.60Si-<1.0-1.70Mn-<0.030P-
<0.025S-<0.02A1-<0.30Cr-<0.70Cu-
<0.10M0-<0.025N-<0.050Nb-<0.8Ni-
<0.03Ti-<0.2V

A 350;
UNS K02900

1.8940

$890Q

Fe-<0.2C-<0.8Si-<1.7Mn-<0.025P-<0.015S-
<1.5Cr-<0.5Cu-<0.7M0-<0.06Nb-<2.0Ni-
<0.05Ti-<0.15Zr

1.8946

S355]2WP

Fe-<0.12C-<0.75Si-<1.0Mn-0.06-0.15P-
<0.035S-0.30-1.25Cr-0.25-0.55Cu-<0.009N-
<0.65Ni

K02601 (UNS)
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1.8952

1450QB

Fe-<0.16C-<0.45Si-<1.60Mn-<0.025P-
<0.020S-<0.015-0.06A1-<0.30Cr-<0.25Cu-
<0.10M0-<0.012N-<0.05Nb-<0.30Ni-
<0.06Ti-<0.09V

1.8961

S235]2W; WTSt 37-3

Fe-<0.13C-<0.4Si-<0.2-0.6Mn-<0.040P-
<0.0355-<0.02A1-<0.4-0.8Cr-<0.25-0.55Cu-
<0.015-0.060Nb-<0.65Ni-<0.02-0.10Ti-
<0.02-0.10V

1.8962

9CrNiCuP3-2-4

Fe-<0.12C-<0.25-0.7585i-<0.2-0.5Mn-
<0.07-0.15P-<0.0355-<0.5-1.25Cr-
<0.25-0.55Cu-<0.65Ni

A 242;
UNS K11430

1.8963

S355]2G1W; WTSt 52-3

Fe-<0.16C-<0.50Si-<0.50-1.5Mn-<0.035P-
<0.035S-<0.02A1-<0.40-0.80Cr-
<0.25-0.55Cu-<0.3M0-<0.015-0.060Nb-
<0.65Ni-<0.02-0.10Ti-<0.02-0.12V-<0.15Zr

A 588 (A)

1.8972

L415NB

Fe-<0.21C-<0.45Si-<1.60Mn-<0.025P-
<0.020S-<0.015-0.060A1-<0.30Cr-<0.25Cu-
<0.10M0-<0.012N-<0.050Nb-<0.30Ni-
<0.04Ti-<0.15V

API 5LX 60 (API)

1.8975

L450MB; StE 445.7

Fe-<0.16C-<0.45Si-<1.6Mn-<0.025P-
<0.02S-0.015-0.06A1-<0.3Cr-<0.25Cu-
<0.1M0-<0.05Nb-<0.3Ni-<0.06Ti

API 51LX65

1.8977

L485MB; StE 480.7

Fe-<0.16C-<0.45Si-<1.70Mn-<0.025P-
<0.020S-<0.015-0.06A1-<0.30Cr-<0.25Cu-
<0.10M0-<0.012N-<0.06Nb-<0.30Ni-
<0.06Ti-<0.10V

API 5LX70

2.4060

Ni 99,6

<99.60Ni-<0.08C-<0.15Si-<0.35Mn-
<0.0055-<0.15Cu-<0.25Fe-<0.15Mg-<0.10Ti

UNS N02200

2.4061

LC-Ni 99,6

Fe-<0.02C-0.155i-0.35Mn-<0.005S-
<0.15Cu-<0.25Fe-<0.15Mg-99.6Ni-<0.10Ti

UNS N02201

2.4066

Ni99,2; S-Ni 99,2

<99.20Ni-<0.10C-<0.25Si-<0.35Mn-
<0.0055-<0.25Cu-<0.40Fe-<0.15Mg-<0.10Ti

UNS N02200

2.4068

LC-Ni 99

<99.0Ni-<0.02C-<0.25Si-<0.35Mn-
<0.0055-<0.25Cu-<0.40Fe-<0.15Mg-<0.10Ti

UNS N02201

2.4360

NiCu 30 Fe

<63.0Ni-<0.15C-<0.50Si-<2.0Mn-<0.020S-
<0.5A1-<28.0-34.0Cu-<1.0-2.5Fe-<0.3Ti

UNS N04400

2.4361

LC-NiCu 30 Fe

Fe-<0.04C-<0.3Si-<2.0Mn-<0.02S-<0.5Al-
28.0-34.0Cu-1.0-2.5Fe-63.0Ni-<0.3Ti

N04402 (UNS)

2.4363

NiCu30Fe5

<0.30C-<0.5085i-<2.0Mn-0.025-0.60S-
<0.50A1-28.00-34.00Cu-<2.50Fe-
63.00-70.00Ni-<0.30Ti

2.4365

G-NiCu 30 Nb

Ni-<0.15C-0.5-1.5-0.5-1.5Mn-<0.5Al-
26.0-33.0Cu-1.0-2.5-1.0-1.5Nb

UNS N24130
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2.4366

EL-NiCu 30 Mn

<62.0Ni-<0.15C-<1.0Si-<1.0-4.0Mn-
<0.030P<0.015S-<0.5A1-<27.0-34.0Cu-
<0.5-2.5Fe-<1.0Nb<1.0Ti

B 127-98

2.4368

G-NiCu 30Si4

Fe-<0.25C-3.5-4.55i-0.5-1.5Mn-
27.0-31.0Cu-1.0-2.5Fe-60.0-68.0Ni

UNS N10665

2.4374

NiCu30Al

<0.25C-<1.00Si-<1.50Mn-<0.010S-
2.00-4.00A1-27.00-34.00Cu-<2.00Fe-
263.00Ni-0.25-1.00Ti

2.4375

NiCu 30 Al

Ni-<0.20C-<0.505i-<1.5Mn-<0.015S-
<2.2-3.5A1-<27.0-34.0Cu-<0.5-2.0Fe-
<63.0Ni-<0.3-1.0Ti

UNS N05500

2.4566

ACN 17

Ni-<0.12C-<10Si-<1.2Mn-<4Co-<3Cu

2.4600

NiMo29Cr

Ni-<0.01C-<0.15i-<3.0Mn-<0.025P-<0.015S-

<0.1-0.5A1-<3.0C0-<0.5-3.0Cr-<0.5Cu-
<1.0-6.0Fe-<26.0-32.0M0-<0.4Nb-
<0.2Ti-<0.2V-<3.0W

2.4602

NiCr21Mol14W

Ni-<0.01C-<0.085i-<0.5Mn-<0.025P-
<0.0105-<2.5C0-<20.0-22.5Cr-<2.0-6.0Fe-
<12.5-14.5M0-<0.35V-<2.5-3.5W

UNS N06022

2.4603

NiCr30FeMo

Ni-<0.03C-<0.085i-<2.0Mn-<0.04P-
<0.025-<5.0C0-<28.0-31.5Cr-<1.0-2.4Cu-
13.0-17.0Fe-<4.0-6.0M0-<0.3-1.5Nb-
<1.5-4.0W

UNS N06002

2.4605

NiCr23Mo16Al

Ni-<0.01C-<0.10Si-<0.5Mn-<0.025P-
<0.015S-<0.1-0.4A1-<0.3C0-<22.0-24.0Cr-
<0.5Cu-<1.5Fe-<15.0-16.5Mo

UNS N06059

2.4606

NiCr21Mol6W

Ni-<0.01C-<0.08Si-<0.75Mn-<0.025P-
<0.015S-<0.5A1-<1.0C0-<19.0-23.0Cr-
<2.0Fe-<15.0-17.0M0-<0.02-0.25Ti-<0.2V-
<3.0-4.0W

UNS N06686

2.4607

SG-NiCr23Mo16

Ni-<0.015C-<0.085i-<0.50Mn-<0.02P-
<0.0155-<0.1-0.4A1-<0.3C0-<22.0-24.0Cr-
<1.5Fe-<15.0-16.5Mo

UNS N06059

2.4608

NiCr26MoW

Fe-0.03-0.08C-0.7-1.5Si-<2.0Mn-<0.03P-
<0.015S-2.0-4.0Cu-24.0-26.0Cr-<0.5Cu-
2.5-4.0Mo0-44.0-47.0Ni-2.5-4.0W

N06333 (UNS)

2.4610

NiMo16Cr16Ti

Ni-<0.01C-<0.085i-<1.0Mn-<0.025P-
<0.0155-<2.0C0-<14.0-18.0Cr-<0.5Cu-
<3.0Fe-<14.0-18.0Mo-<0.7Ti

UNS N06455

2.4612

EL-NiMo15Cr15Ti

<0.02C-<0.20Si-<1.00Mn-<0.015S-<2.00Co-
<14.00-18.00Cr-<3.00Fe-<14.00-17.00Mo-at
least56Ni

2.4615

SG-NiMo27

Fe-<0.02C-<0.10Si-<1.0Mn-<0.015S-
<1.0Cr-<2.0Fe-26.0-30.0Mo-64.0Ni

UNS N10665
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2.4617

NiMo28

Ni-<0.01C-<0.08Si-<1.0Mn-<0.025P-
<0.0155-<1.0C0-<1.0Cr-<0.5Cu-<2.0Fe-
<26.0-30.0Mo

UNS N10665

2.4618

NiCr22Mo6Cu

Ni-<0.05C-<1.0Si-<1.0-2.0Mn-<0.025P-
<0.0155-<2.5C0-<21.0-23.5Cr<1.5-2.5Cu-
<18.0-21.0Fe-<5.5-7.5M0-<1.75-2.5Nb-
<1.0W

UNS N06007

2.4619

NiCr22Mo7Cu

Ni-<0.015C-<1.0Si-<1.0Mn-<0.025P-
<0.0155-<5.0C0-<21.0-23.5Cr<1.5-2.5Cu-
<18.0-21.0Fe-<6.0-8.0M0-<0.5Nb-<1.5W

UNS N06985

2.4621

EL-NiCr20Mo9Nb

Ni-<0.1C<0.8Si<2.0Mn<0.4A1-20.0-23.0Cr
<0.5Cu<6.0Fe-8.0-10.0Mo-2.0-4.0Nb<0.4Ti

2.4623

EL-NiCr23Mo7Cu

Ni-<0.02C<1.0Si<1.0Mn<0.04P
<0.03<5.0Co-21.0-23.5Cr-1.5-2.5Cu-
18.0-21.0Fe-6.0-8.0M0<0.5Nb<0.5Ta<1.5W

2.4627

SG-NiCr22Col12Mo

Fe-<0.1C-<0.5Si-<1.0Mn-<0.015S-
0.8-1.5A1-10.0-14.0C0-20.0-24.0Cr-<0.5Cu-
<1.0Fe-8.0-10.0M0-50.0Ni-<0.6Ti

N06617 (UNS)

2.4630

NiCr20Ti

Fe-0.08-0.15C-<1.0Si-<1.0Mn-18.0-21.0Cr-
<0.5Cu-<5.0Fe-0.2-0.6Ti

N06075 (UNS)

2.4631

NiCr20TiAl

Ni-0.04-0.1C<1.0Si<1.0Mn<0.03P<0.015S-
1.0-1.8A1<2.0C0-18.0-21.0Cr<0.2Cu<1.5Fe-
1.8-2.7Ti

UNS N07080

2.4632

NiCr20Co18Ti

Ni-<0.13C<1.0Si<1.0Mn<0.02P<0.015S-
1.0-2.0A1-15.0-21.0C0-18.0-21.0Cr<0.2Cu
<1.5Fe-2.0-3.0Ti

UNS N07090

2.4633

NiCr25FeAlY

Fe-0.15-0.25C-<0.5Si-<0.5Mn-<0.02P-
<0.01S-1.8-2.4A1-24.0-26.0Cr-<0.1Cu-8.0-
11.0Fe-0.1-0.2Ti-0.05-0.12Y-0.01-0.1Zr

2.4634

NiCo20Cr15MoAITi

Ni-0.12-0.17C-<1.0Si-<1.0Mn-<0.045P-
<0.015S-4.5-4.9A1-18.0-22.0C0-14.0-15.7Cr-
<0.2Cu-<1.0Fe-4.5-.5.5M0-0.9-1.5Ti

UNS N13021

2.4636

NiCo15Cr15MoAIlTi

Ni-0.12-0.2C<1.0Si<1.0Mn<0.045P<0.03S-
4.5-5.5A1-13.0-17.0C0-14.0-16.0Cr<0.2Cu
<1.0Fe-3.0-.5.0Mo-3.5-4.5Ti

NIMONIC alloy 115

2.4641

NiCr21Mo6Cu

Fe-<0.025C-<0.508i-<1.0Mn-<0.025P-
<0.015S-<0.2A1-<1.0C0-20.0-23.0Cr-
1.5-3.0Cu-5.5-7.0M0-39.0-46.0Ni-0.6-1.0Ti

UNS N08042

2.4642

NiCr29Fe

<58.0Ni-<0.05C-<0.5S5i-<0.5Mn-<0.020P-
<0.0155-<0.5A1-<27.0-31.0Cr-<0.5Cu-
<7.0-11.0Fe-<0.5Ti

UNS N06690

2.4650

NiCo20Cr20MoTi

Ni-<0.04-0.08C-<0.4Si-<0.6Mn-<0.007S-
<0.3-0.6A1-<0.005B-<19.0-21.0Co-
<19.0-21.0Cr-<0.2Cu-<0.7Fe-<5.6-6.1Mo-
<1.9-2.4Ti

UNS N07263
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2.4652 EL-NiCr26Mo <37.0-42.0Ni-<0.03C-<0.7Si-<1.0-3.0Mn- UNS S32654
<0.0155-<0.1A1-<23.0-27.0Cr-<1.5-3.0Cu-
<30.0Fe-<3.5-7.5M0-<37.0-42.00Ni-<1.0Ti

2.4654 NiCr20Co13Mo4Ti3Al Fe-0.02-0.2C-<0.15Si-<0.1Mn-<0.015P- N07001 (UNS)

NiCr19Co14Mo4Ti <0.015S-1.2-1.6A1-0.003-0.01B-12.0-15.0Co-

18.0-21.0Cr-<0.1Cu-<2.0Fe-3.5-5.0Mo-2.8-
3.3Ti-0.02-0.08Zr

2.4658 NiCr7030; NiCr 70 30 Fe-<0.1C-0.5-2.0Si-<1.0Mn-<0.02P- NO06008 (UNS)

<0.155-<0.3A1-<1.0C0-<29.0-32.0Cr-<0.5Cu-
<5.0Fe-60.0Ni

2.4660

NiCr20CuMo

<32.0-38.0Ni-<0.07C-<1.0Si-<2.0Mn-
<0.025P-<0.0155-<19.0-21.0Cr-<3.0-4.0Cu-
<2.0-3.0Mo

UNS N08020

2.4662

NiCr13Mo6Ti3

Fe-0.02-0.06C-<0.40Si-<0.50Mn-<0.020P-
<0.020S-<0.35A1-0.01-0.02B-<1.0Co-
11.0-14.0Cr-<0.04Cu-5.0-6.5M0-40.0-45.0Ni-
2.8-3.1Ti

UNS N09901

2.4663

NiCr23Col2Mo

Ni-<0.05-0.10C-<0.2Si-<0.2Mn-<0.01P-
<0.01S-<0.7-1.4A1<0.006B-<11.0-14.0Co-
<20.0-23.0Cr-<0.5Cu-<2.0Fe-<8.5-10.0Mo-
<0.2-0.6Ti

UNS N06617

2.4665

NiCr22Fel18Mo

Fe-0.05-0.15C-<1.0Si-<1Mn-<0.02P-
<0.015S-<0.5A1-0.01-0.1B-0.5-2.5Co0-20.5-
23.0Cr-<0.5Cu-17.0-20.0Fe-8.0-10.0Mo-0.2-
1.0W

680 (SAE)

2.4667

SG-NiCr19NbMoTi

Fe-<0.08C-<0.40Si-<0.40Mn-<0.015S-
0.2-0.8A1-<0.006B-17.0-21.0Cr-<0.30Cu-
<22.0Fe-2.8-3.3M0-4.8-5.5Nb-50.0Ni-
0.60-1.20Ti

2.4668

NiCr19Fe19Nb5Mo3

Fe-0.02-0.08C-<0.35Si-<0.35Mn-<0.015P-
<0.015S-0.3-0.7A1-0.006B-<1.0Co-
17.0-21.0Cr-<0.30Cu-2.8-3.3Mo-4.7-5.5Nb-
50.0-55.0Ni-0.60-1.20Ti

UNS N07718

2.4669

NiCr15Fe7TiAl
NiCr15Fe7Ti2Al

Ni-<0.08C-<0.5Si-<1.0Mn-<0.02P-<0.015S-
<0.4-1.0A1<1.0C0-<14.0-17.0Cr-<0.5Cu-
<5.0-9.0Fe-<0.7-1.2Nb-<2.25-2.75Ti

UNS N07750

2.4670

G-NiCr13A16MoNb

Ni-<0.08-0.20C-<0.505i-<0.25Mn-<0.015P-
<0.015S-<5.50-6.50A1-<0.005-0.15B-
<1.00Co0-<12.00-14.00Cr-<0.50Cu-
<3.80-5.20M0-<1.50-2.50Nb-<0.40-1.00Ti-
<0.05-0.15Zr

UNS N07713

2.4675

NiCr23Mo16Cu

Ni-<0.01C-<0.08Si-<0.5Mn-<0.025P-
<0.0155-<0.5A1<2.0C0-<22.0-24.0Cr-
<1.3-1.9Cu-<3.0Fe-<15.0-17.0Mo
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2.4679

G-NiCr35

Ni-<0.10C-<1.005i-<0.30Mn-
<34.00-36.00Cr-<1.00Fe-<0.30N

2.4680

G-NiCr50Nb

Ni-<0.10C-<1.005i-<0.50Mn-<0.02P-<0.02S-
<48.00-52.00Cr-<1.00Fe-<0.50Mo0-<0.16N-
<1.00-1.80Nb

2.4681

CoCr26Ni9Mo5W

Ni-<1.0C-<1.0Si-<1.5Mn-<23.5-27.5Cr-
<1.0-3.0Fe-<4.0-6.0M0-<0.12N-<7.0-11.0Ni-
<1.0-3.0W

2.4683

CoCr22NiW

Fe-0.05-0.15C-0.2-0.55i-<1.25Mn-<0.02P-
<0.0155-20.0-24.0Cr-<3.0Fe-0.02-0.12La-
20.0-24.0Ni-13.0-16.0W

R30188 (UNS)

2.4686

G-NiMo 17 Cr

Ni-<0.03C<0.5Si<1.0Mn<2.5Co-
15.5-17.5Cr<7.0Fe-16.0-18.0Mo

2.4694

NiCr16Fe7TiAl

Fe-<0.08C-<0.5Si-<0.5Mn-<0.015P-
<0.015-0.8-1.6A1-14.0-17.0Cr-<0.5Cu-
5.0-9.0Fe-0.7-1.2Nb-70.0Ni-2.0-2.6Ti

N07031 (UNS)

2.4800

S-NiMo 30

—-<60.0Ni-<0.05C-<1.0Si-<1.0Mn-<0.045P- UNS N10001
<0.0255-<2.5C0-<1.0Cr-<4.0-7.0Fe-
<26.0-30.0M0-<0.2-0.4V

2.4810

NiMo 30

<62.0Ni-<0.05C-<0.5S5i-<1.0Mn-<0.030P-
<0.0155-<2.5C0-<1.0Cr-<0.5Cu-<4.0-7.0Fe-
<26.0-30.0Mo-<0.6V

UNS N10001

2.4811

Fe-<0.03C-<0.05Si-<0.80Mn-<0.030P-
<0.0155-19.0-21.0Cr-<0.50Cu-<2.5Fe-
14.0-17.0M0-58.0Ni-0.35V

2.4816

NiCr15Fe

<72.0Ni-<0.05-0.1C-<0.5Si-<1.0Mn-
<0.020P-<0.0155-<0.3A1-<0.0060B-<1.0Co-
<14.0-17.0Cr-<0.5Cu-<6.0-10.0Fe-<0.3Ti

UNS N06600

2.4817

LC-NiCr15Fe

<72.0Ni-<0.025C-<0.50Si-<1.0Mn-<0.020P-
<0.015S-<0.3A1-<0.0060B-<1.0Co-
<14.0-17.0-<0.5Cu-<6.0-10.0Fe-<0.3Ti

2.4819

NiMo16Cr15W

Ni-<0.01C-<0.085i-<1.0Mn-<0.025P-
<0.0155-<2.5C0-<14.5-16.5Cr-<0.5Cu-
<4.0-7.0Fe-<15.0-17.0M0-<0.35V-<3.0-4.5W

UNS N10276

2.4831

SG-NiCr21Mo9Nb

Fe-<0.10C-<0.50Si-<0.50Mn-<0.015S-
<0.4A1-20.0-23.0Cr-<0.50Cu-<5.0Fe-
8.0-10.0Mo-3.0-4.5Nb-60.0Ni-<0.40Ti

UNS N06625

2.4851

NiCr23Fe

Fe-0.03-0.1C-<0.5S5i-<1.0Mn-<0.02P-
<0.015S-1.0-1.7A1-<0.006B-21.0-25.0Cr-
<0.5Cu-<18.0Fe-58.0-63.0Ni-<0.5Ti

NO0G6601 (UNS)

2.4856

NiCr22Mo9Nb

Ni-<0.03-0.10C-<0.5Si-<0.5Mn-<0.020P-
<0.015S-<0.4A1-<1.0C0-<20.0-23.0Cr-
<0.5Cu-<5.0Fe-<8.0-10.0M0-<3.15-4.15Nb-
<0.4Ti

UNS N06625
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2.4858 NiCr21Mo <38.0-46.0Ni-<0.025C-<0.50Si-<1.0Mn- B 163
<0.025P-<0.0155-<0.20A1-<1.0Co- UNS N08825
<19.5-23.5Cr-<1.5-3.0Cu-<2.5-3.5Mo-
<0.6-1.2Ti
2.4869 NiCr80-20 Fe-<0.15C-0.50-2.0Si-<1.0Mn-<0.020P- UNS N06003

<0.0155-<0.3A1-<1.0C0-19.0-21.0Cr-
<0.50Cu-<1.0Fe-75.0Ni

2.4882 Fe-<0.12C-0.50-2.0Si-<1.0Mn-<0.020P- UNS N10001
<0.015S-<0.3A1-<1.0C0-19.0-21.0Cr-
<0.50Cu-<1.0Fe-75.0Ni

2.4883 Fe-<0.03C-<0.508i-<1.0Mn-<2.50Co- UNS N10002
15.50-17.50Cr-<7.0Fe-16.0-18.0Mo

2.4886 SG-NiMo16Cr16W; <50.0Ni-<0.02C-<0.08Si-<1.0Mn-<0.015S- UNS N10276
UP-NiMo16Cr16W <14.5-16.5Cr-<4.0-7.0Fe-<15.0-17.0Mo-
<0.4V-<3-4.5W

2.4887 EL-NiMo15Cr15W <50.0Ni-<0.02C-<0.20Si-<1.0Mn-<0.015S-
<14.5-16.5Cr-<4.0-7.0Fe-<15.0-17.0Mo-
<0.4V-<3-4.5W

2.4951 NiCr20Ti Ni-<0.08-0.15C-<1.0Si-<1.0Mn-<0.020P- UNS N06075
<0.015S-<0.3A1-<0.0060B-<5.0Co-
<18.0-21.0Cr-<0.5Cu-<5.0Fe-<0.2-0.6Ti

2.4952 NiCr20FeMo3TiCuAl Fe-<0.03C-<0.5Si-<1.0Mn-<0.03P-<0.03S-
0.1-0.5A1-19.5-22.5Cr-1.5-3.0Cu-<22.0Fe-2.5-
3.5M0-<0.5Nb-42.0-46.0Ni-1.9-2.4Ti

2.4964 CoCr20W15Ni <9.0-11.0Ni-<0.05-0.15C-<0.4Si-<2.0Mn- ~ UNS R30605
<0.020P-<0.0155-<19.0-21.0Cr-<3.0Fe-
<9.0-11.0Ni-<14.0-16.0W

2.4973 NiCr19CoMo Ni-<0.12C-<0.50Si-<0.10Mn-<1.40-1.80A1- N 07041 (UNS)
<10.00-12.00C0-<18.00-20.00Cr-<5.00Fe- 683 (SAE)
<9.00-10.50Mo0-<2.80-3.30Ti

2.4975 NiFeCr12Mo Fe-<0.10C-<0.60Si-<2.00Mn-<0.020P-
<0.010S-<0.350A1-<1.00Co0-11.00-14.00Cr-
5.00-7.00Mo0-40.00-45.00Ni-2.35-3.10Ti

2.4976 NiCr20Mo Ni-<0.10C-<1.00Si-<1.00Mn-<0.020P-
<0.010S-0.50-1.80A1-<2.00Co-18.00-21.00Cr-
<5.00Fe-4.00-5.00Mo-1.80-2.70Ti

24983  NiCri8Co Ni-<0.15C-<0.508i-<1.00Mn-<0.02P- UNS N07500
<0.018-52.50-3.20A1-<17.00-20.00Co- ASTM B637
<17.00-20.00Cr-<4.00Fe-<3.00-5.00Mo-  (N07500)(864)
<2.50-3.20Ti

2.4999 MP35N 35.0Ni-<0.01C-<20.0Cr-<9.5Mo
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Table 2: Chemical compositions of different American, CIS, Bulgarian and other steels

Steel Materials Compositions, Percent in Weight Note

000Ch16N13M2 Fe-<0.07C-<1.0Si-<2.0Mn-16.5-18.5Cr-2-2.5Mo- CIS, formerly USSR, identical
10-13Ni-<0.045P-<0.015S-<0.11N with SAE 316

000Ch16N13M3 Fe-<0.07C-<1.0Si-<2.0Mn-16.5-18.5Cr-2-2.5Mo- CIS, formerly USSR, identical
10-13Ni-<0.045P-<0.015S-<0.11N with SAE 316

000Ch16N16M4 Fe-<0.07C-<1.0Si-<2.0Mn-16.5-18.5Cr-2-2.5Mo- CIS, formerly USSR, identical
10-13Ni-<0.045P-<0.015S-<0.11N with SAE 316

000Ch18N10 Fe-<0.03C-<0.8Si-<2.0Mn-17-19Cr-<0.3Mo0-9-11Ni CIS, formerly USSR/Bulg.

000Ch18N11 Fe-<0.03C-<1.0Si-<2.0Mn-18-20Cr-10-12Ni- Bulg., comparable with 1.4306
<0.045P-<0.015S-<0.11N

000Ch20N20 Fe-<0.03C-<18.57Cr-<19.40Ni-<0.71Mn-<0.26Si CIS, formerly USSR

000Ch21N6M2 Fe-<0.036C-<21.1Cr-6.5Ni-2.4Mo CIS, formerly USSR

000Ch21N10M2 Fe-<0.02C-<19.8Cr-<10.5Ni-<2.1Mo CIS, formerly USSR

000Ch21N21M4B Fe-<0.03C-<20-22Cr-20-21Ni-3.4-3.7M0-<0.6Mn- CIS, formerly USSR
<0.6Si-<0.03P-<0.02S-0.45-0.8Nb

005Ch25B Fe-0.005C-0.007N-25Cr CIS, formerly USSR

00Ch18G8N2T Fe-<0.08C-<0.8Si-7-9Mn-17-19Cr-<0.3M0-1.8-2.8Ni-  CIS, formerly USSR
<0.2W-<0.3Cu-<0.2Ti-0.2-0.5A1

00Ch18N10 Fe-<0.015C-<0.7Si-<1.7Mn-<17.3Cr-<10.4Ni CIS, formerly USSR

0Ch20N6M2T not available (n.a.) CrNiMoTi 20 6 2

0Ch21N6M2T n. a. CrNiMoTi 21 6 2

1Ch21N5T n. a. -

1H18N9 n. a. cf. 1.4541; SAE 321

2Ch18N9 n.a Fe-0.2C-18Cr-9Nj; cf. 1.4310,

UNS 30200

02Ch12N10S5 Fe-0.02C-12Cr-10Ni-5Si, Nb-stabilized CIS, formerly USSR

02Ch12N10S5B Fe-0.02C-12Cr-10Ni-5Si, Nb-stabilized CIS, formerly USSR

02Ch12N10S5T Fe-0.02C-12Cr-10Ni-5Si, Nb-stabilized CIS, formerly USSR

02Ch17NS6 Fe-0.02C-4-6.5Si-0.43-0.52Mn-16.3-18Cr-10.5-18.2Ni- CIS, formerly USSR
0.005-0.008S-0.012-0.014P

02Ch8N22S6 Fe-<0.02C-<5.4-6.7Si-0.6Mn-<0.030P-<0.020S- CIS, formerly USSR
7.5-10Cr-0.3Mo0-21-23Ni-<0.2Ti-<0.20W

02Ch8N22S6B Fe-0.02C-8Cr-122Ni-6Si, Nb-stabilized CIS, formerly USSR

02Ch8N22T Fe-0.02C-8Cr-122Ni-6Si, Ti-stabilized CIS, formerly USSR

03Ch16N15M3 Fe-<0.03C-15.0-17.0Cr-14.0-16.0Ni-2.5-3.0Mo-Ti CIS, formerly USSR

03Ch18N11 Fe-0.03C-<0.80Si-<0.70-2.0Mn-<0.035P-0.020S- CIS, formerly USSR,
17.0-19.0Cr-<0.10Mo0-10.5-12.5Ni-<0.20W-0.30Cu- ~ comparable with
<0.50Ti DIN-Mat.No. 1.4306

03Ch18N14 Fe-0.03C-18Cr-14Ni CIS, formerly USSR

03Ch21N21M4B n. a. CrNiMoB 21 21 4
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03Ch21N21M4GB Fe-<0.03C-<0.60Si-1.8-2.5Mn-<0.030P-<0.020S- CIS, formerly USSR
20-22Cr-3.4-3.7Mo0-20-22Ni-<0.2W-<0.3Cu-<0.2Ti,
Nb 15 x C-0.80

03Ch23N6 Fe-<0.03C-<0.40Si-1.0-2.0Mn-<0.035P-<0.020S- CIS, formerly USSR
22-24Cr-<5.3-6.3Ni

03Ch25 Fe-about 0.03C-25Cr-0.6Ni CIS, formerly USSR

03ChN28MDT Fe-<0.03C-<0.80Si-<0.80Mn-<0.035P-<0.020S- CIS, formerly USSR
22.0-25.0Cr-2.5-3.0Mo-26.0-29.0Ni-0.50-0.90Ti-
2.5-3.5Cu

04Ch18N10 Fe-<0.04C-<0.85i-<2.0Mn-17-19Cr-<0.030P- CIS, formerly USSR
<0.025-<0.3M0-9-11Ni-<0.2W-<0.3Cu-<0.2Ti

04Ch18N10T Fe-<0.04C-<0.85i-<2.0Mn-17-19Cr-<0.3M0-9-11Ni-  CIS, formerly USSR
<0.2W-<0.3Cu-<0.2Ti

05Ch16N15M3 Fe-0.05C-16Cr-15Ni-3Mo CIS, formerly USSR

06Ch17G15NAB Fe-0.05C-18.36Cr-16.5Mn-1.6Ni-0.31Nb-.12Si- CIS, formerly USSR
0.01Ce-0.017P-0.014S

06Ch23N28M3D3T Fe-<0.06C-<0.8Si-<2.0Mn-22-25Cr-<2.4-3Mo- CIS, formerly USSR/Bulg.
26-29Ni-0.5-0.9Ti-2.5-3.5Cu

06Ch28MDT Fe-<0.06C-<0.85i-<0.80Mn-22.0-25.0Cr-2.5-3.0Mo-  CIS, formerly USSR
26.0-29.0Ni-0.50-0.90Ti-2.5-3.5Cu

06ChN28MDT Fe-<0.06C-<0.85i-<0.8Mn-<0.035P-<0.02S-22-25Cr-  CIS, formerly USSR
2.5-3.0Mo-26-29Ni-0.5-0.9Ti-2.5-3.5Cu

06ChN40B Fe-0.055C-17.01Cr-39.04Ni-1.99Mn-0.50Nb-0.60Si-  CIS, formerly USSR
0.013S-0.022P

06XH28M?T n. a.

07Ch13AG20 Fe-<0.07C-<0.60Si-<19-22Mn-<0.035P-<0.025S- CIS, formerly USSR
<0.0030B-<0.1Ca-<0.1Ce -12.-14.8Cr-
<0.30Cu<0.1Mg-<0.30M0=<0.08-0.18N-<1.0Ni-
<0.20W<0.20Ti

07Ch16N4B Fe-0.05-0.10C-<0.60Si-<0.2-0.5Mn-<0.025P-<0.020S- CIS, formerly USSR
15-16.5Cr-<0.30Cu-<0.30M0-0.2-0.4Nb-3.5-4.5Ni-
<0.20W

07Ch17G15NAB Fe-0.05C-18.4Cr-16.5Mn-1.6Ni-0.01Ce-0.005B- CIS, formerly USSR
0.32N

07Ch17G17DAMB Fe-0.06C-17.6Cr-15.2Mn-0.43Mo-0.3NDb-0.005B- CIS, formerly USSR
0.38N

08Ch17N5M3 Fe-0.06C-0.10C-<0.80Si-<0.80Mn-<0.035P-<0.020S-  CIS, formerly USSR
16.0-17.5Cr-3.0-3.5Mo0-4.5-5.5Ni-<0.20W-<0.30Cu-
<0.20Ti

08Ch17N15M3B Fe-<0.08C-16.0-18.0Cr-14.0-16.0Ni-3.0-4.0Mo-Ti CIS, formerly USSR

08Ch17N15M3T Fe-<0.08C-<0.80Si-<2.0Mn-<0.35P-<0.020S- CIS, formerly USSR
16.0-18.0Cr-3.00-4.00Mo-14.0-16.0Ni<0.20W-0.30Cu-
0.30-0.60Ti

08Ch17T Fe-<0.08C-<0.80Si-<0.80Mn-<0.035P-<0.025S- CIS, formerly USSR

16.0-18.0Cr-<0.6Ni-<0.30Cu
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08Ch18G8N2M2T Fe-0.08C-18.2Cr-3.42Ni-8.9Mn-2.32Mo-0.22Ti CIS, formerly USSR

08Ch18G8N2T Fe-<0.08C-<0.80Si-7.0-9.0Mn-<0.035P-17.0-19.0Cr-  CIS, formerly USSR
<0.30Mo-1.80-2.80Ni-<0.30Cu-<0.035P-<0.025S-
<0.20-0.50Ti-<0.20W

08Ch18N10 Fe-<0.08C-<0.85i-<2.0Mn-<0.035P-<0.020S-17-19Cr- CIS, formerly USSR
0.3Mo0-9.0-11.0Ni-<0.2W-<0.3Cu

08Ch18N10T Fe-<0.08C-<0.85i-<2.0Mn-<0.035P-<0.020S-17-19Cr- CIS, formerly USSR
0.5M0-9.0-11.0Ni-0.5Ti-<0.2W-<0.3Cu

08Ch21N6M2T Fe-<0.08C-<0.85i-<0.8Mn-<0.035P-<0.025S-20-22Cr- CIS, formerly USSR
1.8-2.5M0-5.5-6.5Ni-0.2-0.4Ti-<0.2W-<0.3Cu

08Ch22N6M2T Fe-<0.08C-<0.80Si-<0.80Mn-20.0-22.0Cr- CIS, formerly USSR
1.80-2.50M0-5.50-6.50Ni-<50.20W-<0.30Cu-<0.035P-
<0.0255-0.20-0.40Ti

08Ch22N6T Fe-<0.08C-<0.8Si-<0.8Mn-<0.035P—<0.025S- CIS, formerly USSR
21-23Cr-<0.3Mo0-5.3-6.3Ni-<0.2W-<0.3Cu, 5x% C
max. 0.65Ti

08ChP Fe-0.25Cr-0.25Ni-0.25Mo CIS, formerly USSR

08-KP n. a. cf. 1.0335; UNS G 10060

08X21H6M2T n. a. -

08X22H6T n. a. -

09Ch16N15M3B Fe-<0.09C-<0.80Si-<0.80Mn-<0.035P-<0.020S- CIS, formerly USSR
15.0-17.0Cr-<0.30Cu-2.5-3.0M0-0.6-0.9NDb-14.0-
16.0Ni-<0.20Ti-<0.20W

09G2S Fe-<0.12C-0.5-0.8Si-1.3-1.7Mn-<0.035P-<0.035S- Bulg.
<0.3Cr-<0.3Ni-<0.3Cu

0Ch17N16M3T Fe-<0.080C-<0.8Si-<2.00Mn-16.0-18.0Cr- CIS, formerty USSR
3.00-4.00Mo0-14.0-16.0Ni-< 0.035P-<0.025S-
0.30-0.60Ti

0Ch18G8N3M2T Fe-about 18 Cr-8Mn-3Ni-2Mo, Ti CIS, formerly USSR

0Ch18N10T Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-<0.015S- CIS, formerly USSR/Bulg.
17-19Cr-9-12Ni, Ti 5xC-0.70

0Ch18N12B Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-<0.015S- CIS, formerly USSR/Bulg.,
17-19Cr-<9.0-12Ni, Nb 10xC-1.00 comparable with DIN-Mat.

No. 1.4550
0Ch20N14S2 Fe- about 20Cr-14Ni-2Si CIS, formerly USSR
0Ch2INST Fe-<0.08Cr-21Cr-5Ni, Ti CIS, formerly USSR s. text
HNO3

0Ch23N18 Fe-<0.20C-<1.00Si-1.50Mn-22.0-25.0Cr-<0.30Mo- CIS, formerly USSR
17.0-20.0Ni-<0.035P-<0.025S

0Ch23N28M3D3T Fe-<0.06C-<0.85i-<2Mn-22-25Cr-2.4-3M0-26-29Ni-  CIS, formerly USSR/Bulg.
0.5-0.9Ti-2.5-3.5Cu

0Ch25T Fe-<0.01C-25Cr, Ti-stabilized CIS, formerly USSR

OH17N12M2T Fe-<0.05C-<1.0Si-<2.0Mn-16-18Cr-2-3Mo-11-14Ni-  Poland

<0.045P-<0.030S, Ti 5xC-0.60
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10Ch13 (1Ch13)

Fe-0.08-0.15C-<1.0Si-<1.5Mn-<0.040P-<0.015S-
11.5-13.5Cr-<0.75Ni

CIS, formerly USSR/Bulg.

10Ch14AG15 Fe-<0.10C-<0.80Si-14.5-16.5Mn-<0.045P-<0.030S-  CIS, formerly USSR
13.0-15.0Cr-<0.60Ni-<0.60Cu-<0.20Ti-0.15-0.25N
10Ch14G14N4T Fe-<0.10C-<0.80Si-13.0-15.0Mn-13.0-15.0Cr- CIS, formerly USSR
<0.30Mo-2.80-4.50Ni-<0.20W-<0.30Cu-<0.035P-
<0.020S-5x% C max. 0.60Ti
10Ch17 Fe-0.10C-17Cr CIS, formerly USSR
10Ch17N13M2T Fe-<0.10C-<0.80Si-<2.0Mn-<0.035P-<0.020S- USA, comparable with
16.0-18.0Cr-<0.30Cu-2.0-3.0Mo-12.0-14.0Ni- DIN-Mat. No. 1.4571
<0.20W, Ti>-5x% C
10Ch17N13M3T Fe-<0.10C-<0.80Si-<2.0Mn-<0.035P-<0.020S- USA, comparable with
16.0-18.0Cr-<0.30Cu-3.0-4.0M0-12.0-14.0Ni- DIN-Mat. No. 1.4573
<0.20W-<0.7Ti
10Ch18N9T(Ch18N9T)  Fe-0.08C-1.0Si-<2Mn-<0.045P-<0.015S-17-19Cr- CIS, formerly USSR/Bulg.
<0.3M0-9-12Ni-Ti5xC-0.70
10Ch18N10M2T Fe-<0.10C-18Cr-10Ni-2Mo, Ti stabilized CIS, formerly USSR
10Ch18N10T Fe-<0.10C-<0.808i-<1.0-2.0Mn-<0.035P-<0.020S- CIS, formerly USSR/Bulg.
<17.0-19.0Cr-<10.0-11.0Ni
12Ch13G18D Fe-0.12C-13Cr-18Mn-Cu CIS, formerly USSR
12Ch17G9AN4 Fe-<0.12C-<0.80Si-8.0-10.5Mn-<0.035P-<0.020S- CIS, formerly USSR
16.0-18.0Cr-<0.30Mo-3.5-4.5Ni-<0.20W-<0.30Cu-
<0.20Ti-0.15-0.25N
12Ch18N9T Fe-<0.12C-<0.80Si-<2.0Mn-<0.035P-<0.020S- CIS, formerly USSR
17.0-19.0Cr-<0.50Mo0-8.0-9.5Ni-<0.20W-<0.30Cu-
Ti=5x% C
12Ch18N10T Fe-<0.12C-<0.85i-<2.0Mn-<0.025P-<0.020S- CIS, formerly USSR;
17.0-19.0Cr-<0.30Cu-<0.50M0-9.0-11.0Ni-<0.20W-  comparable with DIN-Mat.
<0.70Ti No. 1.4878
12Ch2M1 Fe-0.12C-2Cr-1Mo CIS, formerly USSR/Bulg.,
comparable with DIN-Mat.
No. 1.7380, A 182, F 22,
B.S. 1501-622
12Ch2N4A Fe-0.09-0.15C-0.17-0.37Si-0.30-0.60Mn-<0.025P- CIS, formerly USSR
<0.025S-1.25-1.65Cr-3.25-3.65Ni-<0.30Cu-<0.15Mo-
<0.03Ti-<0.05V-<0.12W
12Ch21N5T Fe-0.09-0.14C-<0.80Si-<0.80Mn-<0.035P-<0.025S-  CIS, formerly USSR
20.0-22.0Cr-<0.30Mo-4.80-5.80Ni-<0.20W-<0.30Cu-
0.25-0.50Ti-<0.08Al
12ChN2 Fe-0.09-0.16C-0.17-0.375i-0.30-0.60Mn-<0.035P-  CIS, formerly USSR/Bulg.
<0.0355-0.60-0.90Cr-1.50-1.90Ni-<0.30Cu-<0.15Mo-
<0.03Ti-<0.05V-<0.20W
13-4-1 Fe-0.043C-12.7Cr-3.9Ni-1.5M0-0.68Mn-0.39Si- CIS, formerly USSR

0.009P-0.013S-0.030N
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14Ch17N2 Fe-<0.11-0.17C-<0.8085i-<0.80Mn-16.0-18.0Cr- CIS, formerly USSR
<0.30Mo-1.50-2.50Ni-<0.20W-<0.30Cu-<0.030P-
<0.025S-<0.20Ti

15Ch17N2 Fe-0.13C-0.49Si-0.52Mn-17.17Cr-1.75Ni-0.012P- CIS, formerly USSR
0.09S

15Ch25T Fe-<0.15C-<1.00Si-<0.80Mn-<0.035P-<0.025S- CIS, formerly USSR
24.0-27.0Cr-<0.30Cu-<1.00Ni-0.09Ti

15Ch28 Fe-<0.15C-<1.00Si-<0.80Mn-27.0-30.0Cr-0.60Ni- CIS, formerly USSR
<0.30Cu-<0.035P-<0.025S-<1.0Ni-<0.20Ti

15Ch2M2FBS Fe-about 0.15C-2Cr-2Mo-V-Nb-Si CIS, formerly USSR

15Ch5M Fe-<0.15C-<0.508i-<0.50Mn-4.50-6.00Cr- CIS, formerly USSR
0.40-0.60M0-<0.60Ni-<0.03Ti-<0.030P-<0.025S-
<0.20Cu-<0.05V-<0.30W

16GS Fe-<0.12-0.18C-<0.40-0.70Si-0.90-1.20Mn- CIS, formerly USSR/Bulg.,

<0.30Cr- <0.30Ni-<0.30Cu-<0.035P-<0.040S-
<0.05A1-<0.08As-<0.012N-<0.03Ti

comparable with DIN-Mat.
No. 1.0481, A 414, A 515,
A 516

18/8-CrNi-steel

Fe-<0.12C-1.0Si-<2.0Mn-<0.045P-<0.030S-
<17.0-19.0Cr=-8.0-10.0Ni

1815-LCSi Fe-0.006C-18.3Cr-15.1Ni-1.5Mn-4.15i-0.005S- UNS S30600,

0.010P-0.010N comparable with
DIN-Mat. No. 1.4361

18-18-2 Fe-<0.08C-1.5-2.55i-<2.0Mn-<0.030P-<0.030S- USA
17.0-19.0Cr-17.5-18.5Ni

18G2A Fe-<0.20C-<0.508i-<0.9-1.7Mn-<0.025P-<0.020S- Poland
<0.0200A1-<0.30Cr-<0.50Ni-<0.30Cu.-<0.08Mo-
<0.020N-<0.050NDb-<0.03Ti-<0.1V

20ChGS2 Fe-<0.25C-<1.0Si-<1.5Mn-<0.04P-<0.015S-<14.0Cr =~ Russia

20Ch13 (2Ch13)

Fe-0.16-0.25C-<0.85i-<0.8Mn-12-14Cr-<0.6Ni-
<0.030P-<0.0255-<0.30Cu-<0.20Ti

CIS, formerly USSR/Bulg.,
comparable with DIN-Mat.
No. 1.4021, SAE 420, 420 S 29

20Ch23N18 Fe-<0.2C-<1.0Si-<2.0Mn-22-25Cr-<0.3Mo-17-20Ni-  CIS, formerly USSR
<0.2W-<0.3Cu-<0.2Ti-<0.035P-<0.025S

20Ch2G2SR Fe-0.16-0.26C-0.75-1.55Si-1.4-1.8Mn-<0.040P- CIS, formerly USSR
<0.040S-1.4-1.8Cr-<0.30Ni-<0.30Cu-0.02-0.08Ti-
0.015-0.050A1-0.001-0.007B

23Ch2G2T Fe-0.19-0.26C-0.40-0.70Si-1.4-1.7Mn-<0.045P- CIS, formerly USSR
<0.045S-1.35-1.70Cr-<0.30Ni-<0.30Cu-0.02-0.08Ti-
0.015-0.05A1

36NChTJu Fe-<0.05C-<0.3-0.7Si-<0.8-1.2Mn-<0.020P-<0.020S-  CIS, formerly USSR
11.5-13Cr-35-37Ni-0.9-1.2A1-2.7-3.2Ti

40Ch13 Fe-0.36-0.45C-<0.805i-<0.80Mn-<0.030P-<0.025S-  CIS, formerly USSR,

12.0-14.0Cr-<0.30Cu-<0.60Ni-<0.20Ti

comparable with DIN-Mat.
No. 1.4031




386 | Key to materials compositions

Steel Materials Compositions, Percent in Weight Note

45 G2 Fe-0.41-0.49C-0.17-0.37Si-1.4-1.8Mn-0.035P- CIS, formerly USSR,
<0.0355-<0.30Cr-<0.30Cu-<0.15M0-<0.30Ni- comparable with
<0.03Ti-<0.05V-<0.20W DIN-Mat. No. 1.0912

50Ch Fe-0.46-0.54C-0. 17-0.375i-0.50-0.80Mn-<0.035P- CIS, formerly USSR
<0.0355-0.80-1.10Cr-<0.30Ni-<0.30Cu-<0.15Mo-
<0.03Ti-<0.05V-<0.20W

70G Fe-0.67-0.75C-0.17-0.37Si-0.90-1.20Mn-<0.035P- CIS, formerly USSR
<0.0355-<0.25Cr-<0.25Ni- <0.20Cu

80S Fe-0.74-0.82C-0.60-1.10Si-0.50-0.90Mn-<0.040P- CIS, formerly USSR
<0.0455-<0.30Cr-<0.30Ni-<0.30Cu-0.015-0.040Ti

2320 Fe-<0.08-1.0Si-1.0Mn-<0.040P-<0.030S-16.0-18.0Cr- Sweden, comparable with
<1.0Ni DIN-Mat. No. 1.4016;

SAE 430, 10Ch17T
ASTM A-159 Fe-3.1-3.4C-1.9-2.35i-0.6-0.9Mn-0.15S-0.15P USA

ASTM A-516 Gr. 70

Fe-0.27C-0.13-0.45S5i-0.79-1.30Mn-<0.035P-<0.040S

USA, comparable with
DIN-Mat. No. 1.0050 and No.
1.0481

ASTM XM-27 Fe-<0.01C-<0.408Si-<0.40Mn-<0.020P-<0.020S- USA, comparable with
25.0-27.5Cr-<0.20Cu-<0.75-1.50M0-<0.015N- SAE XM-27
<0.050-0.2Nb-0.50Ni, Ni+Cu<0.50
C 1204 Fe-0.20C-0.35Si-0.50Mn-0.050P-0.050S-0.30Cr Yugoslavia, comparable with
DIN-Mat. No. 1.0425,
B.S. 1501 Gr. 161-400, 164-
350, 164-400; 16 K

Cc90 Fe-0.85-0.94C-<-0.355i-<0.35Mn-<0.03P-<0.03S Italy

Carpenter 20 Cb-3 Fe-<0.06C-<1.008i-<2.00Mn-19.0-21.0Cr-2.0-3.0Mo- USA

32.5-35Ni-3.0-4.0Cu-<0.035P-<0.035S

Ch12M Fe-1.45-1.65C-0.15-0.35Si-0.15-0.4Mn-11-12.5Cr- CIS, formerly USSR
0.4-0.6M0-<0.35Ni-15-0.3V-<0.2W<0.3Cu-<0.03Ti
Ch14N40SB Fe-0.034C-4.0Si-0.05Mn-14.4Cr-38.9Ni-0.63Nb CIS, formerly USSR
Ch15T Fe-<0.1C-<0.85i-<0.8Mn-14-16Cr-<0.3Mo0-<0.6Ni, CIS, formerly USSR/Bulg.
5x%C<Ti<0.8
Ch16N15M3 n. a. -
Ch17 Fe-<0.08C-<1Si-<1Mn-<0.040P-<0.0155-16.0-18.0Cr  Bulg., comparable with
DIN-Mat. No. 1.4016,
SAE 430, 12Ch17T, X6Cr17
Ch17M2TL n. a. -
Ch17N2 Fe-17Cr-2Ni CIS, formerly USSR
Ch17N5M3 n. a. -
Ch17N12M3T Fe-<0.12C-<1.5Si-<2.0Mn-16-19Cr-3-4Mo-11-13Ni- ~ CIS, formerly USSR/Bulg.
0.3-0.6Ti
Ch17N13M2T n. a. cf. 1.4571; SAE 316 Tj;
CrNiMoTi 17 13 2
Ch17N13M3T n.a cf. 1.4571; UNS S31635;

CrNiMoTi 17 13 3




Key to materials compositions | 387

Steel Materials Compositions, Percent in Weight Note

Ch17N18M2T Fe-0.09C-0.6Si-1.4Mn-16.9Cr-1.9Mo-12.3Ni, CIS, formerly USSR/Bulg.
Ti stab. (p.a.)

Ch17T Fe-<0.05C-<1Si-<1Mn-<0.040P-<0-0.15S- Bulg., comparable with DIN-
16.0-18.0Cr, Tidx(C+N)+0.15-0.80 Mat. No. 1.4510, 08Ch17T,

X3CrTil7

Ch18AG14 Fe-18Cr-14Mg-0.5N

Ch18N9T Fe-<0.08C-<1Si-<2Mn-<0.045P-<0.015S- CIS, formerly USSR/Bulg.,

Ch18N10T 17.0-19.0Cr-9.0-12.0Ni, Ti 5xC-0.70 comparable with DIN-Mat.

No. 1.4541, X6CrNiTi18-10

Ch18N10 Fe-0.08C-18.4Cr-10.2Ni-1.08Mn-0.3Si-0.005P-
0.014S-0.005N

Ch18N12M2T Fe-<0.15C-<5 1.5Si-<2Mn-17-19Cr-2-2.5Mo-11-13Ni, CIS, formerly USSR/Bulg.
4x%C<Ti<0.8

Ch18N12T Fe-0.08C-1.0Si-<2.0Mn-<0.045P-0.015S-17.0-19.0Cr-  CIS, formerly USSR/Bulg.
9.0-12.0Ni-Ti= 5x%C>0.70

Ch18N14 Fe-0.035C-18.8Cr-14.6Ni-0.35Mn-0.75Si-0.005P-
0.03S-0.004N

Ch18N40T Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-<0.015S- Comparable with
17-19Cr-9-12Ni-<0.7Ti DIN-Mat. No. 1.4541, SAE 321

Ch20N20 Fe-0.004-0.015C-19.4-21.8Cr-19.3-20.8Ni- CIS, formerly USSR/Bulg.
0.05-5.40Si-0.002-0.1P

Ch21N5 n. a. -

Ch21N6M2 n.a. -

Ch21IN6M2T n. a. -

Ch22N5 Fe-0.07C-21.54Cr-5.73Ni CIS, formerly USSR

Ch23N18 Fe-<0.20C-<1.00Si-<1.50Mn-22.0-25.0Cr-<0.30Mo-  CIS, formerly USSR/Bulg.
17.0-20.0Ni-<0.035P-<0.025S

Ch23N27M2T Fe-27Ni-23Cr-2Mo-Ti CIS, formerly USSR/Bulg.

Ch23N28M3D3T Fe-28Ni-23Cr-3Mo-3Cu-Ti CIS, formerly USSR

Ch25T Fe-<0.15C-<1.00Si-<0.80Mn-24.0-27.0Cr-<0.30Mo-  CIS, formerly USSR/Bulg.
<0.60Ni-<0.035P-<025S-5x%C<Ti<0.9

Ch28N18 Fe-0.16C-1.7Mn-1.1Si-22.6Cr-18Ni-0.4Ti (p.a.) CIS, formerly USSR/Bulg.

ChN28MDT Fe-0.03-0.046C-22.2-23.5Cr-26.55-27.88Ni- CIS, formerly USS
2.55-3.06Mo-2.68-3.38Cu-0.54-0.76Ti-0.15-0.30Mn-
0.39-0.69Si-0.021-0.43P-0.008-0.017S

ChN40B Fe-0.032C-18.2Cr-40.4Ni-0.08Si-0.05Mn-0.49Nb CIS, formerly USSR

ChN40S Fe-0.031C-20.0Cr-38.9Ni-4.25i-0.05Mn-0.13Nb CIS, formerly USSR

ChN40SB Fe-0.04C-18.8Cr-39.4Ni-4.3Si-0.06Mn-0.63Nb CIS, formerly USSR

ChN58W Ni-0.03C-14.5-16.5Cr-15-17Mo-3.0-4.5W-1.5Fe- CIS, formerly USSR
1.0Mn-<0.125i-0.02S-0.025P

ChN60V Fe-0.01-0.02C-0.09N-max.0.05Z1-0.1Ti-0.015Ce- CIS, formerly USSR
max.1.7Nb-max0.009B

ChN77TJuR Fe-<0.07C-<0.60Si-<0.40Mn-<0.015P-<0.007S- CIS, formerly USSR

0.6-1.0A1-<0.01B-<0.02Ce-19.0-22.0Cr-<1.0Fe-
<0.001Pb-2.4-2.8Ti
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ChN78T Fe-<0.25C-<1.0Si-<1.5Mn-<0.04P-<0.015S-<14.0Cr = Russia
FC20 Fe-3.92C-1.12Si-0.63Mn-0.072P-0.012S Japan
JS 700 Fe-0.04C-<1.08i-<2.0Mn-<0.040P-<0.030S-19-23Cr- USA
4.3-5.0Mo-24-26Ni, Nb>8xC<0.40
0ZL-17u Fe-0.04C-0.32Si-1.5Mn-23.2Cr-0.2M0-29.4Ni-0.01P-  CIS, formerly USSR
0.01S-0.1Ti
SAE 1008 Fe-0.10C-0.30-0.50Mn-<0.030P-<0.050S USA, comparable with
DIN-Mat. No. 1.0204
SAE 1018 Fe-0.15-0.20C-0.60-0.90Mn-<0.030P-<0.050S USA
SAE C-1018 Fe-0.20C-0.25Si-0.58Mn-0.16Cr-0.04Mo-0.012- USA
0.014P-0.02S
S35C Fe-0.32-0.38C-0.15-0.35Si-0.60-0.90Mn-<0.030P- Japan, comparable with
<0.035S5-<0.20Cr-<0.30Cu-<0.20Ni DIN-Mat. No. 1.0501
SIS 2333 Fe-<0.05C-1.0Si-2.0Mn-<0.045P-<0.030S- Sweden, comparable with
17.0-19.0Cr-8.0-11.0Ni DIN-Mat. No. 1.4303;
SAE 304, 03Ch18N11
SKH 2 Fe-0.73-0.83C-0.45Si-0.40Mn-<0.030P-<0.030S- Japan, comparable with
3.8-4.5Cr-<0.25Cu-17.0-19.0W-1.0-1.2V DIN 1.3355
SKH-4A Fe-0.80C-0.295i-0.31Mn-4.16Cr-17.64W-9.3Co-1.1V  Japan
SKH-9 Fe-0.85C-0.16Si-0.31Mn-4.14Cr-4.97Mo0-6.03W-1.88V Japan
SS41 Fe-<0.050P-<0.050S Japan, comparable with
DIN-Mat. No. 1.0040
St35b-2 Fe-<0.16C-0.17-0.40Si-0.35-0.65Mn-<0.30Cr- Germany, formerly GDR, com-
<0.30Ni-<0.30Cu-0.050P-0.050S parable with DIN-Mat. No.
1.0309
St35hb Fe-<0.18C-<0.17Si-0.35-0.65Mn-0.050P-0.050S Germany, formerly GDR
St38 Fe-<0.20C-<0.080-<0.060S Germany, formerly GDR, com-
parable with DIN-Mat. No.
1.0037
St38b-2 Fe-0.12-0.20C-0.17-0.37Si-0.40-0.65Mn-<0.045P- Germany, formerly GDR, com-
<0.050S-Cr+Cu+Ni<0.70 parable with DIN-Mat. No.
1.0038, BS 4360-40C and A
570 Gr. 36
St5 Fe-<0.045P-<0.0455-<0.009N Poland, comparable with DIN-
Mat. No. 1.0050
SUS 304 Fe-<0.08C-<1.0Si-<2.0Mn-<0.045P-<0.030S- Japan, comparable with
18.0-20.0Cr-8-10.5Ni DIN-Mat. No. 1.4301
SUS 430 Fe-<0.12C-<0.758i-<1.00Mn-16.0-18.0Cr-<0.60Ni- Japan, comparable with
<0.040P-<0.030S DIN-Mat. No. 1.4016, SAE
430,430 S 15, 12Ch17
Sv-08 Fe-<0.10C-<0.03Si-0.35-0.60Mn-<0.040P-<0.040S-  CIS, formerly USSR
<0.015Cr-<0.30Ni-<0.01Al
[TsL-17 Fe-0.1C-5Cr-1Mo CIS, formerly USSR
[TsL-9 Fe-0.07C-1.00Si-2.3Mn-24.1Cr-12.9Ni-1.1NDb-0.03P-  CIS, formerly USSR

0.02S




Key to materials compositions | 389

Steel Materials Compositions, Percent in Weight Note
U7A Fe-0.65-0.75C-0.10-0.308Si-0.10-0.40Mn-<0.030P- CIS, formerly USSR, compar-
<0.030S able with
DIN-Mat. No. 1.1520
USA Fe-0.75-0.85C-0.10-0.30Si-0.10-0.40Mn-<0.030P- CIS, formerly USSR, compar-
<0.030S able with
DIN-Mat. No. 1.1525
U10A Fe-0.96-1.03C-0.17-0.33Si-0.17-0.28Mn-<0.025P- CIS, formerly USSR, compar-

<0.0185-<0.20Cr-<0.20Ni-<0.20Cu

able with
DIN-Mat.No. 1.1545, SAE W 1
10

X5CrNiMoCuTil8-18

Fe-<0.07C-<0.80Si-<2.0Mn-<0.045P-<0.030S-
16.5-18.5Cr-2.0-2.5M0-19.0-21.0Ni-1.8-2.2Cu-
Ti=7x%C

Germany, formerly GDR, com-
parable with DIN-Mat. No.
1.4506

X8CrNiTil8-10

Fe-<0.10C-<1.0Si-<2.0Mn-<0.045P-<0.015S-
17.0-19.0Cr-9.0-12.0Ni-Ti=5 x C<0.80

Germany, formerly GDR, com-
parable with DIN-Mat. No.
1.4541
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CuPb5Sn5Zn5 186

Cu-PHC 313-314

CuZn20AI2 186, 189, 191

CuZn39Pb0.5 185

CuZn40 313-315

CWO020A 313-315

CWO024A 133

CW509L 313-315

d

Discaloy 58

ductile castiron 102,297

duplex steels 26, 248, 250, 320, 323

e
E-4 228
E-Brite® 26-1 329-330, 340



EH 36 222
EL-NiCr20Mo9Nb 253
EL-NiCr23Mo7Cu 250
EL-NiMo15Cr15W 253
EN AW-5083 189, 191-192
EN-GJL-150 294
EN-GJL-250 317-319
EN-GJN-HV 600 322
EN-G)S-400-15 318-319
EN-JL301T 22

EPDM 295
ethylene-propylene-diene rubber 295

Ferralium® 250-251

ferritic-austenitic cast alloys 321

ferritic-austenitic steels 26, 299, 320-321,
323

ferritic chromium steels 22, 24, 104, 299,
320

ferritic/pearlitic-martensitic steels 26, 320

fine-grained structural steel 195

fluorinated rubber 295

forging steel 14

g
G 341

G12MnMo7-4  218-219
G41300 321

galvanised steel 92, 343
GG-15 294

GG22 316

GG25 316

GGL-NiCr20-2 227
G-NiCr22Mo9Nb 262
G-NiCr50Nb 253
G-NiCu30Nb 263
G-NiCu30si4 263
G-NiMo16Cr15W 262
G-NiMo17Cr 262

graphite wool 40

grey castiron 21-22, 102, 224, 304,
312-313,316-317
GX2CrNiMoCuN25-6-3-3  318-319
GX2CrNiN18-13 238
GX2NiCrMoCuN25-20 244
GX3CrNiMoCu 24-6-2-3 322
GX3CrNiMoCuN 24-6-5 322
GX5CiNiMo19-11-2  318-319
GX5CrNi19-10 50, 238
GX5CrNiMo19-11-2 241, 322
GX5CrNiMoNb19-11-2 239
GXS5CrNiNb19-11 238
GX6CrNiMo24-8-2 239

Index of materials

GX8CrNiN26-7 235
GX12CrNi18-11 238

G-X 3 CrNiMoCuN 246 317,319
G-X4 CrNiMoN 2215 239
G-X250CrMo 153 316-317
G-X300CrMo 153 316-319

h

Hastelloy® alloy C-276 329-332, 339

Hastelloy® alloy G 250, 329-332, 339-340

Hastelloy® alloy G-3 250

Hastelloy® B2 270

Hastelloy® C 340

Hastelloy® C-4 263

Haste||0y® C-276 186, 250, 263, 267-269,
328

Hastelloy® X 67

high-alloy cast iron 22, 316

1

Incoloy® 800 45-46, 66-67, 266, 268-269

Incoloy® 825 67, 246, 250, 263, 265-269,
329-332,339

Incoloy® alloy 925  60-61

Incoloy® alloy 926  60-61

Inconel® 600  45-46, 59-60, 66-67,
266-268

Inconel® 617  266-268

Inconel® 625 61, 67, 187, 250, 263,
265-267, 269, 328-329, 337, 339-340

Inconel® 690 6061, 64

Inconel® 706 266, 268-269

Inconel® 718  60-61, 266, 268269

Inconel® alloy 330

Inconel® Filler Metal 52 64

iron 6,8-9

Jj

192240 26

)92710 238

)92900 54

)93254 244

)94650 244
Jessop® 700 249, 251
Jessop® 777 249, 251
JISG3141 10

k

KO1600 218-220
K02401 292
K02501 292
K02502 95-97
K02900 215-217
K11852 222
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Index of materials

K12539 11,13-14
K12709 207,211-213
K12766 14

K21590 209

killed steel 145

I

lamellar graphite 224
lead 183-184
low-alloy steels 18,312

m

martensite 247
martensitic steel 23
Monel® 400 66-67, 264-268, 339
Monel® K-500 264-268
Monit® 232-233, 250-251
Monit® 44635 248
mortar 320

MP 35N 267-269
multiphase steels 26, 320
Muntz metal 185

n

N04400 263

N05500 263

N06007 341

N06022 342

N06052 64

N06059 258, 262, 336
N06455 262, 342

NO06625 262, 336, 341-342
N06690 61

N06985 262

N07718 61

NO07750 61

N08020 341

N08028 244, 255, 258
NO08031 244, 258, 323, 336
N08366 242-243

NO08825 262, 341

NO08904 105, 244, 258, 334
NO08925 244, 255

N08926 323, 325, 326, 336, 337, 342
N09925 60-61

N09926 60-61

N10276 258, 262, 336, 341-342
N24130 263

N26625 255,258

NBR 295

Ni99.2 266-268

Ni 200 266-268

nickel 56, 65, 185, 260
nickel alloy 11, 62, 66

nickel-chromium alloys 56, 339
nickel-chromium-iron alloys 56, 65, 339
nickel-chromium-molybdenum alloys 67,
339

nickel-copper alloys 67,339
nickel-molybdenum alloys 68
NiCol15Cr15MoAITi 270
NiCo20Cr15MoAITi 270
NiCr13Mo6Ti3 265

NiCri5Fe 29, 41, 56, 67, 266268
NiCrl9NbMo 266, 268269
NiCr20Co18Ti 270

NiCr20CuMo 247, 249, 266, 268269,
329-330, 341

NiCr20Ti 265

NiCr20TiAl 265

NiCr21Mo 67, 246, 250, 262, 265-269,
329-332, 339, 341

NiCr21Mo14W 339-340, 342
NiCr22Fe18Mo 67

NiCr22Mo6Cu 250, 329-332, 339, 341
NiCr22Mo7Cu 252, 258, 262
NiCr22Mo9Nb 67, 252, 255-256, 258, 262,
265-267, 269, 328-330, 336-337,
339-342

NiCr23Co12Mo  266-268
NiCr23Mo16Al 252, 258, 262, 336-337,
339-340

NiCr29Fe 59

Nicrofer® 3127 hMo  336-337
Nicrofer® 4221 263

Nicrofer® 5716 hMoW 336-337
Nicrofer® 5923 hMo 336-337
Nicrofer® 6020 hMo 263, 336
NiCu30Al 263, 265-268

NiCu30Fe 67-68, 263, 264, 266-268, 339,
343

NiCu39Fe 265-266

NiMo16Cr15W 252, 255-256, 258, 262,
267-269, 328-332, 336-337, 339-342
NiMo16Cr16Ti 262, 337, 339-340, 342
NiMo28 270

Nimonic® 270

Nimonic® 75 265

Nimonic® 80A 265

Nimonic® 81 265

Nimonic® 90 270

Nimonic® 91 270

Nimonic® 101 270

Nimonic® 105 270

Nimonic® 115 270

Nimonic® 901 265

Ni-Resist 1 22

Ni-Resist® 226-227



Ni-Resist® type 2 227
Nitronic® 10 341
Nitronic® 33 341
Nitronic® 50 240, 341
Nitronic® 60 341
non-alloyed cast iron 21
Noriclor® NL24 6 322
Noridur® 322

Noridur® 9.4460 318-319
Norihard® NH 153  317-319
Noriloy® NL252 322
Norinox® 322

NSCD 246-247

p
P355N  218-220

P450N 220

P460N 215-217

pitting corrosion resistance 324
polyester resin 316

pressure vessel steel 11,18
pressurised water reactor steel 14
pure nickel 62

pure zinc 133, 141, 144-145, 271

r

Remanit® 4565 247
Remanit® 4575 248
Rex 734 249, 251
RSt37-2 95-99

s
S235)2W  194-195
S275N 194

$355G3S  222-223

$355)2GTW  194-195

S355N  194-195, 200, 207208, 211-214,
220

S460N  207-208, 213-214

S500 208

S500N 194,218

S500Q 213-214

S690Q 207-208, 213-214, 220-221
S890Q 207-208

S15700 234

S17400 234-235

$20910 54-55

S21800 341

$30400 105-106, 110-111, 299
$30403 105

S31254 245

$31500 321

$31600 105,110

$31603 105, 299

Index of materials

S$31635 105,110-111, 299

S31726 105, 258-259, 299

S31803 105, 237

$32100 105

S32750 188

S32760 244

S34565 240, 243

S40900 228

S41500 234

S42035 228

S43035 105, 295

S43100 234-235

S44400 105

S44626 341

S44635 237

S44700 329-330

544800 329-330

SA106grB 8

SA333gr6 8,12

SAE 216 249, 251

SAE 301 238

SAE 304 23, 28-52, 49, 67, 105-107,
110-111, 238-241, 267-269, 299-301,
313, 315, 326-327, 329-330, 332

SAE304H 238

SAE 304 L 30, 34,36-37, 41, 49, 52, 105,
238, 246-247, 300, 302, 326, 341

SAE 304 LN 41, 238, 249, 251

SAE308L 36

SAE 310 MoLN 240, 243

SAE 316 30, 36-37, 39, 44, 49, 53-54, 105,
110, 186, 233, 239-241, 243, 245, 249,
251, 301, 321, 326-327, 329-330,
332-333

SAE316 Cb 239

SAE316L 34,36-37,41, 49,105,
185-186, 239, 245-247, 259-260, 299,
301, 326, 331, 334, 341

SAE 316 LN 49, 52-53, 239

SAE316Ti 105,108, 110-111, 239, 246,
299, 303, 322, 326, 332, 334-335, 338

SAE 317 301

SAE 317 L 239, 247, 249, 251, 301

SAE 317 LM 249, 251

SAE 317 LMN 105, 173-174, 189-192,
231, 239, 259-260, 299, 301, 323, 326

SAE 321 105, 238, 326, 332, 338

SAE 329 235, 251

SAE 347 30, 36-37, 50, 52, 238

SAE 348 108

SAE 403 313-315, 321

SAE 409 107, 230, 320

SAE 410 230, 247, 338

SAE 420 209-210

397



398

Index of materials

SAE 430 230, 313, 315, 321

SAE 430Ti 107,230

SAE 439 105, 250-251, 304

SAE 444 105,107, 230-231, 250-251

SAE 501 209-210

SAE 630 233

SAE 632 234

SAE 904 L 105, 233, 240, 243, 245-247,
249, 251, 301, 323, 325-326

SAE 1008 10

SAE 1015 226, 312-313

SAE 1109 200

Sandvik® 2RN65  329-330

Sandvik® 3RE60  329-330

Sanicro® 28 245

SC-1 251

SCM 435 (JIS) 313

SCR-3 45

Sea-Cure® 232-233, 250

SE-Cu 313,315

SF—Cu 133-134

SG-NiCr23Mo16 253

SG-NiMo16Cr16W 253

shipbuilding steels 189, 191-192,
194-195, 207

silicon castiron 316

SNC 631 (JIS) 313

special reinforced concrete 292

SS 400 (JIS) 313

St12 10

St37 226,292

St37-2 292

St37-3 292

St38 312-313

stainless steel 85,111, 186-187, 228, 230,
292, 299-300, 302-304, 317, 323-326,
332,335-336

StE 335 218-220

StE 350 220

StE 460 215-217, 220

StE 500 218

StE 690 220

steel 11

Stellite® 322

sulphate ion 49

superaustenites 247

superferrites 248, 250

SUS 410Ti 24-25

SUS XM8  24-25

t

T91 22
T11342 208
tantalum 332

TiAleV4  267-269

titanium 185, 291, 329-330, 332, 340
turbine steel 25

Tyton®  296-298

u

unalloyed cast iron 102, 294

unalloyed steels 6, 87,292-293, 312

UNS J92710 238

UNS N04400 263

UNS N05500 263

UNS N06007 341

UNS N06022 342

UNS N06052 64

UNS N06059 258, 262, 336

UNS N06455 262, 342

UNS N06625 262, 336, 341-342

UNS N06690 61

UNS N06985 262

UNS N07718 61

UNS NO07750 61

UNS N08020 341

UNS N08028 244, 255, 258

UNS NO08031 244, 258, 323, 336

UNS N08366 242-243

UNS N08825 262, 341

UNS N08904 244, 258, 334

UNS N08925 244, 255

UNS N08926 323, 325, 326, 336, 337, 342

UNS N09925 60-61

UNS N09926 60-61

UNS N10276 258, 262, 336, 341-342

UNS N24130 263

UNS N26625 255, 258

UNS S355G3S  222-223

UNS S355)2GTW  194-195

UNS S355N  194-195, 200, 207-208,
211-214, 220

UNS S460N  207-208, 213-214

UNS S500 208

UNS S500N 194, 218

UNS S500Q 213-214

UNS S690Q 207-208, 213-214, 220-221

UNS S890Q 207-208

UNS S15700 234

UNS S17400 234-235

UNS S20910 54-55

UNS S21800 341

UNS S235)2W  194-195

UNS S275N 194

UNS S30400 105-106, 110-111, 299

UNS S30403 105

UNS S31254 245

UNS S31500 321



UNS S31600 105,110
UNS S31603 105, 299
UNS S31635 105,110-111, 299
UNS S31726 105, 258-259, 299
UNS S31803 105, 237
UNS S32100 105
UNS S32750 188
UNS S32760 244
UNS S34565 240, 243
UNS S40900 228
UNS S41500 234
UNS S42035 228
UNS S43035 105, 295
UNS S43100 234-235
UNS S44400 105
UNS S44626 341
UNS S44635 237
UNS S44700 329-330
UNS S44800 329-330
Uranus® 625 263
Uranus® 825 263
Uranus® B6 245
USt42-2 313-314

w

WB36 13

WTSt 37-3 164, 194
WTSt 52-3 164, 194

X

X1CrMo 261 231

X1CrNiMoCuN20-18-7 245, 247, 249

X1CrNiMoN25-22-2 243

X1CrNiMoN25-25-2 240

X1CrNiMoNb28-4-2  231-232, 237, 248,
250, 259

XTNiCrMoCu25-20-5 105, 233, 243-245,
334

X1INiCrMoCu31-27-4 244-245, 252,
255-256, 258

XTNiCrMoCu32-28-7 244,247, 252, 258,
323, 336-337

XTNiCrMoCuN25-20-5 247, 249, 252,
255-256, 258, 323, 325-326

XTNiCrMoCuN25-20-7 244, 247, 252,
255-256, 258, 323, 325-326, 335-337

X20Cr13  209-210

X2CrMoTi18-2 105, 230-231, 250

X2CrNi12  228-229

X2CrNi19-11 105, 238, 246-247, 302, 326

X2CrNi19-9 36

X2CrNiMnMoNbN25-18-4 247

X2CrNiMnMoNbN25-18-5-4 240, 243

X2CrNiMnMoNNb21-15-7-3 240, 243

Index of materials

X2CrNiMnMoNNb21-16-5-3 36, 240, 341

X2CrNiMnMoNNb23-17-6-3 240

X2CrNiMo17-12-2 36, 105, 239, 247, 326

X2CrNiMo18-14-3 105, 185-186, 239, 259,
326,334

X2CrNiMo18-15-4 232, 239, 247, 249

X2CrNiMo18-16-5 253

X2CrNiMo18-5-4 241

X2CrNiMoCuN25-6-3 250

X2CrNiMoN17-11-2 239

X2CrNiMoN17-13-3 239

X2CrNiMoN17-13-5 105, 173-174,
231-232, 239, 241-242, 249, 252,
255-256, 258-259, 323, 326

X2CrNiMoN18-14-3 239

X2CrNiMoN22-5-3 105, 235, 237, 248, 259

X2 CrNiMoSi 195 329-330

X2CrNiN18-10 238

X2CrTi12  228-230, 320

X2NiCrAITi32-20 111, 241

X2NiCrMoCu25-20-6 342

X3CrNb17 304

X3CrNiMnMoCuNbN23-17-5-3 244, 252,
258

X3CrNiMo13-4 234

X3CrNiMo17-13-3 105, 233, 239, 326, 330

X3CrNiMoN17-13-5 189-192

X3CrNiMoN27-5-2 235, 250

X3CrTi17 105, 230, 304, 338

X4CrNi18-12 46

X4CrNiMo16-5-1 234-235

X5CrNi18-10 67, 105, 238-241, 267-269,
313, 315, 326, 329-330, 332

X5CrNiCuNb16-4 26, 29, 233-235

X5CrNiCuNb17-4-4 247

X5CrNiMo17-11-2 330

X5CrNiMo17-12-2 105, 239-241, 243, 249,
321, 326, 329, 331-333

X5CrNiMoTi15-2 228

X6Cr13  313-315, 321

X6Cr17 230, 313, 315, 321

X6CrNiMoNb17-12-2 239

X6CrNiMoTi17-12-2 105, 232, 239, 326,
332, 334-335, 338

X6CrNiMoTi17-12-3 246

X6CrNiNb18-10 238

X6CrNiTi18-10 105, 238, 326, 332, 338

X8CrNiMoAI15-7-2 234

X10CrAI13 230

X10CrAl7 228

X10CrMoVNb9-1 22

X10CrNi18-8 238

X10NiCrAITi32-20 266, 268-269

X10NiCrAITi32-21 56, 67
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400 | Index of materials

X12Cr13 230, 233, 247, 338 XAMAR36 E 195

X12CrMo5  209-210 XM-19  36-37, 54-55

X17CrNi16-2 234-235

X39CrMo17-1 234-235 z

X40MnCr18 244 Zeron 100 26

X-750 57-58, 60-62 zinc 68,112,123, 127-128, 144-145, 183,
XAMAR 36 195 184, 271, 305, 343

XAMAR 36 A 195 zinc alloys 270

XAMAR36 D 195



Subject index

a

abrasion 192,291, 317, 322

acid capacity 99, 100

activated carbon 335

adhering deposits 303

aeration 328

aeration cell 312

aeration elements 201

aerobic bacteria 240

alkaline earth salts 159
alternating mechanical stress 179
alumina cement mortar lining 296
ammonia 20, 321

amount of chloride ions 299
anaerobic conditions 315

anodic reaction step 160
anodising 335

ASTM test A 262 46

Atlantic Ocean 158

atomic energy plant 25,27
average composition of seawater 158-159

b

bacterial degradation 312

Baltic Sea 158, 185, 190-192, 246

barnacles 231

bath tubs 294

Bauch test 291

bell-and-spigot coupling system 297

bioactive seawater 214

biocorrosion 304, 316-317

biofilm 188, 244, 315, 317

biofouling 291

Biological Oxygen Demand 328

biological settling tanks 312

biological sewage treatment plant 320,
332

biological waste water plants 332

Black Sea 158

Subject index

boiler wall 19

boiler water  19-20

boiler water feed pump 19

boiling water 50, 67

boiling water reactor 17, 20, 26, 29-32, 40,
45, 49-50, 56, 62

bottom deposit 293

brackish water 172, 182, 184, 201-202,
207, 226, 237, 242

brazed joints 304

breakthrough potential for pitting
corrosion 168

bridge pipelines 294

bromide 336

brown discolouration 272

buffering properties 162

buffer tank 312-313

c

CaCl, solution 233, 243

carbonate 38

carbon content 51

carbon dioxide 85

Caspian Sea 158

cast-iron drainpipes  294-295

cathode 292

cathodic polarisation 218, 222

cathodic protection 86, 175-176, 179, 187,
207,211, 230, 234, 237-238, 243, 264,
270, 291, 312

cathodic reaction step 160

caustic embrittlement 20

cement mortar lining 85, 297-298, 317,
320

CERT test 23, 31-32, 42, 45-46, 53, 58-59,
62

Chemical Oxygen Demand  331-332, 340

chloride 336

chloride-containing waste waters 304
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Subject index

chloride-induced stress corrosion
cracking 244

chloride ion content 159

chloride ions 166

chlorinated seawater 189

chlorination 240

chlorine treatment 127

clamped couplings 304

clamping collars 304

clarification basin 293

cleaning stoppers 294

coal fired power station 7

coated steel components 292

coating material 270

cold water pipes 104

collars 295

concrete 292

concrete basins 292

concrete buildings 292

condenser pipes 193, 241

condensers 232

constructional steel textiles 292

contact corrosion 180, 187-189, 291, 293,
335

contact corrosion table

coolants 182

cooling circuit 68

cooling system 49

corrosion current density 182

corrosion fatigue (CF) 179, 215, 303

corrosion potential 314, 323

corrosion rate 316

crevice corrosion 104, 110-111, 166, 175,
228, 230-231, 233-234, 236, 238-240,
243, 246, 251, 258, 293, 303-304,
323-324, 326-328, 330-331, 334-335

crevice corrosion resistant 325

crevice corrosion temperature 236, 245

Creviced Bent Beam 40

critical crevice corrosion temperature 260

critical crevice width 293

critical potential 302

cyclohexamine 20, 51

183-184

d

Dead Sea 158, 161
deflection vanes 192
degassing 20

deicing salt 229
density 4

deposit 40, 312, 323-324
desalination plants 231
dewpoint 156

differential pressure test 298
diffusion bonding 62
dirt pans 305

dissimilar metal crevice corrosion

distillation process 10, 321

distribution lines 87

domestic installations
108, 111-112, 125, 141

downtime 20

drainage 294

drain gratings 305

drain pipes 294

drinking water distribution 86

drinking water hygiene 111

drinking water installation 86

drinking water tanks 84

drinking water transport 86

drying of activated sludge 335

ductile cast-iron pipes 297-298

ductile sewer pipes 296

e

ebb tide zone 205
elastomer seals 304
electrochemical cell 292-293
electrochemical series 180
electrogalvanisation 305
electroplating 335

233

86-87, 104, 106,

elongation-induced stress corrosion

cracking 211
EML drainpipes 295
erosion 192
erosion corrosion 11
evaporation 336-337, 340
evaporator units 323, 335, 343
exposure zone 210
extraneous rust 323-324

f

fast neutron 45
fat separators 294
FeCly test 233, 243, 245

Federal Water Resources Act 335

feed water pump 25

ferrite former 42

ferritic stainless chromium steel

fibre cement pipes 304

filters 335

final biological stage 312-313

flow rate 84, 303, 314-315, 324

flue gas desulphurisation plants
335-337, 340, 343

flue gases 340

320

321-323,



flue gas scrubbers 322

fluoride 336

fluoride concentration 332

forced-flow pipelines 295

fouling 157, 196, 200, 207, 210, 215, 231,
237,239-240, 243, 260

free corrosion potential 182

fuel casing 45

fuel rod element 25, 28

fusion line 41

g

galvanic anodes 270

gas atmosphere 312

gas bubbles 111

gaseous impurities 19

gas pipelines 298

gas shielded welding 64
graphite wool 41
graphitising 226
gravity-flow sewers 290, 295
grey cast iron pipes 102
groundwater 129-131
groundwater-protected areas 296

h

harbour waters 197

hardening 44

hardness values 208

hard solder 106

hard solder connection 131

heat affected zone 27, 32, 40, 45

heat exchanger 51, 65, 232, 245

heat exchanger pipes 85, 231

heat treated zone 34

heat treatment state 110

heat treatment temperature 23

Helgoland 189, 231, 235, 259

high pressure water 45

high temperature water 12, 27, 39, 41, 46,
49, 52-53, 56

hot-dip coating 305

hot-dip galvanisation 271-272, 305

hot-dip galvanised components 305

hot-dip galvanised pipeline 114, 118, 123,
133, 136, 141, 305

hot water pipes 104

hot water tanks 104

human consumption 82, 85

hybrid design 182

hydrazine 20, 51

hydroabrasive wear 319, 322

hydrogen embrittlement 23, 60-61

Subject index

hydrogen-induced stress corrosion
cracking 176, 207-208, 211, 234, 237
hydrogen sulphide 321, 332

I

immersion zone 156, 190-191, 196-197,
199-202, 204-205, 209-210, 215, 218,
224-225, 228, 235, 237, 241, 259, 272

impeller 50

implosion 193

impurities 19

inert-gas-shielded arc welding 303

influence of the hardness 210

inhibitors 7

insulating materials 302

intergranular corrosion 104, 110, 271,
303-304

intergranular stress corrosion cracking 36,
42, 45-46, 49, 52-53, 59, 300-301

iodide 336

Irish Sea 158

iron anode 228

iron bracket 292

iron sulphides 315

iron-zinc alloy layer 271

irradiation 4445

k

knife-line corrosion 106, 110, 304
knotted steel 292

Kure Beach 202

)

lakewater 129-130

lamellar graphite inclusions 294
leachates 311, 323, 335, 337
leakproofness 298

lime deposits 162

local canalisation systems 296
local cathodic corrosion protection 293
local chemistry 14

long-term studies 241

low carbon equivalent 195

low pressure turbine 18

m

macroelements 157, 291

magnetite scale 6-7,11,19

main biological treatment stage 313
malleable cast iron fittings 131
marine atmosphere 156, 204
marine engineering 236, 242, 244
maritime applications  239-240
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Subject index

martensitic steels 233, 235

maximum permissible chloride
content 300

mean ebb tide 203-204

mean flood tide 203-204

Mediterranean Sea 158, 205

metal abrasion 323

MgCl, test 42

microbes 50

microbiological influenced corrosion 50,
291

microbiological slime 231

microorganisms 240

mill scale 172

mixed system 53

monitoring 53

mooring posts 201

morpholine 20

multiple weld layer joints 32
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post weld heat treatment 60

potato starch separators 294

Pourbaix diagram 7, 68

pre-oxidation 24

pressed fittings 110

pressure-bearing hulls 228

pressure vessels 325
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silver hard solder 106

sleeveless drainpipes 295, 304
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329-331, 335, 340, 343
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vapour pressure 4
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