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INTRODUCTION

The usc of stainless steels in fabricated construction
has grown over the years to the extent that they now repre-
sent a very important class of structural material. Stain-
less steel may be specified in a particular application for a
variety of reasons, such as:

. inherent corrosion or heat resistance in a particu-
lar environment;

. low maintenance requirement comparcd, for
cxample, with coated or plated mild steel;

. acsthetic appeal;

. hygienic nature, casc of cleaning and sterilising;

. high strength to weight ratio;

. exceptional cryogenic properties;

. low magnetic permeability.

The scverity of the corrosive environment encoun-
tered can vary from the mild atmosphcric conditions to
which urban architectural structures are subjected, to the
severely corrosive conditions of chemical plant,

A comprehensive series of standard stainless stecl
gradcs is available in Australia, with their compositions
varied to produce levels of corrosion resistance to suit a
wide range of environments, together with a number of
proprietary speciality alloys to handle specific chemical
environments.

There is a general lack of knowledge and understand-
ing throughout industry of the way in which the correct
grade sclection, fabrication techniques, methods of design
and maintenance can ensure that stainless stecls are uti-
lised to provide maximum economic benefit. For exam-
ple, the most corrosion resistant grades can give inferior
performance unless closc attention is given to selection of
a suitable welding technique, appropriate consumables and
a satisfactory weld gcometry,



SCOPE

This Technical Note aims to provide information welding methods and design to minimise corrosion
which will cnable the most effective use to be made of problems;
stainless steels in corrosive environments, This informa-  » cleaning and maintenance to minimise corrosion;
tion is presented in the following format: . selection of stainless steels for specific environ-
. standard grades of wrought stainless steels, their ments.
compositions, properties and applications;
. types of corrosive attack to which stainless steels

are susceptible, and grade selection to minimise
corrosion;
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GRADES OF WROUGHT STAINLESS
STEELS, THEIR COMPOSITIONS,
GENERAL PROPERTIES
AND APPLICATIONS

The term “stainless steel’ is used to cover a wide va-
riety of grades and compositions, Traditionally, a stain-
less stecl is considered to be an iron-based alloy contain-
ing more than 12% chromium. However, the Australian
Customs Scrvice classifies alloys with greater than 10.5%
chromium as stainless stecl. These steels can be classified
into five basic groups:

a) Austenitic stainless stecls, AISI 200 or 300 series
steels (UNS 530000 or S20000 series);

b) Ferritic stainless stecls, (AIST 400, UNS S40000
series);

c) Duplex stainless steels;

d)  Martensitic stainless steels (AIS] 400, UNS
540000 serics);

¢) Precipitation hardening stainless steels.

Grades commonly used in Australia are listed in Ta-
bles 1 to 4, and the way in which familics of grades have
evolved from a single base grade in each class is illus-
trated in Figures 1 to 3.

3.1 Austenitic Stainless Steels

These steels are all alloys of iron, chromium and
nickel. They have a crystal structure similar to copper or
aluminium and arc non magnetic in the anncaled condi-
tion. Their mechanical and physical properties are more
similar to those of brass than of plain carbon steel. They
are not hardenable by heat treatment, but are readily
strengthened by cold work, the rate of work hardening being
affected mainly by the nickel content of the alloy. Higher
nickel contents reduce the propensity to work harden.

These alloys are very casy to weld, using clectric
welding techniques (arc, resistance, seam), and generally
require no pre- or post- weld heat treatment. The family
of stcels 1s illustrated in Figure 1, and listed in Table 1.

The austenitic steels are the most commonly encoun-
tered of all stainless steels types, accounting for over 70%

of consumption in Australia. Grade 304 is the closest cur-
rent equivalent to the so-called ““18/8” stainless steel with
which many people are familiar,

Although Grade 304 is resistant to many common
environments, it is susceptible to pitting corrosion i a
chloride cnvironment, particularly if the temperature is
elevated. The addition of molybdenum improves pitting
resistance, hence the development of Grade 316, with 2%
Mo.

Other grades of austenitic stainless steel which do
not appear in the AISI standard range are also in commer-
cial use. Thesc are usually more highly alloyed steels,
developed for specific chemical plant applications. Ex-
amples of these alloys would be the “Alloy 20’ type and
its dertvatives, such as 904L (N08904). Typically thesc
alloys contain 0.02% C, 25% Ni, 20% Cr, 4% Mo and
2% Cu and are designed for resistance to corrosion by
strong reducing acids such as sulphuric acid, and warm or
hot salt watcr and chemical plant applications. These lightly
alloyed grades are often referred to as ‘super austenitics’,

For very aggressive chemical environments, such as
hydrochloric acid and halogen salts, which cannot be han-
dled by stainless steels, higher nickel alloys and nickel base
alloys are available. Incoloys, which overlap with the
higher alloyed stainless steels, are iron based alloys uscd
for hot salt water applications. They gencerally behave in
a similar manner to stainless steels in their welding and
forming characteristics.

A feature of the austenitic grades is their very high
ductility. This results in excellent formability. Applica-
tions such as deep drawn troughs and kitchen sinks are
only possible because of this ductility.

“Improved Machinability” (IM) versions of the com-
mon austenitic siecl grades arc available in bar products.
By modification of the steel inclusion morphology, these
achieve significant improvements in cutting speed together



with lower tool wear rates compared to their standard grade
equivalents. Their machinibility is not as high as the true
free machining grade 303 where high cutting performance
is achicved by substantial sulphur additions. However,
the IM grades do not suffer from the poor corrosion resist-
ance, weldability and formability that is suffered by 303,
The IM grades arc not standardised but use trade names
such as “Mccamax”, “Prodec”, “Sanmac™ and “Ugima”.

3.2 Ferritic Stainless Steels

These steels are alloys of iron and chromium with
small additions of other clements in some grades. They
have body centred cubic structures similar to mild steel
and arc not hardenable by heat trcatment. They may be
readily resistance, spot or seam welded, and inert gas
welded in thin sheet form. They are, generally speaking,
not suitable for heavy welds requiring large heat inputs, or
multiple pass welding, due to their susceptibility to grain
growth in the weld zonc,

Table 1: Common Austenitic Stainless Steel Grades & Their Applications
Grade UNE. No. Forms Available Typical Analysis (%) Typical Applications
c Cr Ni Mo Ti Other
301 530100 Steel & Coil 0.08 17.0 7.00 - " . General purpose steel with good corrosion resi ¢ for most appli
Employed where its high work-hardening exponent is desirable. Can be
supplied cold worked to give high strength and ductility. Used for
structural applications such as rail carriages and wagons.
302 530200 Sheet & Coil, 0.08 18.0 2.0 - - General purpose stee! with good corresion resistance for most applications.
Bare Previously used for architecture, food pr ing, d ic sinks and tubs.
Mostly replaced by 304,
303 530300 Bars 0.12 18.0 2.0 - - 0.258 Free machining steel used where extensive machining is required. Corrosion
resistance and weldability inferior to 302,
304 530400 Sheet & Coil 0.06 18.5 9.0 - - - Similar corrozion resistance to 302 and now generally replaces 302.
Plate & Bars Used where higher resistance to weld decay is peeded e.g. in brewing.
304L 530403 Sheet & Coil 0.02 18.5 9.5 - - - Chemical plant and food processing equipment, where freedom from
. Plate sensitisation is required in plate.
305 $30500 Sheet & Coil, 0.03 18.0 120 - - - Spun sheet parts, cold headed screws.
Wire
253MA | 830815 Sheet, coil, plate, | 0.08 21.0 11.0 - - 1.8 8i High temperature applications to 1150°C. Excellent resistance to scaling;
pipe, bar 0.16 N | high temperature strength
0.05 Ce
309 530900 Sheet & Coil, 0.15 210 135 - - - High temperanmre, oxidation resistant. Furnace parts
Plate, Bar
3o 831000 Sheet & Coil, 0.12 25.0 20.0 - - - Furnace parts and equipment. Resistant to temperature 900°C to 1100°C.
Plate & Bars
ile 831600 Sheet & Coil, 0.06 17.0 12.0 225 - - Used where higher corrosion resistance is required, ic. marine equipment,
Plate & Bars chemical indugtry equipment. Can be welded up to 3 mm without subsequent
heat treatment
316L 531603 Sheet & Coil, 0.02 17.0 12,0 2.25 - - A low carbon modification of 316 where heavy section weldments are
Plate required without the risk of intergranular corrosion.
317 g31700 Sheet & Coil, 0.06 19.0 13.0 325 - - For chemical plant-has a greater corrosion resistance than 316 in certain
Plate applications, notably in contact with brines and halogen salts. More usually
available in the low carbon "L" grade

321 832100 Sheet & Coil, 0.06 18.0 10.0 - 0.5 - Heavy weldments in chemical and other industries. Suitable for heat resisting

Plate & Bar applications to 800°C, Not suitable for bright polishing.

201 §20100 Sheet & Coil, 012 17.0 4.5 - - 6.5 Mn | Lower cost, reduced nickel version of Grade 301

Plate 015N
202 20200 Sheet & Coil, 0.08 18.0 5.0 - - 9.0 Mn | Lower cost, reduced nickel version of Grade 302.
Plate 015N -
Table 2: Common Ferritic Stainless Grades and their Applications
Grade UNS Mo. Forms Available Typical Composition (%) Typical Applications
C Cr Mo Ti other

405 8403500 Sheet & Coil 0.06 12.0 - - 0.2A1 Welded fabrications for mildly corrosive environments and in heat resistant
applications.

409 540900 Sheet & Coil 0.06 115 - 0.5 - Heat resistant steel, easily formed and welded. Mainly used for automotive exhausts
or welded applications where superior performance to galvanised steel is
required.

4108 541006 Sheet & Cail, 0.06 12.5 - - - Used for heat resistant applications up to 650° C in power plant and oil refineries,

Plate & Bar where high strength at elevated temperatures is not required.
430 843000 Sheet & Coil, 0.08 17.0 - - - Interior architectural component, stove and automotive trim, Weids tend to be
Plate & Bar brittle.

444 544400 Sheet & Coil 0.02 18.5 20 04 - Heat exchanger and hot water tanks, and in chloride containing waters. Not prone to
chloride stress corrosion - superior resistance to pitting, crevice and intergranular
corrosion. P tlent decp drawing properties.

182 518200 Bar 0.07 1825 |20 - 0.205 | Free machining bar variant of 444, Superior machinability to 303,

3Cri2 541003 Plate, Sheet & 0.02 115 - - - Utility steel uscd primarily in wet abrasion applications. good weldability even in

5Crl2 Coil heavy sections.
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309 " .
. High Cr for High 310 $30815 Higher 3I, N, Ge for
—{ 23cr 13.5Ni 25Cr 20Ni 21Gr 11Ni Scaling Resistance
6.15¢ Termp Oxidation 012 Creep Strength,
Resistance & Stable Microstructre
317 Higher Mo
_‘ 19Cr 13N for Greater
3.25Mo. Pitting
0.07C Resistance
I8 3160
|| 7ceian | MoAdded 17Cr 12N, | Low G For
2.25Mo N 2.25Mo. Reasistance to
0.06C For Pitting 0.03C $ensitization
305 Higher Ni for
— 18Cr12Ni Lower Work
0.08C Hardening Rate
305 Lower C! 304L Low C For 321 i
— 18.5Cr oNi 18.5Cr 9.5Ni 18Cr 10Ni 3:';::;:\“
0.06C For impraved o.03c Resistance to 0.06C, Ti
Weldability Sensitization
302 202
oo T e
0.08C 9Mn 0.15N i
0.12C
Basic Alloy
301 Lower Cr, Nil <01 i Lower Cost
— 17Cr 7Ni For Higher Work 17Cr 4.5N: Replacemant
0.08C Hardening Rate 6.5Mn 05N | por5pq
0.12C
503 § Added
L 1?]9"‘29(:”" For Free
g maghinin
0.255 "nng

Fig. I Austenitic Stainless Grades

The family of ferritic steels is il- s Higher Cr, Mo for
lustrated in Figurc 2 and listed in Table 18.5Cr 2Mo 'a"rfg";ft‘l’:g@’"“'

2. Their corrosion resistance is generally 0.02C, Ti(Nb)

less than that of the austenitic alloys, and

Gorrosion Resistance

s0 most of their applications are in non- 430 acr2 D e itic
aggressive environments (such as Grade 17Cr 0.08C 1cr Grade. Weldabie in

430 for some refrigeration cabinets) or Heavy Section

for non-decorative components. A par- Basic Alloy Low r

ticularly useful ferritic grade is 1.4003/ 409 Lower Corrosion Resistance,
UNS $41003 (also known by proprietary 11561 0.06C 3\"::’;;‘:3&‘“ Improved

designations 3CR12 or 5CR12). This
grade finds wide usage in wet abrasion

resisting applications particularly in coal, 4108 ,L:grﬁ;"(i:&m"y
. . . 12.5Cr 0.06C L

sugar and mineral handling, but its low Applications

alloy content does not totally prevent

corrosion. A very similar alloy is grade w5 Lower Gr Alloy

409. This titanium stabilised ferritic 13Cr 0.06C More Weldable
grade is widely used in auto exhaust and Al Than 4108
catalytic converter applications.

Fig. 2 Ferritic Stainless Grades



3.3 Duplex Austenitic/Ferritic
and Super Duplex Stainless
Steels

3.3.1 Duplex Austenitic/Ferritic

Duplex stainless steels are alloys of iron with higher
chromium and lower nickel than the austenitic alloys. They
also have small (0.1 to 0.2%) levels of nitrogen and usu-
ally contain molybdenum. These duplex alloys have a two
phase microstructure typically with 45 to 65 % ferrite and
55 to 35% austenitc. They are magnctic and have
weldability similar to austenitic alloys although the heat
input must be controlled to prescrve the microstructure.
They are stronger and more resistant, to stress corrosion
cracking and pitting corrosion, than austenitic stainless
steels. They have thermal expansion cocfficients near that
of carbon steels. A disadvantage is their embrittlement
after extended periods above 300TC.

3.3.2 Super Duplex Stainless Steels

Super duplex stainless steels arc often referred to in
the literature as *25% Cr” duplex grades, but are usually
defined as those with a Pitting Resistance Equivalent
number (PREN) of at least 40, calculated as PREN = %Cr

+3.3x(%Mo + 0.5%W) + 16x%N. The PREN is an indcx
that provides a simple ranking and is applicable to most
grades. Tungsten has also been found to have a beneficial
effect on PREN and a value of 1.6%W has been used.
Both calculations arc shown in Table 3. Most manufac-
turcrs would guarantee all their product as complying with
this definition, The commercially available wrought du-
plex and super duplex grades at present are shown in Ta-
ble 3. Note that some of these are much more readily avail-
ablc than others.

More precautions need to be taken in the welding of
the super duplex alloys because their high alloy additions
hasten the onset of embrittlernent at elevated temperatures.
Alloy segregation effects are also more common with the
super duplex gradcs.

3.4 Martensitic Stainless Steels

Thesc steels are alloys of iron and chromium, which
can be hardened by heat trcatment. They are magnetic.
Generally speaking, they are difficult to weld, due to their
susceptibility to hardening in the weld zone, Pre- and post-
heating is required.

They are mainly used in bar form, because of their
high mechanical strength, and the difficultly in avoiding

Tuble 3: Duplex and Super Duplex Stainless Steels (nominal values)

Grade UNS No Cr Ni Mo N Cu w PREN | PREW
2304 $32304 23 4 0 0.1 - - 25 25
2205 831803 22 5 3 0.15 - - 34 34
Ferralium 255 8532550 25 5 3 0.2 2 - 38 38
2507 832750 25 7 4 0.25 - - 42 42
Zeron 100 $32760 25 7 3.5 0.25 0.7 0.7 41 42
URS2N+ §32520 25 6.5 3.7 0.25 1.6 - 4] 4]
DP3W 839274 25 7 2.7 0.27 0.4 2.0 38 42

Table 4: Common Martensitic Stainless Grades and their Applications

Grade UNS. Forms Typical Analysis (%) Typical Applications
No. No. Available
C Cr Ni Mo Other
410 541000 | Bars 0.10 12.5 - - General purpose grade for use in mildly corrosive environments.
403 540300 | Bars 0.15 13.0 - - | Capable of artaining higher hardness than 410,
416 541600 | Bars 0.10 12.5 - - 0.20 § | Free machining variation of 410.
420 542000 | Bars 0.25 12.5 - - | General engineering uses, such as pump and valve shafts.
420C - Sheet & 0.30 12.5 - - - | Developed for high hardness after heat treatment, Used for cutting
Coil, tools, surgical kmives, etc.
Plate &
Bars
431 543100 | Bars 0.18 16.0 20 - - | Hardenable steel with corrosion resistance approaching 302. Used
for pump shafts etc. Should be double tempered after hardening.
440C 544004 | Bars 1.10 17.0 - 0.40 - | Capable of being hardened to 60 HRC. Highest hardness and
abrasion resistance of all the stainless steels. Corrosion registance
similar to 410.
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distortion when heat treating light sheet metal components.
A family of steels have cvolved (Table 4) with varying
carbon contents to provide a range of strength and hard-
ness levcls, as illustrated in Figure 3

Thesc grades are usually supplied either in the an-
nealed condition or hardened and highly tempered so that
subsequent machining can be carricd out. As for the other
steels the hardness achievable after hardening heat treat-
ment is largely a function of carbon content. Typical ap-
plications ar¢ pump shafts, thread fasteners and valve spin-
dles. The free machining grades are readily machined but
suffer from localiscd corrosion and ¢xfoliation.

3.5 Precipitation Hardening

... Chapter 3. .

Stainless Steels

Precipitation hardcning stainless steels are iron, chro-
mium and nickel alloys with other additions, such as cop-
per or aluminium. They are high strength alloys which
must be heat treated to give the balance of corrosion re-
sistance and strength. They are classified into three sub-
groups of martensitic, semi-austenitic and austenitic. The
formation of intcrmetallic phases or precipitates gives their
high strength. The martensitic and semi-austenitic grades
arc readily weldable but the austenitic grade, becausc of
the austenitic weld structure and liquation cracking, re-
quires carce for welding. The other grades do not require
preheat but will require ageing to provide optimum prop-
erties.

The principal advantage of these grades 1s

p Addod Gr that they can be purchased in the solution trcated
| teceani | Forincreased condition, in which the steel can be machined. A
0.18C Carrosion Resgistance . . )

final relatively low temperature aging trcatment
o Added S then lifts the strength significantly. Because this
— e For Free . treatment is low temperature, distortion is mini-
— mised $o it is possible to readily heat treat long
o - pr7 — sha‘tfts. The most common grade is 17/4 PH (a.lso
12Cr0.1C 125crozsc [ (12AMFQ) 170¢ 1.4C referrcd tO_ as UNS $17400 or Gradc 630), }Vhlch
SRy e finds a,ppllcatfon in boat ShE'lftS, threaded fasten-
L 202 improved  For Higher Strength ers, pump shafts and valve spindles. Grade 17/7PH
13cro.q5¢ | Joushness o Hardness (Grade S17700 or 631} is used for manufacturing

Yield 1o 10 1700 ovenpy VTS Typical analyses are given in Table 5.

Stress (MPa) :JF' TO 1000

1 I |
Hardness (HRCYUP TO 45 Up TO 50

I
UP TO 60

STRENGTH & HARDNESS t EVELS IN HARDENED & TEMPERED CONDITION

Fig. 3 Martensitic Stainless Grades

Tuble 5: Typical Compositions of Some Precipitation Hardening Stainless Steels
yP P ) J? g

UUNS No Name Composition (%)

Cr Ni C Mn Si Cu Mo Ti Al Other
$17600 StainlessW 1675 | 6751 007 050} 050 - - 080 0.20 -
5174000 17-4PH 1560 | 425| 004] 040| 050 3.60 - - - | Nb+Ta 0.25
845000 Custom 450 (xM-25) 1490 | 650 003 | 030 025) 150| 0.80 - = | Nb+Ta0.25
£13800 PH 13-8 Mo(xM-13) 13.0 | 800 0.04 | 0.05| 005 -1 225 - | 100 0
Semi Austenitic
817700 17-7PH 1700 | 7.00{ 007 070} 040 - - - 1.15 -
§15700 PH 15-7 Mo 1500 | 7.00| 007 0.70| 0.40 -1 225 -| L15 0
83500 AM-350 1650 | 425} 0.10| 075} 035 -1 275 - - NO.10
Austenitic
. 17-10P 17.00 | 1650 | 0.12| 0.75| 0.50 - - - - P0.28
566286 A286 1500 [ 25.00] 006 1.20| 0.50 -{ L20| 200 025 vV 0.30
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Chapter 4

TYPES OF CORROSIVE ATTACK

Stainlcss steels are more resistant to morc corrosive
agents than any other commonly used metals. They are
most satisfactory in oxidising environments. However, since
stainless stecls rely for their corrosion resistance on the
maintenance of a thin, self healing passive oxide film, they
are susceptible to various forms of localised attack when
the passive film breaks down. The various types of corro-
sion which can be encountered are listed below. Stress
corrosion cracking, crevice corrosion, intergranular cor-
rosion and galvanic corrosion are more likely to be associ-
ated with welded structures.

4.1 General or Uniform
Corrosion

This type of corrosion results from ¢ven dissolution
or oxidation of the steel surface. It is usually only encoun-
tered with stainless steels in highly corrosive environments,
such as strong reducing acids, which may cause the sur-
face to go “active”. If stainless steels are used in such en-
vironments, then selection will be basced on iso-corrosion
curves or tabulated data and probably trial exposures. Fig.
4 shows the 0.1 mm/ycar corrosion rate contours for
304(18-10), 316 (17-12-2.5) and othcr alloys with higher
alloy content. These curves must be used with carc as
chlorides severely increasc corrosion rates while oxidising
cations can reduce corrosion rates substantially.

When stainless steels are used in high temperaturc
environments, alloys with higher chromium and/or silicon
or aluminium offer more resistance, cspecially when al-
loyed with rarc carths, ¢.g. cerium or yttrium. Sulphidation
attack also results in general loss although the attack is by
finger-like penetrations. High temperature corrosion is dis-
cussed in section 7.5.

4.2 Pitting Corrosion

This type of corrosion is more commonly encoun-
tered with stainless steel. 1t can be caused by a number of
factors, acting singly, or together. These are:

(1)  Exposure to solutions containing halide salts. Pit-
ting may occur depending on the concentration of
the salt solution (which can increasc with time due
to evaporation cffects), the temperature of the solu-
tion, the velocity of the solution, and the grade of
stainless steel. The more highly alloyed grades,
particularly the molybdenum bearing grades, arc
more resistant to pitting corrosion in these environ-
ments.

(1)  Surfacc contamination and deposits. Contamina-

tion by iron particles on the surface can lead to “rust”

spots and pitting due to the conversion of the iron to
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Fig. 4 Isocorrosion Diagram, 0.1 mm/yr, for Austenitic Stainless
Steels in Naturally Acrated Sulphuric Acid of Chemical Purity.
Broken-line curve represents the boiling point.
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ferric chloride, an aggressive corrodant of staintess
steel. Carc must be taken to remove such contami-
nation (from grinding wheels, for example) by acid
clcaning prior to service.

Surface deposits causcd by scaling or the growth of

bacteria or algae can also promote pitting.
(iii) Inclusions in the steel. In the free machining stain-
less steels, manganese sulphide inclusions are in-
corporated in the steel to act as chipbreakers to fa-
cilitate machining. These inclusions can act as pit
nucled, so that the free machining stainless stcels
are generally more susceptible to pitting corrosion
than the lower sulphur types, and should be used
with care in environments which can promote pit-
ting attack. The titanium or niobium carbides in
stabiliscd austenitic stecls can also act as nuclea-
tion sites.

(iv)  Surface finish. Rough surfaces are more likely to
causc localised variations in concentrations of the
solution in contact with the surface. If conditions
are severe enough 10 cause pilting on a polished
surface, the pits will tend to be fewer, but larger

than those cncountered on a rougher surface.

The resistance of stainless steels to pitting corro-
sion increases as the chromium, molybdenum and
nitrogen contents are raised, generally as given by
the Pitting Resistance Equivalent Number (PREN).

4.3 Crevice Corrosion

This is due to the change of chemical composition of
a corrodent within a crevice. It can commonly occur in a
poorly designed joint incorporating a tight crevice, or un-
der blankets of chemical deposits or scale on the steel sur-
face. Itis the result of the formation of a local concentra-
tion cell due either to the deoxygenation of the liquid in the
crevice, compared with the liquid outside the crevice, and/
ot the preferential build up of detrimental ion species, such
as chloride 1ons, within the crevice. The crevice created
by oxide produced during welding or cutting is particu-
larly harmful. The metal in a thin layer beneath the oxide
1s depleted in chromium and hence has less corrosion re-
sistant than the base metal. The galvanic and concentra-
tion cells produced can rapidly cause crevice attack which
usually leads to pitting.

Design to eliminate the crevice, or select a more crev-
ice corrosion resistant alloy if the crevice cannot be elimi-
nated. Generally speaking, the higher the chromium, mo-
lybdenurm and nitrogen content of the steel, the better is
the crevice corrosion resistance. Steels with high PREN
values also have high resistances to crevice corrosion. This
can be measurcd by cxposure tests (ASTM G438) or
electrochemical measurements.

4.4 Intergranular Corrosion

This form of corrosion occurs when the corrodent
prefercntially attacks a second phase precipitated in the
metal grain boundary, or a zone adjacent to it, which has
been depleted in an alloying element necessary for adequate
corrosion resistance. This results in sensitisation and ‘weld
decay’ in stainless steels, where chromium depletion oc-
curs near the grain boundaries in the weld zone, due to
chromium carbide precipitation at the grain boundarics.
It is caused by incorrect heat treatment, or cxcessive time
at sensitising temperature in the weld area, The higher the
carbon content of the steel, the more rapid and severe is
the sensitisation. An example of this type of failure is shown
in Fig. 5.

Fig 5 Intergranular Corroston in an Austenitic Stainfess
Steel

Intergranular corrosion can be overcome by specify-
ing L grades, e.g. C<0.03% for austenitic stainlcss stecls,
using very thin scctions or low heat input. Material in a
solution annealed condition is not susceptible as the grain
boundary precipitates have been redissolved. It can also
be prevented by the use of stabilised stainless steels e.g.
Grades 321 or 347. Duplex austenitic-ferritic alloys arg
very resistant to sensitisation.

Testing to determine the degree of scnsitisation in
welded or heat treated stainless steels should be carried
out as specified in AS/NZS 2038 and ASTM A262. Tests
for intergranular corrosion of ferritic stecls are contained
in ASTM A763. Further details of this problem and its
prevention are given is scction 5.4,



4.5 Environmentally Assisted
Cracking

This is the premature failure of a metal under the
joint action of corrosion and tensile stress as shown in Fig.
6. Ttincludes stress corrosion cracking (SCC), hydrogen
embrittlement, sulphide stress cracking and corroston fa-
tigue.

As a guideline, austenitic stainless steels are pronc
to stress corrosion cracking in the presence of chloride (or
other halide) containing neutral pH aqucous solutions at
elevated temperatures, around 601 C or above. SCC has
been reported at lowcer temperatures but only with high
stresses and very long initiation periods. The problem can
be avoided by modifying the environment e.g. lower tem-
perature, solution annealing, use of inhibitors cte. where
feasible. Ifthis is not possible, other stainless steels, such
as Grade 444, high nickel alloys containing greater than
30% nickel, or duplex austenitic-ferritic alloys may be
specified.

Fig. 6: Stress Corvosion Cracking in a Grade 304 Stainless
Steel Hot Water Vessel

Sensitised austenitic stainless steels are subject to
room temperature polythionic stress cracking and
intergranular SCC in high temperature, high purity water
containing oxygen. Austenitic stainless stcels also suffer
caustic cmbrittlement at temperatures above 100Y C with
caustic concentrations above 25%. A further cracking
problem with austenitic grades is liquid metal embrittlement
caused by lower melting point metals such as zinc or cop-
per. This may arise if welding galvanised and stainless
stcel components.

Martensitic and ferritic steels are susceplible Lo hy-
drogen embrittlement,

Test procedures for assessing the susceptibility of
stainless steels and stainless steel weldments to stress cor-
rosion arc covered in ASTM (36 and C692 while NACE
TM-0177 gives test procedures for assessing SCC.

4.6 Galvanic Corrosion

This can occur when two different metals in contact
are exposed to a conductive solution. The tendeney for
galvanic corrosion (o occur between any pair of metals
can be estimatcd from the clectrochemical serics; the fur-
ther apart they are on the series, the more likely corrosion
is to occur. When considering stainless stecls, the possi-
bility of either active or passive states mean it may dis-
solve or be protective depending on condition. In the case
of a few metals, it is possible to use the series to predict
the direction of the galvanic reaction. In general, the se-
ries should only be used as a rough guide, as it can be
misleading. The degree of corrosion is greatly affected by
the relative arcas of the two metals, the concentration of
the solution, the temperature and the velocity of the solu-
tion, to name only a few of the relevant factors.

Galvanic corrosion may occur in a weld if the previ-
ously molten zone is electrochemically different from the
parent metal. The anodic metal will be dissolved, and the
cathodic metal will be unaffected. Ideally, the anodic metal
should be the onc with the larger area, i.e. the parent metal,
and care must be taken with selection of filler metal to
ensure that the weld zone is at least as corrosion resistant
as the base metal.

4.7 Microbially Influenced
Corrosion (MIC)

For decades, MIC has been widely recognised as a
factor in corrosion in the oil industry, the pulp and paper
industry and sewage systems. In the last 20 years, MIC
has been more widely recognised in, for example, water
and aqueous waste systems including hydrotest fluids. MIC
is generally encouraged by high nutricnt levels, near neu-
tral pI1, stagnant conditions, warm temperatures and crev-
ices or surface roughness or deposits. Microbial activity
may cause slimes or deposits and hence MIC is inherently
a promoter of localised corrosion.

Control of MIC rcquires clean conditions both gen-
erally and locally. Biocides can be effective provided thcy
arc matched to the infestation. Diagnosis is a specialised
process and various test kits are available. Change of
materials is often ineffective, ie stainless steels may suffer
severe attack .
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WELDING PROCEDURES TO
MINIMISE CORROSION

Any form of unsoundness or variability in stainless
steel 1s a potential source of pitting, crevice, stress,
intergranular or galvanic corrosion.

The corrosion resistance of stainless steels can be
impaired in the following ways:

(a)  Surface preparation contaminating the parent
matcrial (¢.g. embedment of mild steel or other
foreign material);

(b)  The weldment having reduced or incompatible
corrosion resistance;

(¢)  The heat affected zong becoming susceptible to
corrosion (e.g. intergranular corrosion due to
chromium carbide precipitation);

(d)  The welding process may result in high stresses in
the weld region or distortion of the structure,
These stresses are often higher in stainless steels
due to their higher coefficient of expansion and
lower thermal conductivity compared to mild
steel. High stresses can lead to cracking or stress
corrosion cracking in service;

(e)  Failure to clean and passivate the weld area after
completion of welding will lead to reduced corro-
sion resistance. Welding defects such as lack of
fusion, insufficient penetration, hot cracks,
porosity and slag inclusions, undercut, slag or
spatter may reduce the corrosion resistance. The
acceptance of crevices needs carcful consideration
with regard to the possibility of crevice and
pitting corrosion, High temperature (dark) oxide
scale residues also result in reduced corrosion
resistance.

Details of welding procedures including filler elec-
trodes are given in WTIA Technical Note 16 and AS/NZS
1554 Part 6 “Welding of Stainless Steels”. Procedures for
cleaning and passivation of stainless stecl are given in Sce-
tion 6 of this Technical Note.

5.1 Selection of Welding
Techniques

Since the corrosion resistance of stainless steels is
controlled by the chromium content of the steel surface,
all fusion welding should be carried out with appropriate
shiclding to prevent chromium loss by oxidation. (as tung-
sten arc welding (GTAW) or gas metal arc welding
(GMAW) processes are particularly suitable. For GTAW,
argon, helium, or mixtures of the two can be used. Argon-
hydrogen mixtures are used to increase welding speed but
are only suitable for use with austenitic grades as the hy-
drogen causcs embrittlement of ferritic and martensitic
grades. For GMAW, argon-oxygen mixtures or argon con-
taining small quantitics of COz can be utilised. Helium or
helium-argon mixtures may also be used with additions of
oxygen or CO:. However, to cnsurc maximum
intergranular corrosion resistance in ferritic alloys such
as Grade 444, the non CO: containing gascs only should
be used.

Submerged arc welding is an accepted method for
the welding of thick stainless steel scetions. Resistance
spot and seam welding are suitable for thick sheet. Where
manual metal arc is used, electrodes must be low in hydro-
gen to prevent formation of cracks and fissures. Auste-
nitic stainless steels are readily welded by electron beam
and laser processes but they may suffer hot cracking at
compositions that would be safe if arc welded. This is
because of the deep, narrow weld bead and rapid cooling
cspecially in thicker materials, In all shielded welding,
imperfections which permit nitrogen access, will reduce
the ferrite level and may cause cracking or, in the case of
duplex, poor phase balances.

Control of penetration can be assisted by welding
into a backing bar or using backing tapes. However ex-
treme care should be exercised in selection of such tapes
as some fibreglass tapes can deposit carbon on the back of



the weld, leading to sensitisation and weld embrittlement.
Generally ceramic block type backing tapes are satisfac-

tory.

5.2 Selection of Welding
Consumables

The preferred types of consumables for each of the
grades given in Tables 1 to 4 are given in Technical Note
6. Welds in austenitic stainless steels are susceptible to
various forms of hot cracking, centre line cracking and
micro-fissuring. Fully austenitic welds are the most sus-
ceptible, and selecting filler metals to provide welds of
composition which solidify as austenitic with the minimum
% of the ferrite in the structure (0-10%) will greatly re-
duce this cracking tendency. A composition diagram in-
troduced by Schaefler and modificd by De Long and later
by the WRC (Fig. 7), can be uscd to predict the amount of
ferrite obtained with welds of a given dilution, when weld-
ing a stainless steel grade to the same grade, another grade,
or even to mild steel. The amount of ferrite required ta
prevent hot cracking is dependant on the level of impurity
elements in the steel. The higher are the sulphur, phos-
phorous, boron and oxygen contents, the more ferrite is

required.

[t is important that the weld metal should have a
higher corrosion resistance than the base metal to ensure
against galvanic corrosion of the weld. As the weldment
usually constitutes a smaller surface area than the base
metal, it must not be anodic. It is possible to use auste-
nitic filler wires with ferritic stress corrosion resistant
grades, such as Grade 444, without problem since the weld
arca is galvanically protected by the base metal, and is
thercfore not subject to stress corrosion attack.

Duplex austenitic/ferritic weld metal can suffer pref-
erential attack on the ferrite phasc in certain environments,
particularly strong acids. Hence highly alloyed filler wircs
may have to be specified to produce single-phasc auste-
nitic welds for certain critical applications. It is also com-
mon to use super duplex filler wires when welding stand-
ard duplex grades (e.g. 2205) destined for highly corro-
sive environments.

For ferritic and martensitic steels, ferritic filler wires
can be used when the weldment is to be subsequently heat
treated. When used in the as-welded condition, austenitic
wires are preferred to produce duplex weld structures which
are ductile and corrosion resistant.

The WRC-1992 Diagram
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5.3 Weld Stressing and Distor-
tion

Heavy distortion and stressing of a fabrication can
lead to cracking and stress corrosion problems.

The ferritic and martensitic stainless steels have co-
efficients of expansion about 10 per cent less, and thermal
conductivity about 50 per cent less, than mild steel, so that
their tendency to distort during welding operations is simi-
lar to that of mild steel.

Austenific stainless steels, however, have a coeffi-
cient of expansion up to about 50 per cent higher and ther-
mal conductivity about 65-70 per cent lower compared to
mild steel; consequently the distortion and stressing as-
pects are much greater.

The distortion can be controlled with chill plates, usu-
ally copper, placed closc to the weld zone. These are often
further incorporated into jigs and fixtures which give even
more control. Controlling distortion by minimising heat
inputs and avoiding excessive weld deposits is most cffi-
ciently achieved by increasing travel speed. Lower heat
input also has beneficial effects on the weld zone micro-
structurc by avoiding or reducing the possibility of car-
bide precipitation, which can lead to intergranular corro-
sion.

5.4 Techniques to Reduce
Intergranular Corrosion

The stainless steel microstructure becomes suscepti-
ble to intergranular corrosion in certain media when the
weld or heat-affected-zone (HAZ) remains within a criti-
cal temperature range (425°C to 815°C) for sufficient time,
Chromium in the grain boundary regions combines with
carbon to produce carbide networks, depleting the near-
grain-boundary area of chromium. This depleted zone or,
in certain media, the carbides themselves, tend to dissolve
preferentially giving the phenomenon of weld decay.

The Time-Temperature-Sensitisation relationships for
the common Grade 304 austenitic grade, with different
carbon contents, are illustrated in Fig. 8. This shows that
a steel with 0.058% carbon can be held at 700°C for about
6 minutes without suffcring intergranular attack in subse-
quent corrosion testing. Note that the time at temperature
is cumulative, i.c. a weld followed by a weld repair means
all the time in the susceptible range must be added together.

Such a typical Grade 304 composition can rcadily
be welded in moderate thicknesses without problem since
the hecat input would not be high. With heavy plate thick-
nesses, however, the time in the critical region can be much
longer, so thata lower carbon content is required. A Grade
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Fig. 8 Time-Temperature-Corrosion Diagram for Grade 304 Steel of Varying Carbon Content



3041 steel, containing less than 0.03% carbon, can be seen
from Fig. 8 to be capable of being heated for up to 10
hours without suffering sensitisation.

In weldments, sensitisation can occur in the weld or
heat-affected-zone (HAZ) where time-temperature relation-
ships for the particular compaosition and steel type arc ap-
propriate. The use of stringer beads and multipass, low
heat input procedures (rather than weaving), will reduce
the probability of scnsitisation.

Intergranular corrosion of welded austenitic steels 1s
dependent on the degree of sensitisation produced in the
HAZ and the corrosivily, It is frequently over-emphasised.
The degree of sensitisation is dependent on the time spent
in the critical temperature range, and hence to a large ex-
tent is determined by the thickness of steel to be welded.
Experience has shown that austenitic stainless steels with
the following maximum carbon levels will not usually be
sensitised to a degree which will seriously impair corro-
sion resistance:

Upto 1 mm 0.10%C  (e.g. 301)
3 mm 0.08%C
12 mm 0.06%C  (e.g. 304)
19 mm 0.05%C
25 mm 0.04%C
>25 mm 0.03%C  (e.g. 304L, 316L)

These are generalisations. Welding of complicated
sections, or of heavy sections to light sections, with higher
heat inputs would lower these recommended maximum
carbon contents, as would the use of higher heat input
welding processes, such as submerged arc. With careful
selection of welding parameters heavier sections can be
handled successfully, however, qualification procedurcs arc
advisable.

The second technique for avoiding sensitisation is to
use “stabilised” grades of stainless steel. Grade 321 (sta-
bilised with titanium) is available in heavy thickness plate.
Because titanium has a higher affinity for carbon than does
chromium, exposure to sensitising temperatures does not
result in chrommm depletion from the near-grain bound-
ary zoncs, Notc that because tlanium is not readily trans-
ferred through a high temperature arc the filler wire used
1o weld Grade 321 is 347, stabilised with niobium.

The problem of sensitisation can also be overcome
by re-heat treatment. By heating the austenitic steels to
between 1000°C - 1100°C, the carbide networks are
redissolved and rapid cooling by water quenching or air
cooling, depending on size, prevents their re-precipitation.
Stress-relief at 900-950°C followed by slow cooling can
be particularly harmful. Carbides, nucleated at the high
temperatures, grow during cooling and can rcadily cause
the development of 'an extremely narrow scnsitised region
- even in low carbon grades. Stress-relicf at or above

1000°C followed by slow cooling is less harmful.

Due to scaling, distortion and often the size of the
fabrication, heat treatment is not always a practical solu-
tion. Selection of a stabilised or exira low carbon (L)
grade is often more appropriate.

5.5 Special Precautions

With the stabilised grades there 1s a form of corro-
sion, known as “knife-line” corrosion. This occurs only
with high concentrations of hot nitric acid. Although some-
what similar to intergranular corrosion, this cannot be over-
come by solution heat treatment. The cause of this corro-
sion is the presence of niobium or titanium-rich eutectic
carbides formed from the liquid phase in the weld pool.
These carbides are readily attacked by hot concentrated
nitric acid. The corrosion is typificd by a finc linc of at-
tack adjacent to the weld mctal,

The use of low carbon “L” grades of stainless steel
(less than 0.03% carbon) with which carbide precipitation
does not occur within the practical times involved, is the
commonly aceepted solution to intergranular corrosion and
“knife-line” corrosion.

The ferritic and martensitic stainless steels are more
susceptible to sensitisation than austenitic steels, and in
the sensitised condition are allacked by a wider vanety of
corrodents. Sensitisation cannot readily be removed by
heat trcatment, and can only be controlled by use of a sta-
bilised grade. Particular care must be taken to completely
shicld the molten weld pool from air when welding ferritic
grades. These alloys readily absorb nitrogen which can
cause sensitisation, even in stabilised grades. The auste-
nitic alloys are tolerant of nitrogen contamination and can
readily absorb over 0.1% without nitride precipitation. Ni-
frogen is , however, a potent austenite stabiliser and crack-
ing problems commonly associated with fully austenitic
deposits may arise unexpectedly from this source.

With some of the ferritic grades, martensite forma-
fion in the weld area can oceur, so that equal care in pre-
and post-weld heat treatment is needed. Stabilised grades
have their composition balanced so that martensite can-
not occur, and special heat treatment is not required. With
high heat inputs these latter steels may suffer from severe
grain growth in the weld region, leading to some loss in
toughness and ductility. Optimum weld properties are pro-
duced with these sieels if the heat input 1s controlled to as
low a level as possible, consistent with the requirement to
ensure full penetration.

The higher alloyved super austenitic and super du-
plex grades are susceptible to embrittlement due to pre-
cipitation of iren-chromium sigma phase especially in the
presence of molybdenum or other heavy elements. Sigma
phase also reduces the corrosion resistance especially if
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dispersed along grain boundaries. This phase forms at tem-
peratures between 560 and 980°C with a maximum rate
of formation about 825 °C although this depends on the
alloy composition, Highly alloyed “super” grades are also
subject to embrittlement from other precipitated phascs if
held at temperatures above 300 °C for extended periods.
Fig. 9 illustrates several of the possible phases which can

form.
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DESIGN AND FABRICATION
FOR MAXIMUM LIFE

Design, material selection, fabrication and cleaning
must be considered at the outset when welded stainless
steel fabrications are being planned.

Each of these aspects has a critical bearing on the
service life of the welded fabrication.

As plant fabricated from stainless steel components
ages, owners and operators alike need to be aware of the
available options; repair, replace or leave untouched. It
may be necessary to carry out a remanent life assessment
to determine the best one. However the available life of
such plant can be extended by using various methods to
get the most life from the plant.

6.1 Design

The design of stainless steel fabrications must take
account of those factors which can reduce the life of the
structure by localised corrosion. Some of these factors
are illustrated in Fig. 10.

Surfaces should always be smooth and streamlined.
Obvious problems such as surface defects, inherent or in-
troduced during fabrication, such as slivers, scratches,
scoring, foreign metal pick up, weld slag inclusions and
porosity can all be initiators for pitting and gencral types
of corrosion. The finish is mostly dictated by end usc,
however it should always be the best attainable.

Crevice conditions such as in open laps must be
avoided, comers should be rounded. Butt joints are pre-
ferred to fillet joints as they maintain surface continuity.

In vessels, free dramnage should be incomporated to
reduce sediment deposition problems and ensure ease of
cleaning. Surface to volume ratios should preferably be
low, and the vessel either completely filled or adequately
vented to prevent condensation, evaporation and concen-
tration effects in the air space, leading to accelerated cor-
rogion. Distribution of mechanical stresses in fabrications

used for stress corrosion prone applications can be modi-
fied by design. In addition, a stress relieving or annealing
treatment can be included. The high thermal expansion
coefficient and low thermal conductivity of austenitic stain-
less steel ( in comparison to carbon steel or ferritic stain-
less steel) may cause expansion or contraction stresses
during temperature excursions especially if restraints are
poorly designed.

Other components used in conjunction with stainless
steel vessels and equipment such as thermostats, pressure
and volume gauges, pipes, flanges, gaskets etc. must be of
compatible materials on the galvanic series. Crevice con-
ditions and stagnant pocket conditions in the placement
and provision for these items must be avoided. Where
dissimilar metals must be in contact, the exposed area of
the less noble metal should be kept large relative to the
more noble, Gasket materials should be non-absorbent,
and in particular, be free of asbestos and chlorides. Car-
ban (graphitc) loaded gaskets can cause galvanic corro-
sion problems for stainless steels.

Lagging materials for thermal insulation of vessels
or pipework must be frec of chlorides if there is any possi-
bility of these becoming wet - the outside of the vessel may
be more corrosive than its contents!

Tight crevice condilions can sometimes be opened to
advantage allowmng liquid circulation around the compo-
nent by mterspacing with non-metallic, non-absorbing
washers or gaskets, as in Fig. 11. These can also provide
electrical insulation between dissimilar metals. Fig. 12
shows welding design features intended to avoid crevice
formation.

6.2 Fabrication Practices

Stainless steel is a premium material and to obtain
optimum corrosion resistance, its fabrication must follow
cstablished procedures. This requires training and written
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Fig. 10: Design of Stainless Steel Vessels

instructions. Fuller details are provided in AS/NZS 1554.6
and WTIA Technical Notc16 but some important features
arc emphasised below. Particular points to note include:

- Positive identification and control of materials;

. Isolation of stainless steel working arcas and tools
Lo prevent iron contamination from mild steel with
consequent reduction of corrosion resistance.

This includes iron free grinding, blasting and
polishing media;

. Avoidance of burrs on edges or scratches on
exposed surfaces or notches or undercut at welds
as they provide possible crevice corrosion initia-
tion sitcs;

. Preservation of the passive film on the surfacc by
minimising local heating during cutting or grind-
ing of the low thermal conductivity material;

. Avoidance of low melting point metal contamina-
tion (eg, lead, zinc or copper) as it may result in
cracking during heating;

. Matching surface polishing to the as-supplied
finish to reduce the tendency for preferential local
attack;

Tack welding with the same consumables as the
final weld;

Use of PVA tapc rather than PVC and usc of
chloride free marker pens;

Carbon contamination can occur by using marker
pens or greasy handling cquipment or walking on
sheets of stainless steel. If the contaminated area
15 welded, then carbon pickup can give
sensitisation and consequent corrosion problems.

Crevice Washer

N\

Fig 11: Elimination of a Tight Crevice



6.3 Cleaning and Passivation

The cleaning of weld joint areas before and afler weld-
ing 1s most important {0 €nsure mMaxinumm Corrosion re-
sistance of any fabrication. The area must be free of oil,
grease and other contaminants which could otherwise af-
fect the weld composition. The area on both sides of the
weld should be cleaned before welding by brushing with a
clean stainless steel brush and wiping with a solvent mois-
tened cloth,

After welding, weld spatter, flux, scale, arc strikes
and the overall heat discolouration should be removed.
Cleaning of fabricatcd stainless stecl and passivation is a
two stage process comprising removal of soil by solvents
oralkaline detergents followed by either grinding and pol-
ishing, brushing with a stainless steel wire brush, or use of
a descaling or pickling solution or paste. The preferred
procedure is usually dictated by end use. An adherent

Fig. 12 Design Features where Crevices are Created (from
Miller & Boulton, Guide to Stainless Steel Fabrication
Design ...)

oxide layer will then form (the passive film) in air but if
there are aggressive chemicals present, the film may be
defective. Tor this rcason, a passivation process is rec-
ommended for welded and worked areas as it provides a
thicker and more stable passive layer with greater corro-
sion resistance than an air formed film.

Even in benign environments, for optimum cotrosion
resistance, cleaning of welded areas should always be fol-
lowed by a “passivation treatment”. The exception is welds
cleaned by pickling agents which contain nitric acid. These
tunction as both descaling (or pickling) and passivaling
agents. Fig, 13 illustrates the cffect of welding on the pro-
tective chromium oxide layer. If the only process 1s re-
moval of the welding tint or s¢ale, then the exposed sur-
face has a depleted chromium content and 1s more suscep-
tible to corrosion.

High temperature oxide formed during welding, t=1000 A

\\'\, Natural passivi layer, t=20-40A

,
%,

/? ' - N
'ﬁm blF “\\
¢ “ \F‘arent Metal
Weld lchromium-depleted
J[ zone, t=200-2000A
” The interference of the high-temperature oxide
|
J
Green| Blue Brown
2mm { 3Imm 3-6mm

Fig. 13 Oxides Formed on the Root Side During Welding of
Stainless Steels - A General Characterisation.

The importance of the pickling and passivation of
stainless steel fabricated structures cannot be overempha-
sised. Its beneficial effects are threefold, namely:

a) Pickling removes the weld scale and
discolouration. In aggressive media, the lower
surface chromium content under the
discolouration, and the masking cffect on the
surface, can lcad to a form of crevice corrosion in
the weld or HAZ. Crevice attack frequently
initiates severe pitting attack if chlorides are
present;

by  Removal of iron contamination which can be
picked up during fabrication and which can lead
to the formation of “Tust” spots and pitting attack;
and
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Table 6. Acid Descaling and Cleaning Techniques for Stainless Steel ©

Alloy Condition Solution (vol %) Temperatre (°C)  Time (min)
Acid Descaling (Pickling) Solutions
200, 300 and 400 series; Fully annealed H;80,, 810 11% 65 5t045
Precipitation hardening, and
maraging, except free machining
200 and 300 series; 400 series Fully annealed HNO;, 15t025% and HF, 1t0 20 to 60 510 30
(+16% Cr), precipitation hardening 4%
except free machining
Free machining and 400 series Fully annealed HNO;, 10 to 15%, and HF, 200upto60with Sto 30
(<16% Cr) Yato 12 % caution)
Nitric-Hydrofluoric Acid Cleaning Solutions
Removes residual scale particles and smut; produces a uniform white pickled finish.
200 and 300 series, 400 series (>1 Fully aonealed HNO,, 6 to 15%, and 20w 60 10
6% Cr), and precipitation hardening HF Y to 1Y%
Free machining, maraging and 400  Fully annealed HNO,, 10%, and HF Yato 1%4% 20 (up to 60 with 1to2
series, (<1 6% Cr) caution)
Nitric Acid Cleaning Solutions
Removes soluble salts, corrosion products, free iron, and other metallic contaminants.
200, 300 and 400 series, Annealed, cold HNO,, 20 to 40% 50t0 70 20 to 30
precipitation hardening, and rolled, or work 20 to 40 60
maraging (>16% Cr) except free hardened (dull
machining finish)
200, 300 and 400 series, Annealed, cold HNOQO;, 20 to 40%, and 45to 55 20to 30
precipitation hardening, and rolled, or work Na,Cr,0,.2H,0, 2 to 6 %emass 20 to 40 60
maraging (>16% Cr) except free hardened (bright
machining finigh)
400 series, maraging, precipitation  Annealed or HNO;, 20 to 50% 45 to 55 200 30
hardening (~16% Cr) and high hardened (dull 20 to 40 60
carbon, straight chromium, except finish)
free machining
400 series, maraging, precipitation Annealed or HNO,, 20 to 40%, and 45 to 55 20 to 30
hardening (>>16% Cr) and high hardened (bright Na;Cr,04.2H,0, 2 to 6 %mass 20 to 40 60
carbon, straight chromium, except finish)
free machining
200, 300 and 400 series, free Annealed or HNQ;, 20 to 50%, and 45 to 55 20 to 30
machining alloys hardened (bright Na;Cr,04.2H,0, 2 to 6 %omass 20 to 40 60

finish)
200, 300 and 400 series, free Annealed or HNO,, 20 to 50%, and 50 to 60 10
machining alloys hardened (bright Na;Cr;04.2H,0, 1 to 5% mass

finish)
200, 300 and 400 series, free Annealed or HNO;, 12%, and 50 to 60 10
machining alloys hardened (bright CuS0,.5H,0 4 % mass

finish)
Special free machining 400 grades HNO;, 40 to 60%, and 50to 70 20to0 30
(>1.25% Mn or >0.40%S8) NayCr;04.2H,0, 2 to 4% mass
Other Acid Cleaning Solutions
Used for general applications
200, 300 and 400 series, (except Fully annealed Citric acid, 1% mass and 20 60
free machining), precipitation NaNQ;, 1% mass
hardening, and maraging
200, 300 and 400 series, (except Fully annealed Ammonivm citrate 5 to 10 50t 70 10 to 60
free machining), precipitation %mass
hardening and maraging
Assemblies of stainless and carbon Sengsitised Inhibited solution 95 6 Hr
steel hydroxyacetic acid, 2% mass,

and formic acid, 1% mass

Assemblies of stainless and carbon Sensitised Inhibited ammonia neutralised Upto 120 6 Hr
steel solution EDTA. Hot watet

rinse. Dip in solution of 10 ppm
NH,OH and 100 ppm
hydrazine




¢)  Passivation assists the establishment of an adher-
ent oxide film on the stainless steel surface which
provides maximum corroston protection or
passivity.

Descaling and passivation solutions and their appli-
cation are shown in Table 6. Some appropriate solutions
can be mixed with constituents such as barium sulphate or
diatomaceous “Fullers earth™ to form a paste which can
be applied to weld discolouration and scale areas in verti-
cal or difficult positions where the solution could not be
contained. “Pickling paste™ is particularly cffective for
descaling, cleaning and passivating narrow weld runs,
Some physical abrasion may be required with pastes in
the field as the temperatures may not be sufficient for rapid
reaction. The acids are very corrosive and adequate pro-
tective measures must be taken especially with hydrofluoric
acid containing mixtures. Following use, neutralisation is
also required before disposal.

Proprietary solutions and pastes are also available.
More detailed advice is available from the NiDI handbook
No. 9001 “Cleaning and Descaling of Stainless Steels™*.
It is important that strongly acid pickling and cleaning
solutions and pastes are completely removed by washing
prior to service. Final cleaning may be minimal if proper
care has been exercised through the preceding fabrication
and cleaning stages. This may be a hot water detergent
wash followed by thorough rinsing.

With fabrications which cannot readily be cleancd
after welding, such as pipelines, it is necessary to arrange
an adequate internal purge with an inert gas to minimisc
discolouration (oxidation) during wclding, This will be
particularly required if the material carried by the pipe is
very corrosive, e.g. hot high chloride waters.

6.4 Maintenance

A major attribute of stainless steels is their low main-
tenance requirement. There are however situations where
continual maintenance checks are critical.

It is important with many fabrications, especially ves-
sels, that at some short time interval after commissioning
they are inspected for corrosion leaks and other possible
problems. The most comumon problems are associated with
iron contamination, porosity or minor cracks in weld ar-
eas, which quickly show corrosion discolouration prod-
ucts around the active site.

Rectification may consist of no more than polishing
to below the pit depth and then passivating the aftected
area. In morc scrious cases where the extent of damage is
more severe a weld repair patch or cover can be welded
over the damaged region preferably using a documented
weld repair procedure. Grinding out a pit followed by a
spot weld repair 1s not recommended as the added heat
input from the weld repair may cause a deleterious micro-

stricture to form which can be prone to further corrosion.

At the same time sedimentary deposits and forcign
matter should be removed and the unit maintained clean.

If there are no indications of any corrosion the inter-
val between further inspections can be appropriately ex-
tended. In practice it has been found that some catastrophic
vessel failures could have been prevented by relatively lit-
tle maintenance.

6.5 Hydrotesting

Once fabricated, many vessels constructed from stain-
less steel are required to undergo pressure testing using a
high pressure water supply in order to check the vessel’s
performance. Often this hydrotesting procedure occurs
prior to commissioning of plant, although regulations may
enforce more inspections at later stages of a vessel’s serv-
ice life. The use of water contaminated with high levels of
chlorde or other corrodents in this procedure can however
lead to corrosion problems often relatively soon after test-
ing. Itis thus strongly recommended where possible that
brackish water, river water and similar waters be avoided
when this type of testing is conducted. Good quality chlo-
ride free potable water is most suited.

In addition, such tests should only be carried out on
clean vessels. Residues from the fabrication process such
as surface iron contamination, welding slag and heat tints
must he removed before hydrotesting commences. [t is
also extremely important once testing has been completed
to dry the vessel. Again, cleanliness is essential, dirty rags
and heavy, contaminated footwear should not be used.

6.6 Safety

Safety in welding is covered in detail in WTIA Tech-
nical Note 7 . This section considers particular issues
that arise for stainless steels, i.e. fume and the use plus
disposal of cleaning and passivation chemicals. It is in-
tended to alert users to particular hazards and is not a
substitute for study and planning before working with po-
tentially hazardous processes.

6.6.1 Fume and heat

Stainlcss steels contain chromium and there 1s a par-
ticular concern about the health risks associated with heavy
metal fume, Ventilation and suitable extraction systems
may be required 1o avoid exposure to dangerous concen-
trations of heavy metal, ozone or other fume depending on
the location and type of weld procedure. Regulations con-
trolling operator exposure o welding fume must be under-
stood and followed. In addition, the low thermal conduc-
tivity of austenitic stainless steels means that heat may
dissipate more slowly than in carbon steels with the possi-
bility of contact with hot items for a longer period.
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6.6.2 Cleaning and Passivation
Chemicals

Stainless stcel weldments are pickled and passivated
using combinations of strong acids including oxidising ni-
tric acid and extremely corrosive hydrofluoric acid. Con-
tact with either should be avoided by use of protective cloth-
ing including safety glasses and gloves and work must be
planned so that handling and the potential for accidents is
minimised. There is some cvidence that long term expo-
sure to low levels of fume can cause problems, and hence
work should be planned to avoid breathing even low levels
ofacid fumes. If pickling pastes are uscd, then during the
pickling period, casual contact with the coated item should
be prevented and suitable warning signs erected. After
use, the acid wastes must be rinsed from the trcated item
and the acid waste neutralised before disposal. Apart from
the damage to waste disposal lines, failure to neutralise
wastes prior to disposal will attract heavy penaltics from
waste disposal authorities.

If acids are spilled onto personncl, then immediate
flushing with copious quantities of water is essential. This
is particularly important with hydrofluoric acid as the acid
is readily absorbed through the skin and can cause long
term lesions and bone damage. Specific safety instructions
for proprictary chemicals such as pickling paste are given
on their containers and on matcrial safety data sheets
(MSDS). Users should be familiar with thesc,



STAINLESS STEEL SELECTION FOR
SPECIFIC ENVIRONMENTS

The corrosion resistance of stainless steels in a wide
variety of corrosive environments has been revicwed and
compiled in a number of publications &-7%%10.26 jpclud-
ing trade literature of stainless steel manufacturers. Selec-
tion of stainless steel grades for specific chemical environ-
ments is not considered in detail here. Where such infor-
mation is required it can be obtained from section &, from
the references listed in the bibliography, or by referral to
the appropriate supplier. It is the purpose of this section
to consider the performance of stainless steels only in en-
vironments of interest to the general fabricator or design
engineer.

7.1 Atmospheric Corrosion

Stainless steels have cxhibited excellent functional
and aesthetic performance in out-door atmospheres for
many years.

The resistance of stainless steels to atmospheric cor-
rosion is dependent on the steel characteristics and the
nature of the atmosphere. Composition, surface finish,
degree of cold working, heat treatment, welding and inter-
action with other materials may all affect performance,
while the corrosion by the atmosphere is markedly affected
by temperature, moisture content, the presence of pollul-
ants and salt spray.

In addition, regular washing of accumulated dirt from
the surface will reduce corrosion and discolouration, Hence
the angle of exposure and access to rain and wind of a
stainless surface will affect performance. Stainless steels
generally resist atmospheric corrosion better if fully ex-
posed to the weather that if under a sheltering canopy.

The 300 series of austenitic steels are generally most
resistant to atmospherie corrosion, and are commeonly used
in architectural applications. The 200 series steels are
also very resistant although very rarely used. The use of
straight chromium, 400 series steels is limited to less ag-

gressive atmospheres. The ferritic-martensitic alloys (e.g.
3CR12/5CR12) offer good functional resistance to mild
atmospheric corrosion, although they are generally not
acceptable for decorative or aesthetic applications. For
simplicity, conditions may be classified into 5 groups; In-
terior, Rural {(very light poltution), Urban (light pollution,
relatively dry), Industrial (heavy pollution) and Marine
(moist, high salt contents, coastal regions).

7.1.1 Indoor Atmospheres

Internal atmospheres are generally dry and hence non-
corrosive. Both 400 and 300 series stainless steels are used
successfully with both smooth and brushed finishes. Prob-
lems can arise in condensing enviromments such as laun-
dries and swimming pools. In the latter case the combina-
tion of chlorine and condensates means that the molybde-
num containing grades are required for adequate corro-
sion resistance although even these may not have adequate
corrosion resistance in very severe swimming pool envi-
ronments.

7.1.2 Rural Atmospheres

In clean rural air, moisture condensing on the stain-
less steel surface is relatively pure and non-corrosive.
Under these conditions, the 17% Cr steel, Grade 430, has
proved to be completely satisfactory, regardless ol surface
finish. Even a ferritic stainless stee] with a chromium con-
tent as low as 13% suffered only light surface
discolouration after 19 years exposure,

7.1.3 Urban Atmospheres

In lightly polluted city areas, all of the 300 series
steel are immune from corrosive attack and maintain a
bright original finish for many yecars, Little difference has
been observed between Grade 304 and the molybdenum-
bearing (Girade 316 because of the low levels of chloride.
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The molybdenum-frec ferritic 400 series steels are not gen-
erally considered satisfactory in building applications,
being subject to pitting corrosion and discolouration.
However, Grade 430 with bright anncaled finish is used
for automotive trim, and maintains its lustre for many ycars.
Provided therefore, that the surface can be regularly
cleaned, Grade 430 material can be and is used for special
architectural applications. The higher alloyed ferritics,
such as Grade 444, offer superior performance to 430 and
304.

7.1.4 Industrial Atmospheres

The corrosivity of industrial atmosphercs is associ-
ated mainly with the prescnce of sulphur compounds, par-
ticularly SOz and SOs;, which combine with moisture to
form sulphurous and sulphuric acid. In addition,
carbonaceous particulate matter from the burning of fuels
acts as nuclei for corrosion cells, leading to pitting attack.

Exposurc tests in industrial atmospheres have shown
performance to be dependent primarily on composition,
and rclatively independent of surface preparation (1.

7.1.5 Marine Atmospheres

Because stainless steel structurcs close to the sea can
be subject to deposition of chlorides from salt spray, mo-
lybdenum containing grades (usually 316) are normally
specificd although even these require periodic cleaning, It
should be noted that pitting and crevice corrosion are heav-
ily dependant upon temperature - “marine” in Cairns is
more severe than “marine” in Hobart. A marine environ-
ment includes structures on the water, such as yachts and
piers, but also extends inland from the shore. The distance
from the shore which is subject to high corrosion rates
may be only one or two hundred metres, or up to ten or
twenty kilometres, depending on wind direction and strength
and scverity of wave action and other factors.

7.2 Corrosion When Buried

Stainless steels are frequently used in vesscls or pipe-
lincs which arc buried in the ground, with or without some
form of surface protection. As with other metals, resist-
ance to soil attack is dependent on such soil variables as
pH, resistivity, total acidity, moisture content, air pore
space, volume shrinkage and chloride content, and to other
variables such as ground water table level, bacterial activ-
ity, stray currents, temperature, cic.

Because of their tendency towards ¢revice corrosion
in the absence of oxygen, stainless steels exhibit suscepti-
bility to corrosion in clay soils with poor drainage. Tapes
and adhesive labels should not be used as they have fre-
quently caused crevice attack. Wherever possible stain-
less stecl structures should be laid in a sand bed to allow

free access of air to maintain aerobic conditions.

The lower corrosion resistant grades such as the
martensitic, ferritic and ferritic-martensitic grades should
not be used 1n underground situations unless the soil con-
ditions are very favourable 1.e. low conductivity well acr-
ated open soils containing low chloride levels. Ina com-
prehensive underground testing program in the USA (2 in
which a range of stainlcss steels were exposed to 15 dif-
ferent types of soils the ferritic and martensitic grades cor-
roded and pitted badly at most locations. A similar test
program carried out in Japan '* showed that ferritic steels
with more than 16% Cr and 1% Mo performed much bet-
ter than the 11-12% Cr grades although both suffered some
corrosion.

Austenitic and the austenitic-ferritic duplex grades
of stainless steel perform much better in underground situ-
ations. Inthe USA testing program mentioned above Grade
302 and 304 grades suffered some corrosion after 14 years
at half the sites whereas Gradc 316 was unattacked. Inthe
Japanese test program Grade 304 and 316 had not suf-
fered any corrosion after five years.

In very aggressive soil conditions such as encoun-
tered in tidal zones where anaerobic high chloride water
logged soils exist even Grade 316 can suffer pitting and
crevice corrosion. For such conditions the higher alloyed
austenitic grades ie 904L or Alloy 28 ™ and the more
corrosion resistant duplex grades such as 2205 should be
used. Even these alloys might be attacked if the tempera-
ture rises above ambicnt.

Stress corrosion cracking can be a problem with the
austenitic grades of stainless steels if chlorides arc present
and temperature rises above 60°C. Stresses required to
produce cracking should be assumed always to be present
49 Residual stresses from forming, bending, or joining
operations are sufficient for cracks to form., The duplex
grades of stainless steel are more resistant than the auste-
nitic grades as far as SCC is concemed.

Hydrogen stress cracking can be causcd by cathodic
protection of buried martensitic or cold worked austenitic
stainless steels. Even direct contact between these types
of stainless steel and galvanised steel (! results in a gal-
vanic cell which can gencrate hydrogen at the stainless
steel surface particularly in acidic soils. The use of ca-
thodic protection to allow the less corrosion resistant
martensitic grades of stainless steel may be used under-
ground but care must be taken to avoid over-protection
which could cause hydrogen embrittlement @9

7.3 Corrosion in Water

While stainless steels generally have a high resist-
ance to corrosion in walers they are susceptible to certain
types of localised corrosion in aggressive watcrs, particu-



larly those with a high chloride 1on content. Grades com-
meonly used for water contamment are 304, 304L, 321,
316, 316L.

7.3.1 Domestic Water

Most stainless steels exhibit a high resistance to gen-
eral corrosion in ambient domestic water, with the oxygen
content of the water maintaining a protective passive film
on the steel surface. Very low oxygen contents (few ppb
oxygen) are usually sufficient to retain passivity in the
absence of film damaging impurities like chlorides.

The tendency for localised pitting attack, however,
increases with increasing water temperature and chloride
content, and lower pH. Resistance to pitting increases with
the stainless steel’s chromium, nitrogen and molybdenum
content. Grades 304, 304L and 321 grades have adequate
pitting resistance when fully immersed in ambient domes-
tic water or in up to 95°C water containing < 200 ppm Cl
. From 200 to [000 ppm CI- their performance is mar-
ginal, depending on water temperature and the level of other
anions (OH, NOs, S0:%) which can normally act as in-
hibitors ¢, In the absence of crevices and deposits, mo-
lybdenum bearing austenitic stainless steels are resistant
to ambient brackish water and sea water and alkaline, neu-
tral or moderately acidic hot waters containing up to 500
ppm chloride. Stainless steels in order of increasing pit-
ting resistance include, for example, Grades 304, 316
and 2304, 904L and 2205, super austenitic and super du-
plex grades.

The precipitation of sludge or scale from stagnant
waters can produce conditions for crevice corrosion under
an adherent sludge layer. This is only a problem in rela-
tively hard waters (> 100 ppm total hardncss) with a fairly
high chloride content (> 1000 ppm chloride).

Intergranular corrosion of austenitic stainless steels
is rarely a problem in neutral or alkaline water that docs
not exceed ambient temperature. With single pass weld-
ing of relatively thin steel (up to 3.0 mm}) 304 is satisfac-
tory. When steel of greater thickness, requiring multipass
welding, is used, or when aggressive waters are involved,
a low carbon or stabilised grade is preferred. Grades 316
and 904L have a similar resistance to intergranular corro-
sion, and 2307 and 2205 have better resistance. Alloy 28
and super duplex grades have an even greater resistance
to intergranular corrasion.

Sensitisation of ferritic stainless steels can occur over
a wider range of welding conditions than for the austenitic
steels, and sensitised ferritic steels are more susceptible to
corrosive attack in water than sensitised austenitic steels.
Therefore, if welding of ferritic steels is carried out, only
stabilised grades should be considered in water environ-
ments.

After welding all welds should be passivated and

decaled before being put into use. All pipes, particularky
small bore pipes, should be purged with inert gas during
welding and no grinding is allowed on any surface exposed
to the corrosive environment (see scction 6 and WTIA
Technical Note 16 for more details).

Stress corrosion cracking of austenitic stainless steels
can occur rapidly when the water temperature is above
60°C. This cracking generally only occurs with high chlo-
tide waters, or where the conditions of service are such to
allow concentration of CI- to high levels. It is particularly
a problem in heat exchangers where the steel surface tem-
peraturc may be high enough to permit incipient boiling.

Stress corrosion cracking (see Section 4.5 in Types
of Corrosive Attack) can usually be eliminated by proper
design, by solution anncaling the structure to lower re-
sidual tensile stresses (although thermal cxpansion stresses
may still cause the problem), or by treating the water with
inhibitors, such as nitrates or acetates. It should be noted,
however, that solution annealing 1s not always a practical
treatment, particularly for large objects and other methods
must be used.

Alternatively, a more stress corrosion-resistant grade
should be employed. The duplex alloys and the higher nickel
austenitic grades are essentially immune to SCC in do-
mestic waters; the molybdenum-bearing grades perform-
ing particularly well. Ferritic stainless steels and nickel
based alloys are generally immune to stress corrosion crack-
ing. Inwaters at high temperatures and high chloride con-
tents, high alloy special grade stainless steels should be
used. Duplex alloy 2304 is not suitable in oxygen bearing
chloride solutions above 150°C, 904L has slightly better
resistance, followed by 2205, Alloy 28 and the super du-
plex grades.

Accelerated corrosion due to dissimilar metal con-
tact is an infrequent problem with stainless steel in domes-
tic water, When it occurs, it usually involves corrosion of
the coupled metal, since passive stainless steel is highly
cathodic to most other metals. While copper and copper
alloys are anodic to passive stainless steel, the voltage dif-
ference is not large and the relative areas of copper fittings
in a stainless steel tank are such that little corrosion is
encountered in practice.

Coupling with mild steel usually leads 1o rapid dis-
solution of the mild steel, particularly where the cxposed
area of mild steel is small, thus mild steel may be used for
sacrificial protection. Mild steel bolts in contact with stain-
less steel disappear very quickly. The resultant corrosion
products may, however, initiate pitting or crevice attack in
the stainless steel.

Martensitic stainless steels are not normally recom-
mended for use in domestic water above ambient tempera-
ture unless kept clean and free from deposits, nor are
unstabilised ferritic steels. Among the austenitic grades,
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Grade 304 has given excellent service in several countries
for domestic water reticulation, hot and cold. With cor-
rect attention to design and passivation, Grade 316 has
performed well in domestic hot water tanks, even in wa-
ters of quite poor quality (>200 ppm CI', >350 ppm total
hardness).

The free machining grades 303 and 416 are not rec-
ommended for any application involving water, of any
quality or tcmperature,

7.3.2 Salt Water

Stainless steel in marine environments has been the
subject of several excellent reviews (1920 [n stagnant sea
water, crevice corrosion can be a major problem, particu-
larly when biofouling occurs, Stainless steel 1s not, there-
fore, a suitable material for boat hulls, except for work
boats which are continually on the move, or for small craft
which can be cleaned regularly. For boat decks and fit-
tings on the other hand, Grade 316, the pitting resistant
grade, has becomc a very popular material.

In quiescent, ambient temperature sea water (flow-
ing at < 0.6 m/sec), Grade 316 will fail by crevice corro-
sion unless regularly cleaned, or cathodically protccted.
Protection from adjacent steel structures may be sufficient,
but Grade 304 requires higher degrees of protection The
higher strength martensitic, duplex or precipitation hard-
¢ning grades, which are not recommended for cathodic
protection due to the danger of hydrogen cracking, are
unsuitable for quiescent sca water, These may be used for
pump shafts etc. and will require a coating system or other
protection. Alternatively, super duplex stainless steels may
be used and combine high strength with excellent corro-
sion resistance so that an extra coating system will not be
required.

In ambient temperature sea water which is flowing
at a high velocity (> 1.0 m/sec), biofouling docs not oceur
and Grade 316 can give long life. In fact the resistance of
stainless steel to crosion-corrosion and cavitation damage
at high water velocities is a positive advantage. However,
any design ercvices such as flanges will cause corrosion
failure.

As water rises to temperatures above 24°C the pit-
ting corrosion rate of Grade 316 can become significant
and the use of more highly alloyed stainless steels contain-
ing copper and higher molybdenum concentrations, or ca-
thodic protection, may be justified,

The life of Grade 316 when used in tidal areas, where
it is alternately immersed in salt water and exposed to the
air, is substantially greater than when continually immersed.
The rate of pitting attack for example, is an order of mag-
nitude slower. Grade 316 is therefore an appropriate ma-
terial for cladding steel structures provided that deposits
do not cause severe crevices.

Resistance to localised corrosion in sea water above
ambicnt temperatures is a requirement for materials used
in a variety of marinc heat cxchanger applications such as
sea water cooled ships engines and exhaust systems,
fecdwater heater and condenser tubing in seaboard power
stations, and salt water cooling for chemical plant. Since
tubing used in these applications is thin walled, pitting and
crevice corrosion cannot be tolerated. Cooling water sys-
tems also include pipes, valves, screens and pumps, The
cotrosion rate of Grade 316/316L at higher temperatures
increases considerably, therefore 316/316L is unsuitable
for use in the above applications.

Grade 316/316L tubing has given variable perform-
ance depending on the regularity with which it has been
cleaned. The increased use of continuous cleaning sys-
tems has improved performance of Grade 316, although
deposit build-up on surfaces during stagnant shut-down
situations must be avoided.

Superior pitting resistance alloys are required for cor-
rosion free performance in hot sea water. Such alloys in-
clude 904L, 2205 and the supcr austenitic and super du-
plex grades. The high inclusion content of the sulphur
bearing free machining grades 303 and 416 means they
have poor resistance to pitting attack and are not recom-
mended for marine exposure at any temperature.

7.4 Corrosion in Aggressive
Chloride Environments

The alloys referred to in this section are shown in
Table 7.

7.4.1 Pitting Corrosion

The resistance of a stainless steel to pitting depends
primarily on its contents of chromium and molybdenum,
but is also affected by its nitrogen content, the chemical
composition and shape of its slag inclusions and the pres-
ence of segregation and intermetallic phascs, if any. As
explained in Section 3.3 the Pitting Resistance Equivalent
Number (PREN) has been found to give a good indication
of the relative pitting resistance of various grades of stain-
less steels, The PREN values of a number of stainless steels
for chloride environments are given in Table 7; Grade 304
is included for comparison,

A calculation based on the sum of the percentage by
weight of chromium and three times the percentage by
welght of molybdenum and 16 times the percentage weight
of nitrogen will thus make it possible to rank stainless
steels by their resistance to pitting (See Table 7).

Results obtained in potentiodynamic measurements
in 3% NaCl at various tempcraturcs confirm this ranking.
(See Fig. 14). Similar techniques confirm this ranking for
both austenitic and ferritic stecls,



Table 7. Alloy Designation, Typical Main Element Composition and Actuals with Pitling Resistance Equivalent Numbers

(PREN] PREN= % (r+ 3.3% % Mo+(16) *%N

UNS No Grade Typical Main Elements (%) PREN
Cr Ni Mo Cu Other
530400 304 18.5 9.0 18
531600 316 17.0 12.5 2.5 25
831703 317L 18.5 14.5 3.2 29
531803 2205 22.0 5.5 3.0 0.14N 34
S31500 - 18.5 4.7 2.75 0.075N 29
NO8825 825 21.5 42.0 3.0 1.8 0.7 Ti 31
NO8020 20 20.0 34.0 2.2 3.3 0.4 Nb 27
NO8028 28 27.0 31.0 3.5 1.0 39
NO8904 904L 20.0 25.0 4.5 1.5 35

When choosing material for a chloride-containing
enviromment, the pitting resistance of the steel can be meas-
ured electrochemically and is expressed in terms of the
critical pitting temperature (CPT), the temperature above
which pitting will eccur in a given c¢hloride solution. The
potential is kept constant and the temperature is raised
gradually untit pitting attacks occur. This is indicated by
a sudden increase of the polarisation current %, Results
from such measurements are shown in Fig. 14,
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The results indicate a superior resistance of the high
alloy austenitic stainless steels and also of the duplex
grades. The results in Fig. 15 have been confirmed by
practical cxperience.
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Fig. 15 CPT (Critical Pitting Temperatures) for Different
Grades in Neutral Chloride Solutions (Potenfial = + 300
mV SCE). This data is from accelerated tests and should not
be used for design purposes.

ASTM 790 = 2205, ASTM A66Y9 @= S31500 (duplex)

7.4.2 Crevice Corrosion

Since this form of corrosion occurs more easily than
pitting, crevices should be avoided as far as possible. As
with pitting, the alloying elemenis which most improve the
resistance to crevice corrosion are chromium, molybde-
num and nitrogen.
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To investigate the corrosion resistance in acidic chlo-
ride solutions, weight loss measurements have been made
in hydrochloric acid and electrochemical corrosion tests in
acidified sodium chloride solutions. Weight loss data
showed Alloy 28 was more corrosion resistant in hydro-
chloric acid than 904L, 825, and 316 stainless steel, al-
though it is not usual to specify stainless steels for concen-
trated acidic chloride solutions.

Electrochemical polarisation investigations are used
to define critical crevice corrosion solutions as the pH at
which the passive corrosion current (i ) surpasses 10
pHA/cm® A low value implies good resistance to crevice
corrosion. From studies made at the Swedish Corrosion
Institute, Stockholm it appears that Alloy 28 has far better
resistance to crevice corrosion than 904L and 316. A
detailed review is available, which discusses the use and
determination of electrochemical data in aggressive chlo-
ride containing environment %9,

7.4.3 Stress Corrosion Cracking

The relative resistance to SCC of various alloys can
be measured by laboratory testing in concentrated chlo-
ride solutions. Low oxygen content reduces susceptibility
to SCC. Considerably higher stresses are needed to in-
duce SCC in the duplex stainless steels S31500 as well as
in the high nickel austenitic steels 904L and Alloy 28, than
in 304 and 316. Super duplex stainlcss stecls are cven
more resistant. This indicates much higher SCC resistance
of the former alloys which has also been confirmed by
extensive practical experience. The ferritic steels are es-
sentially imrmunc to this mode of attack below 200°C,

7.5 High Temperature Corrosion

Stainless steels resist high temperature corrosion by
forming Cr,0, scalcs. These act as diffusion barriers be-
tween the steels and their environments, substantially re-
ducing corrosion rates. For service temperatures above
650°C, stainless steels are frequently the matenals of choice
for their combination of strength, corrosion resistance and
cconomy. A successful choice of stainless grade is onc
which will form, maintain and if necessary reform a com-
pact, protective Cr,O, scale in the service cnvironment in
question.

Austenitic grades are preferred when structural
strength is requircd, as austenite is intrinsically supcrior
lo ferrite in its high temperature tensile properties and creep
resistance, Fig. 16. However, if strength is not a require-
ment, as for example in the case of a cladding or weld
overlay, a ferritic grade may be preferable. This is because
the cocfficient of thermal expansion is much lower for fer-
rite than austenite, and the protective Cr,O, scale is less
likely to spall during heating or cooling.

Apart from mechanical properly requircments, the

Chapter 7

key variables affecting stainlcss steel choice arc tempera-
ture and the chemical nature of the environment. Gases
are commonly described as oxidising if they contain sig-
nificant levels of molecular (or “frec™) oxygen, and reduc-
ing if oxygen is present in other forms such as CO, or H,0
or not at all. In the oxidising situation, a Cr,0, scale will
form, whereas in reducing gases some othcr form of cor-
rosion may predominate. The two are discussed separately.
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Fig. 16 Creep Strengths of Stainless Steels 79

7.5.1 High Temperature Oxidation

Considerable information is available on the oxida-
tion behaviour of stainless steels ¢+242% Maximum serv-
ice temperatures in air for standard grades of stainless steel
are shown in Table 8 @9, It is seen from this table that
performance improves with increasing chromium concen-
trations. This can be understood from the fact that chro-
mium is being selectively oxidised and thereby removed
from the surface region of the alloy. This causes the con-
centration of chromium at the steel-scale interface to be
decreased, and the concentration of iron to increase. Be-



cause iron to some extent can dissolve in, and diffuse
through, the Cr20;3, it is important that the level of chro-
mium at the alloy surface not fall below the minimum nec-
essary (o maintain the Crz0z scale and prevent the forma-
tion of fast-growing iron-rich oxides. The ability of a steel
to do this increases with its initial chromium concentra-
tion and hence so too does its temperature capability.

Oxidation data for stainless steels shows that in-
creased nickel levels improve oxidation resistance for a
given chromium congentration. This has been suggested
to be due to improved Cr20- diffusion properties ?¢ and
to a decreased susceptibility of the scale to iron dissolu-
tion and iron-rich oxide formation @7,

The silicon content of an austenitic stainless steel is
importani in determining its oxidation resistance. For ¢x-
ample, Grade 302B (3% Si maximum, [8% Cr) has nauch
higher temperature capabilities than Grade 302 (1% Si
maximum, 1 8% Cr). The effect is due to formation of S102
at the Cr20s-steel interface, and a resulting decrease in the
diffusion which permits scale growth ®#2%9, It may also be
due in part to the promotion by silicon of Cr201 nucleation
at the surface % and to the ability of $i0: to key the Cr20;
scale to the surface. Commercial steels which benefit from
the silicon effect include 302B (530215), 308 (S30804),
RA 85H (830615), 153MA, 253MA (530815) and
353MA.

The resistance of austenitic stainless steel to oxida-
tion is reduced in conditions of intermittent service, as
shown in Table 8. This effect is due to the difference in
coefficient of thermal expansion between stainless steel
and the Cr20s scale. Thermal cycling places the oxide un-
der stress, the magnitude of which increases with scale
thickness, until mechanical failure occurs. The cracking
or spallation of the scale permits gas access to the steel
surface which will be somewhat depleted in chromium.
Repetition of this phenomenon leads eventually to a re-
duction in the steel surface chromium level below the criti-
cal minimum for re-formation of Cr:0s, and rapid corre-
sion follows. This appcars not to apply to ferritic grades,
as seen in Table 8, This may reflect the fact that the coef-
ficient of thermal expansion of ferriie is about half that of
austenite, and the accumulation of stress in the oxide scale
during thermal cycling is consequently less,

The performance of austenitic grades under tempera-
ture cycling conditions can be improved by increasing their
chromium levels so as to maintain the depleted surface
concentrations at an adequate level for a greater number
of cycles. Alternatively, the depletion phenomenon can be
avoided by preventing scale separation from occurring.
This can be achieved by adding low levels of the so-called
“reactive elements” to the steel. These eletnents arc metals
which form very stable oxides and sulphides, examples
being yltrium, cerium, lanthanum, zirconium, hathium, ¢tc.
These elements affect the chromia scale-forming process

Table 8. Generally Accepted Maximum
Services lemperatures in Air for Wrought
Stainless Steels

Material  Intermittent Conlinuous
Service (°C) Service (°C)
Austenitic
2 _ 85 8
202 8L _ 35
0 %0 _ %00
0z k9
304 &0 95
38 95 _ %0 _
S %0 1085
e i 150
36 &0 9
A7 ____ & 98
220 %%
30 s S0
34 _ __ &0 _ 9
Eerritic
05 15705
406 8 _ 1033
40 &0 85
442 135 980
446 1175 1093

in a number of ways, including refinement of oxide grain
size, alteration of diffusion processes in the scale, removal
of sulphur from the scale-metal interface and improved
nucleation of protective Cr20s 5233, The effect is quite
dramatic, as shown in Fig. 17 &4,
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Fig 17: Results of 5-7 day Cycles of Oxidation at 11507 C.
The reactive element-containing steel 353MA performs
almost as well as the nickel-base alloy IN60T ¥,

The high temperature oxidation behaviour of cast
heat-resistant steels can be understood in the same terms
as the wrought stainless steels discussed above: the effects
of chromium, nickel and silicon levels and the presence of
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reactive elements are the same,

7.5.2 High Temperature Carburisation
and Metal Dusting

When stainless steels are exposed to reducing,
carbonaceous atimospheres at high temperature carbon dis-
solves in the stecls, diffuses inwards and precipitates chro-
mium carbides. This can cause cracking of the underlying
steel as a result of the large volume cxpansion accompa-
nying precipitation. It also embrittles the sub-surface zone.

The depth of the precipitation zone, X, increases with
time, t, according to the parabolic cquation
X2 = kt (1

where k is the parabolic rate constant. It has been
shown that for a range of stainless and heat-resistant stcels
(343330 the rate constant can be predicted by Wagner’s ¢7
expression
k = constant D¢, N. )
Ner

where D., N. are the diffusion coefficient and solu-
bility of carbon in the alloy surface region and Ner is the
original concentration of chromium in the stecl. Thus car-
burisation rates are decreased by increasing chromium lev-
els and by modifying the steel composition so as to reduce
carbon solubility. The most effective way of doing this is
to increasc the silicon concentration. Increasing the nickel
content of the steel is also beneficial through its effects on
both De and N %%, Some comparative carburisation data
is shown in Table 9. Rates increase rapidly with tempera-
ture as both D. and N¢ are¢ strongly temperature depend-
ent.

Carburisation is encountered in the petrochemical in-
dustry, notably in pyrolysis furnaces, and in the heat treat-
ment industry. It is much less of a problem if sufficient
stcam is present to make the atmosphere oxidising to chro-
mium, as for example in steam reforming units. However,
metal dusting can then occur,

Table 9. Parabolic Rate Constants (10°F um’/hr) for Carburi-
sation in Propylene-Hydrogen

Steel
TrC 309 310 304 308 353MA
B0 40 30 e A
950 84 38 12 28 0l
0% _»_ 2% &6 8 __ 10
1150 197 .1()6 54

Metal dusting 1s a particularly rapid form of high
temperature attack which, in the casc of stainless steels,
occurs In a rather localized pattern and gives rise to pit-
ting. This form of attack is most likcly when the gas is
supersaturated with respect to carbon as can happen when
the slow reactions (3) and (4) fail to reach equilibrium.

CH, & C+2H, 3)

2CO > C+CO, “)

These reactions are catalysed by iron and nickel sur-
faces, causing deposition of solid carbon and the accumu-
lation of a fragmentary mixture of carbon, carbides and
metal particles, Under high gas flows and erosive condi-
tions this “dust” is rapidly rcmoved and metal wastage
can oceur at rates of up to 15 mm per year.

Dusting of stainlcss stecls is associated with carbu-
risation. The precipitation of chromium carbides removes
chromium from the steel leaving behind an iron-nickel
matrix. When this contacts the gas, reaction (3) or (4) is
catalysed, leading to the onset of dusting. Metal-gas con-
tact can only occur when the surface Cr20s scalc is dam-
aged, and it is for this reason that dusting of stainless steels
tends to be localised.

The retention of a stable, dense oxide scale associ-
ated with appropriate alloy levels of chromium and silicon
will prevent metal dusting. Alternatively, if the gas 1s re-
ducing with respect to Cr203 and no scale can form, then
inhibition of dusting and carburisation can be achieved by
adsorbing sulphur onto the metal surface. The addition of
appropriate levels of H:S or mercaptans to gas streams is
used in industry for this purpose.

7.5.3 High Temperature Sulphidation

In contrast, under reducing conditions (e.g.
desulphurisation plant) the presence of H:S or sulphur
vapour is quite destructive of stainless steels @9, The ba-
sic reason is that sulfide scales are much less effective
diffusion barricrs than oxides. High nickel austenttic grades
can undergo catastrophic attack as a result of liquid for-
mation, as shown in Table 10. Resistance to sulphidation
increases with increasing chromium levels and additions
of both silicon and aluminium are beneficial.

Atmodest temperatures, stainless steels provide much
better resistance to reducing sulfurous gases than other
steels, as shown in Fig. 18 “%, Isocorrosion plots are avail-
able ¥V for Grade 304 and are shown in Fig. 19. Other
austenitic grades are similar in their performance and it is
clear that thesc stainless steels are of limited usc under
such scvere conditions. Under thesc conditions the nickel-
free ferritic stainless steels can be effective (Grade 446
with 24% Cr). The ferritic grades have much lower
strengths at high temperatures compared to austenitic
grades, however.



7.5.4 Molten Salt Corrosion

Deposition of ashes and salts on equipment surfaces
1s commen in fossil fuel fired plant and incinerators. De-
pending on their composition, the deposits can interact with
the steel oxide scale to form a liquid, thus fluxing the scale
and destroying its protective value. The combination of
vanadium pentoxide and sodium sulphate produced in the
combustion of some fuel oils is particularly aggressive.
Higher chromium levels provide somewhat improved re-
sistance, but avoidance of the fuel contamination is to be
preferred.

Molten salt baths are used for heat treatiment of met-
als and alloys, and considerable information on the per-
formance of stainless steels in these environments is avail-
able "), Generally speaking, increased nickel levels im-
prove performance.

lable 10. Melting Points of Metal-Metal Sulfide Futectics
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Fig. 18: Corrosion Rates of Stainless Steels in H-H S
Emvironments %,

7.5.5 Molten Metal Corrosion

Low melting point metals can attack stainless steels
in a variety of ways: uniform thinning, intergranular pen-
etration or preferential dissolution (dealloying) 9, At tem-
peratures above its melting point of 419°C, zinc diffuses

into austenitic stainless steels forming a zinc atloy layer at
temperatures below 710°C. At higher temperatures, and
in the presence of tensile loadings, cracking along grain
boundaries can occur. If zinc is present during the welding
of stainless steel, cracking can result. Copper, which is
frequently used in heat sinks, jigs and fixtures may also
canse hot cracking by the same mechanism.

Extensive data on corrosion by other liquid metals
can be found in the Liquid Metals Handbook “9,

7.5.6 Corrosion by Halogen Gases

At high temperatures the corrosion of stainless steels
in chlorine is controlled by the formation of volatile metal
chlorides. For this reason, high nickel levels are advanta-
geous, as the nickel chloride is the least volatile. At lower
temperatures chloride scales form at rates governed by
solid-state diffusion.

For stainless steels, the upper temperature limits for
service in chlorine or fluorine are about 320 and 240°C,
respectively “. At higher temperatures, nickel-base al-
loys or even pure nickel are to be preferred.

The introduction of water vapour into chlorine ac-
celerates the corrosion of stainless steels at lower tempera-
tures. Dry hydrogen chloride is slightly less corrosive than
dry chlorine,

Fig. 19: Isocorrosion Plots for Grade 304 in H-H S
Environments V.
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7.5.7 High Temperature Corrosion in
Mixed Gases

Industrial process gases are usually quitc complex,
and contain a number of corrodents. For example, com-
bustion gascs contain CO, CO2, H:0 and SO: as well as
nitrogen, and the potential corrodents arc oxygen, carbon
and sulphur (and perhaps nitrogen under some circum-
stanccs), It is thercfore necessary to establish how the other
gas species affect oxide scale growth and whether they
can, in addition, penctrate the scale and attack the under-
lying steel.

The presence of water vapour in air increases the
rate of stainless stecl oxidation substantially “6-*7.4849 An
cxample of the deleterious effect on the oxidation of 310
during thermal cycling is shown in Fig. 20 %, Suggested
reasons for this behaviour are decreased scale plasticity
and doping of the oxide. The temperature limits for serv-
ice in moist air should be reduced by 38-65° C from thosc
given in Table 8 @9, Service temperature limits in steam
are provided in rcference 47.

The presence of sulphur and/or carbon in the gas can
be very destructive of stainless stecls, depending on the
relative activities of the different corrodents. Pure dry SOz
corrodes stainless steels somcwhat faster than does air as
aresult of simultaneous formation of chromium sulphides
and Cr20s. Maximum service temperature limits are shown
in Tablc 11 ¥, The presence of SOz in air increases corro-
sion rates, as would be expected from a comparison of
Tables 7 and 10. Downstream low temperature dewpoint
corrosion should also be considercd when gas streams con-
tain sulphur compounds, chlorides or water vapour.

Table 11 Generally Accepted Maximum Service Tempera-
ture in Pure, Dry Sulphur Dioxide for Selected Stainless
Steels

Material Temperature (°C)

L S 300
A 800
A 800
3w 100
2 L 700
M0 800

446 1025

— s — e — — — — —

The effect of SO2 is much more marked in reducing
atmospheres. Becausc the oxygen activity is low, the sul-
phur activity is increased and more rapid attack occurs.
This can lead to internal precipitation of chromium sulfide
within the alloy bencath a chromia scale #¢*P. The pre-
cipitation lowers the concentration of frec chromium in
the sub-surfacc zone of the steel, decreasing its ability to
regrow protective chromia in the event of scale failure.
Under these circumstances, cquipment lifctimes are sub-
stantially reduced.

Chapter 7
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Carbon has a similarly destructive effect on stainless
stecls exposed to low oxygen potentials. Evidently CO can
penetrate chromia scales ©* ¥ and causc internal carburi-
sation. The process 1s much more rapid than internal
sulphidation, and the effect on material lifetime 1s therc-
fore more marked. When both sulphur and carbon are
present, their effects on the steel are additive, and even
more rapid failure results.
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Fig. 20: Effect of Water Vapour Additions to Air on the
Cyclic Oxidation Resistance of Grade 310 at 1100° C 7%,

7.5.8 Metallurgical Changes at High
Temperature

In addition to undergoing corrosion, stainless steels
can be susceptible to metallurgical transformations during
extended periods of high temperature service. Ferritic
grades arc subject to “475° C embrittlement” caused by
precipitation of an iron-rich phasc when the steels are held
at temperatures of about 275 to 550° C. Higher tempera-
tures (560-980° C) can also cause embrittlement by pre-
cipitation of a sigma phasc. At still higher temperatures,
no embrittling phases form but extensive ferrite grain
growth leads also to embrittlement. Whilst these changes
have little or no effect on corrosion resistance, they seri-
ously reduce the steel’s room temperature ductility and
impact resistance.

Austenitic stainless steels do not undergo 475¢ C
embrittlement, and are much lcss susceptible to grain
growth. However, they too arc subject to sigma phase for-



mation and also to the phenomenon of “sensitisation™.
Austenites can become susceptiblc to room {emperature
intergranular corrosion afier service at lemperatures in the
range 480 to &15° C. The effect 15 caused by precipitation
of chromium carbides at grain boundaries and depletion
of chromium from a narrow region adjoining the bounda-
rics. The effect can be minimised by using very low car-
bon grades or by using “stabilised” grades. The latter con-
tain elements such as titanium (321) or niobium (347) which
form carbides even more stablc than those of chromium,
thereby preventing any depletion of that metal. While not
strictly a corrosion problem, increasing the temperature of
a cold worked austenitic stainless steel above about
400 °C will result in stress relief and loss of strength, Du-
plex stainless steels are also subject to embrittlement due
to intermetallic precipitates and problems may arise from
300-350 °C especially in the more highly alloyed materi-
als.

7.6 Chemical Corrosion

Stainless steels are extensively used in chemical en-
vironments where the appropriate grade can be selected
from the range available to suit the particular environment.
Where the conditions are too aggressive for the standard
range of stainless steels, many special highly alloyed pro-
prictary steels have been developed. While the topic is too
broad to be covered in this review in any detail, some gen-
eral guidelines can be given. For more specific informa-
tion, several cxcellent references are available 7 %51,

7.6.1 Inorganic Acids

The performance of stainless steels in inorganic ac-
ids depends on the acid type, concentration and tempera-
turc. Stainless steels are not recommended for use with
hydrochloric acid, which destroys passivity and induces
rapid pitting attack. With sulphuric acid, Grade 316 stain-
less steel can be used at room temperature to contain acid
concentrations less than 20%, or greater than 85%. It cor-
rodes rapidly at concentrations between these, and at el-
evated temperatures. Sevceral special stainless steel grades
containing combinations of copper and molybdenum have
been developed for sulphuric acid service including 9041,
2205 and 1n particular the copper conlaining super duplex
grades. Electrochemical, i.e. anodic, protection has also
been used. Nickel contributes to the resistance of stainless
steels to sulphuric acid, so that ferritic grades are less suit-
able than austenitic grades.

Pure phosphoric acid can be handled by Grades 430
or 304 at most concentrations and temperatures. For ni-
tric acid, stainless steels show excellent resistance to cor-
rosion at all concentrations, and all but the highest tem-
peraturcs. The stabilised or extra low carbon austenitic
grades are usually preferred, as nitric acid can rapidly at-

tack any sensitised regions.

7.6.2 Organic Acids

Stainless steels are generally very resistant to organic
acids ®> and are widely used in the food, petroleum, soap,
pharmaceutical and chemical industries where organic acids
are common, Grade 304 grade performs well for most
organic acids over the complete concentration/temperature
range. Hot formic and lactic acids can cause pitfing and
the molybdenum-containing grades, 316 or 317, are pre-
ferred for handling these materials ®

7.6.3 Bases

Since their passive surface film under alkaline con-
ditions becomes very stable, stainless steels are most suit-
able for use with strong bases. While stress corrosion
cracking may occur with the austenitic steels in hot NaOH
or KOH solutions, Grade 304 stainless steel shows little
attack in 50% NaOH solutions at temperatures up to
100°C. Grade 304 is used for ammeonia stills and for am-
munition reactions.

7.6.4 Halogen Salts

Since halogen ions induce pitting, the use of stain-
less steel with halogen salts must be approached cautiously.
This is especially true with acid salts, which cause pitting
under oxidising conditions, and general attack under re-
ducing conditions.

With neutral or alkaline salts, it has been observed
that there is a critical temperature above which rapid pit-
ting (CPT) occurs, and this temperature is higher for Grade
316 than for Grade 304. With sodium chloride solutions,
corrosion rate increases rapidly up to a concentration of
4%, above which there is little further effect of concentra-
tion.
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CORROSION IN SPECIFIC INDUSTRIES

8.1 Selection of Stainless Steel
for the Pulp & Paper Industry

Pulp and Paper plants use large volumcs of process
waters and liquors and consequently have large fabricated
vessels and piping runs.  Stainless stecls are well suited
for use in this industry due to their range of corrosion re-
sistance, case of ¢leaning, and case of fabrication, To
achieve plant reliability there must be correct selection of
stainless stecl grades for the applications, and correct fab-
rication methods and post-weld cleaning. Paper machine
process waters are in the pH range 4.5 to 7, with sulphate
about 200 to 500 ppm and chloride about 100 to 400 ppm.
Stainless steel Grade 304 can give satisfactory service with
chloride of up to 200 ppm, 316 up to 400 ppm.

Microbiologically influenced corrosion (MIC) of
stainless steel can occur when the mill has a partly or fully
closed water system and is more likely with increasing
degree of closure. 304 stainless steel is rcadily attacked
by MIC in paper machines, 316 has improved resistance,
but is not immunc. MIC can be prevented by climination
of the microbes, addition of biocides and maintaining pa-
per machine piping and vesscls in a clean condition using
regular wash ups with alkaline solutions. Pitting corro-
sion of 304 stainless steel can also be caused by thiosul-
phate at a concentration of 5 ppm in process water, par-
ticularly in newsprint paper machines where hydrosulphite
is added as a brightener, and some conversion to thiosul-
phate occurs.

To achieve maximumn corrosion resistance of stain-
less stcel formation of welding oxide should be prevented
by thorough argon back-purging of pipe welds, alterna-
tively welding oxide should be removed by buffing or
chemical cleaning. This is particularly important to pre-
vent occurrence of MIC.

Welded austenitic stainless steels (AISI 300 series)
are prone to stress corrosion cracking (SCC) in near ncu-

tral chloride solutions (> 40ppm Cl-above 50°C) but SCC
can occur in sensitised Grade 304 close to ambient tem-
peraturcs %, Stress is mostly residual stress from weld-
ing, e.g. T weld joints have high residual stress. Duplex
stainless steels such as 2205 and 2304 are highly resistant
to SCC and are suitable for high chloride applications such
as hypochlorite modificd starch, high chloride dyes, or high
temperature moderate chloride concentration applications
such as mill water at 95°C, e.g. for felt sprays.

Austenitic stainless steels used in corrosive vibra-
tion conditions such as vibrating screen, or under cyclic
stress, such as rotating shafls, are pronc to corrosion fa-
tigue. Duplex stainless steel has much improved resist-
ance to cracking in thesc conditions.

Pulp mills use processes ranging from alkaline-sul-
phide (Kraft) to acid bisulphite pulping, and bleaching by
chlorine and its compounds, oxygen and its compounds,
and combustion recovery of spent liquor. Kraft process
liquors are satisfactorily handled by 304L up to 200°C.
At temperatures above 200°C caustic SCC of 304L can
occur in Krafl liquors. Bisulphite pulping requires 316L
with 2.5% Mo, 317L or 2205 for cooking liquor and spent
liquor depending on the process variables.

Pressure vessels, ¢.g, digesters, use 304 stainless steel
as a cladding on carbon steel] to avoid possible SCC prob-
lems with solid 304, Duplex 2205 would have higher rc-
sistance to SCC and is regarded as being suitable for pres-
sure vessels.

Stainless steel clad carbon steel requires to be care-
fully specified, including intergranular corrosion testing
specified for all plates, to detect carbon contamination of
the stainless stecl surface from the cladding manufactur-
ing process.

Intergranular corrosion of 316L and 304L stainless
steel cladding can occur in sulphite and Kraft digesters
due to carbon contamination of the surface, and is made



more severe if vessels are stress relieved at 630°C.

Carbon steel digesters can also be protected from
corrosion by weld overlay with ferrite-containing 310 SS
welding consumable by automatic submerged arc weld-
ng.

Kraft and Bisulphite digesters of solid 2205 duplex
stainless steel have been used successfully, commencing
in 1988. This material has high resistance to SCC and has
high corrosion resistance.

Pulp bleaching uses liquors containing chlorine and
chlorine compounds and high chloride content recycled
washing liquids. Corrosion resistance of stainless steels
to chlorine and its compounds is proportional to the mo-
lybdenum content. Active chlorine of 150 ppm or chloring
dioxide of 50 ppm requires 6% molybdenum stainless
sleels, but in-plant corrosion iesting should be carried out
first.

For resistance 1o residual chloride with lower active
chlorine, 904L with 4,.5% moelybdenum or 3171 with 3 to
4% molybdenum can be satisfactory.

For corrosive environments which are near the limit
of the parent metal alloy, the welding consumable should
be one grade higher in alloying elements. ¢.g. 4.5% 1mo-
lybdenum stainless steel should be welded with 6% mo-
lybdenum consumables 1o match corrosion resistance.

Other particular features include:

Selection of L Grades of Stainless Steel.

Low carbon grades of stainless sieel (1. grades) are
necessary if the welding process heats the plate in the tem-
perature range (600 to 750°C) for a sufficiently long time
to cause intergranular carbide precipitation. This may be
0.5 minute for 304 with 0.08% carbon. Practically 304
thicker than 3 mm thick for use in a corrosive environment
should be specified as 304L if it is to be welded.

Surface Condition For Corrosion Resistance

Stainless steels are reliant for their corrosion resist-
ance on a passive surface layer, which is of monomolecu-
lar thickness, for optimum corrosion resistance. In practi-
cal terms, for optimum corrosion resistance, the surface
must be clean and of bright appearance. The corrosion
resistance of stainless steel is severely down-graded by the
presence of thicker oxide films from welding, or iron ox-
ide from contamination of the surface with carbon stecl,
Oxide on stainless steel produced by welding should be
removed by buffing or by pickling with solution or paste.
This paste contains toxic amounts of nitric acid and
hydrofluorie acid, and must be used with appropriate safety
measures. The inside surface of pipe at butt welds should
be protected from formation of deleterious oxide films by
purging the pipe with argon gas to bring the oxygen con-
tent of the gas in the pipe down to about 100 ppm.

The thickness of the oxide film is shown by its col-
our, and this should be no darker than light brown for op-
timum corrosion resistance. Blue or black colours will
decrease corrosion resistance.

Stainless steel equipment such as flow boxes and wire
pits are usually buffed or electropolished to produce a bright
finish to prevent deposits of pulp adhering, and thus are in
their optimum condition for corrosion resistance.

Microbiologically Influenced Corrosion

MIC occurs when microbial slimes form on surfaces,
and sulphate reducing bacteria can form active ¢olonics in
the chemically reducing conditions beneath the slime.
Corrosion testing has shown that MIC corrosion can com-
mence within 10 days of equipment being placed in serv-
ice, and corrosion can perforate 3 nun wall pipe in a few
months.

More mlormation on corrosion resistance of stain-
less steel in the Pulp and Paper Industry is availabie @5
9 and stainless steel manufacturer pamphlets.

8.2 Corrosion of Stainless
Steels in the Food Processing
Industry

Although environmental conditions are often less se-
vere in the food processing industry than thosc cncoun-
tered in other industries, the issue of contamination from
the corrosion is of paramount importance. This can arisc
either from direct dissolution resulting in a metallic after-
tastc in a food product and/or through microbiological
spoilage due to the presenee of micro-organisms that may
accurnulate in cavities formed as a result of the corrosion
process(es). As in other industries, corrosion can also re-
sult in expensive downtime and unnecessary cost. The
corrosion of stainless steel in this industry has been well
documented and reviewed over recent years 7. 6%.61.62

The number of stainless steel grades available for
the fabrication of foud processing plant has increased sub-
stantially in recent times. Duplex (austemtic/ferritic) stain-
less steels and “‘super-austenitic™ stainless steels which have
greater corrosion resistance than Grade 304 and Grade
316 are readily available. Alloys such as Grade 304 and
Grade 316 stainless steel have effectively been reformu-
lated to possess narrower concentration limits of chromium,
molybdenum and carbon, lower impurity levels (e.g. non-
metallic inclusions), and some specific alloying additions
(c.g. nitrogen), Stainless steels are highly differentiated in
cost and performance, and are selecied to operate within
relatively narrow environmental domains,

The general corrosion of stainless steel is largely con-
fined to a number of acids; organic acids such acetic, cit-
ric, lactic and tartaric, which can attack the 18-8 grades
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(such as Grade 304) at tcmperatures above about 70-80°C
and inorganic acids (which may be used to clean equip-
ment or disinfect equipment) including uninhibited hydro-
chloric and sulphuric acids. In contrast dilute nitric acid
is often recommended for use for this purpose as it assists
the formation of a thin protective “passive” film on stain-
less steel.  However it can attack other materials.
Sulphamic acid, which can be used as a descalent, is not
recommended for use at elevated temperatures as it can
decompose relcasing ammeonium hydrogen sulphate.

Localised corrosion processes such as pitting, stress
corrosion cracking (SCC) and crevice corrosion are in
general more troublesome than uniform corrosion in the
food processing industry “?. A number of factors can
contribute to the onset of such processes, including in-
creased chloride levels through some concentration mecha-
nism, low flow velocities (stagnant conditions), elevated
temperatures and Jow solution pH typical of many food
products (see Table 12) in conjunction with low solution
buffer capacity. In addition an increased elcctrochemical
corrosion potential arising from either the presence of a
strong oxidant such as a hypochlorite or peroxide or re-
sulting from galvanic coupling or stray current, may also
make a stainless steel component susceptible to attack.

Table 12: Approximate pH Vulues of Selected Foods

Food pH Food pH
Apples _ _ _20-33_ _ Peachss _ _ _34-36
Beas _ __40-60__ _ Peas _ _ _ _36-40
Bes  _ _40-50  _ Peas __ _ _58-64
Buter _ _ _61-64_ _ Pikles _ 3036
Cheese _48-64  Plums __ _28-30
Cider _ _ _29:33_ _ Powoes _ _ _56-60
Eges, frsh white 55-65_ _ Rapbomes 3236
Flous wheat | _ $5-65_ _ Shimp_ _ _ _68-70
Grapes _ _ _35-45_ _ Softdinks _ _20-40
Jams, fit ___35-40__ __ Swawbamizs __ _30-35
lellis, it 28-34 _ _ Tomaoes _ __40-44
Lemows 2224 Tew _ _ _ _59-6l
Milk cows __ 63-66_ _ Vinegar _ ___24-34
Onnges | _ _ 30-40_ __ Waier drinking_ _65- 80
Oysters 6.1-6.6 Wines 28-38

It is gencrally held that stainless stecls are more prone
to localised corrosion in solutions containing high levels
of chloride. Levels of chloride in food processing can range
from a few parts per million (ppm) in supply watcrs up to
hundreds of thousands of ppm in some products such as
sauces, Table 13. Concentration mechanisms can increase
these levels markedly. Evaporative concentration of chlo-
ride solutions on exposed surfaces or within insulation
materials and under scale deposits can all lead to localised
attack and ultimately cause premature component failure.

Some products such as sauces and dressings are multiphase
in nature (e.g. oil/water emulsion) and consequently aque-
ous phase chloride concentrations can be over 10%. An-
other source of chloride often encountered in these indus-
tries is certain of the cleaning/sanitising chemicals which
can contain hypochlorite or organo-chlorine compounds
whosc decomposition results in in¢rcased chloride 10n lev-
els. However, provided such products are used strictly in
accordance with documented procedures and the time of
exposure 1s kept relatively brief, then such potential prob-
lems may be avoided.

Surface roughness can also influence the corrosion
performance of a stainless stecl. A smooth surface finish
offers better pitting and crevice corrosion resistance than
arough finish. However, one of the chief benefits of stain-
less steel in the food processing industry is its ability to be
mechanically ground and polished either through abrasion
or clectropolishing. Stringent hygicne requirements which
require relatively smooth surfaces to ensure poor adhesion
of micro-organisms also assist the corrosion performance
of these alloys. Thus in general surface finish requirements
arc more exacting in this industry, a 2B (general purposes
cold-rolled) or better often being required for adequate
corrosion performance.

Stresscs, cither from applicd loads, or residual
stresses resulting from manufacture or fabrication proce-
dures are obviously an important component in stress cor-
rosion cracking (SCC). Whilst it is often difficult to avoid
them in practice, good design, good materials selection (i.e.
use of SCC-resistant materials ) and careful operating pro-
cedures may help overcome this problem. Chloride ions,
and some sulphur-containing compounds are well known
agents of SCC, which is a problem with austenitic stain-
less steels above 50°C ©?. The modern duplex stainless
steel alloys however are highly resistant to this type of
attack.

Table 13. Typical Chloride Contents

Fluid Approximate Chloride
Concentration (ppm)
Powble Water 1050
Gelatine. __ _ _ 2000 _ _
Refrigerant Brine 300,000
Sauces _ _ _ _ _ 20000 _ _
Sugar Juicc 2,000-10,000

Vibration resulting in constant cyclical loadings can
cause fatigue, either in the presence (corrosion-assisted
fatiguc) or absence of an initiating corrodent. Pitting and
crevice corrosion of stainless steels are far more likely to
occur in quiescent liquids than those in which there is a
significant flow of fluid past the metal surface. One of the
reasons often cited for this is the constant replenishment
of the protective surface film that results from interaction



of the stainless steel with dissolved oxygen in the fluid.
However, erosion-corrosion can be a problem at higher
flow rates when solid particles are present in a corrosive
environment. Attack, which invariably manifests itselfin
a highly directional pattern, is most oflen found in clbows,
or T-junctions in piping and on impeller blades in pumps.
Solutions to this problem lie in the use of harder, more
corrosion-resistant stainless steels, such as duplex (auste-
nitic-ferritic) grades, changes in design (e.g. through less-
ening the severity of the bend), removal of suspended sol-
ids and process temperature reduction (where appropri-
ate).

Crevices such as those found in flanges, weld spat-
ter, mechanically-produced indentations and under fasten-
ers as well as under deposits such as scale and dirt, are
particularly significant in the food processing indusiries,
as they can lead to the onset of crevice corrosion prob-
lems. Microbes including bacteria and other organisms
can also thrive in such environments, making strict hy-
gicne and sanitation procedures necessary. In addition,
these organisms may lead to microbiological influenced
corrosion (MIC). Removal of scale and other surface de-
posits (such as iron contaminants} from grinding or weld
spatter serves to mitigate against corrosion, as does seal-
ing of crevices. Again good design and materials selection
(e.g. use of molybdenum-bearing stainless steel and cet-
tain gasket materials) generally helps alleviate the prob-
lem.

In summary stainless stecls are a material ideally
suited to the food processing industry. However, their limi-
tations and capabilities need to be recognised and under-
stood, where a combination of alloy grade, fabrication
methods, surface and environmental treatments can have
a marked influence on their successful implementation.
Alloy selection in the food processing industry is particu-
larly dependent on environmental factors.

Within the constraints of existing plant, plant opera-
tors can ensure the suceessful performance of stainless steel
plant through their operating and control practices. Stain-
less steels commonly fail by a localised corrosion mecha-
nism arising from transient environmental conditions.
Conditions outside the threshold limits of alloy perform-
ance {often defined by temperature, chloride [evel, and
exposure time) can rapidly cause corrosion initiation and
propagation which result in product contamination or com-
ponent failure.

Careful consideration and control of all process modi-
fications is necessary, particularly those involving sanitis-
ing agents, brine solutions, soft unbuffered water, and start-
up/shut-down procedure (c¢.g. hiydro-testing).

8.3 Use of Stainless Steels in
the Upstream Petroleum Indus-
try

The higher grades of stainless steels are finding in-
creasing use in the control of corrosion in the production
of oil and gas, particularly in fields containing higher
amounts of the corrosive gases, carbon dioxide and hy-
drogen sulphide. Typical grades of stainless steel used
start with the 9% Cr and 13% Cr martensitic steels,
progress through the 22% Cr duplex stecls up to the 25%
Crsuper duplex steels. Higher temperatures and concentra-
tions of chlorides and hydrogen sulphide may require the
use of nickel-based alloys.

The selection of an appropnate grade of stainless steel
is not straight forward and users must carefully consider
the following:

. Carbon dioxide - a minimum grade of stainless
steel {13% Cr) is resistant to corrosion caused by
CO, by itself at low to moderate temperatures.
Howecver, at higher temperatures, and in the
presence of IS and sodium chloride, higher
grades of stainless steel are required,

. Hydrogen sulphidc - stainless steels in general are
extremely sensitive to stress cracking caused by
H.,S. Resistance increases with increasing grade
of steel, and for a given gradc of steel, susceptibil-
ity to H,S inducced stress corrosion cracking is at
a maximum at a temperature of around 80°C. Use
of stainless steels tn sour (H,S) cnvironments is
discussed in NACE MR-0175 ©*;

. Chloride ion concentration - mos! produced fluids
contain sodium chlorde, and thus the material
used must be resistant to chloride induced stress
corrosion cracking. Susceptibility to sulphide
stress cracking also Increases with increasing
chloride ion concentration;

. Service temperature - as a general rule, corrosion
rate increases with increasing temperature;

. Weldability - if the material is to be welded, care
must be taken to select correct welding procedures
that do not lead to cracking or to weld
sensitisation,

Extensive lesting programs have been carried out to
define the exact service limits of the various grades of stain-
less steel, and selection critenia tables, listing the suitabil-
ity of the various grades of stainless steel are available
from manufacturers.

In selecting the material for a particular service, re-
quirements for conditions other than the service conditions
need to be considered. For example, conditions under
hvdrotest, when oxygenated sea water may be used, or
conditions downhole, when the tubular may be in contact
with a high salinity brine may present very different haz-
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ards to normal service conditions. In addition, the exter-
nal environment conditions must be considered, for exam-
ple, steels resistant to chloride induced pitting attack and
SCC must be used in an offshore environment.

Highly alloyed stainless steels are also being used
increasingly for seawater service, for cxample, in seawater
fire deluge systems. In this application, stainless stcels
are¢ resistant to the corrosion suffered by carbon steel, and
are also resistant to the corrosion-crosion attack experi-
enced by copper-nickel, the other material commonly used
for this service.

8.4 Cryogenics

Austenitic stainless steels because of their superior
low temperature mechanical properties are used for cryo-
genic application ', Grade 304 and 304L (530403) are
the most widely used grades. Other grades commonly used
are 316, 316L and 321. Where superior strength is re-
quired the high nitrogen grades such as $30453 and S31653
find favour whilst more highly alloyed grades such as 310
may be used where maximum stability and a high degree
of toughness are demanded. When these steels are welded
the ferrite content of the weld metal may be restricted to 3-
7% or fully austenitic filler metal employed to ensure ad-
equate low temperature toughness.

The above grades, when correetly fabricated, are un-
likely to be susceptible to corrosion with cryogenic appli-
cations.

8.5 Specific Industry Problems -
Heat Exchangers

Heat exchangers come in a wide variety of sizes and
designs, ranging from large steam turbine condensers and
air-conditioning plant, to small oil coolers. Many different
fluids may b¢ cooled or heated, usually by treated water
circulated through a cooling tower or by river or sea wa-
ter. Heat cxchangers also include associated pipe systems,
water boxes, pumps, valves, screens and filters.

The traditional material for heat exchanger tubes in
Australia is copper alloy, with titanium being used for more
critical applications. However, because of problems with
impingement and erosion of copper alloys, stainless steels
have becn used in America and Europe.

Important factors Lo be considered when using stain-
less steels in heat exchangers include:

. The maximum temperature in the system. With
temperaturces commonly above 35°C Grade 304
and 316 stainless steels may well have insufficient
pitting resistance. High alloy austenitics such as
AL-6XN or 254 SMO have been used extensively
for condenser tubing, while the duplex alloys are

gaining acceptance for heat exchangers and
associated systems. Austenitic alloys may suffer
Stress Corrosion Cracking at tempceratures above
60°C (see section 4.5);

. Stainless steels must be kept free of deposits and
marine growth to maintain their pitting resist-
ance. Large heat exchangers usually have an on-
line tube cleaning system to remove deposits and
maintain heat transfer.

Finally, when using stainless steels in heat exchang-
ers it is important to consider the system as a whole and
select compatible materials with appropriate corrosion re-
sistance,
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The Weldability of Steels - TN1-96

Gives guidance on the preheat and heat input
conditions (run size, current, voltage) required for
acceptable welds and to avoid cold cracking in a
wide varicty of steels, The Note 1s applicable to a
wide range of welding processes.

Successful Welding of Aluminium - TN2-97

This note covers the major welding processes as they
are uscd for the welding and repair of aluminium
and its alloys. Information 1s given on the processes,
equipment, consumables and techniques. It also
provides information on the range of alloys available
and briefly covers safely, quality assurance,
inspection and testing, costing and altermative joining
Processes.

Care and Conditioning of Arc Welding
Consumables - TN3-94

Gives the basis and details for the correct care,
storage and conditioning of welding consumables
to control hydrogen and to ensure high quality
welding,

The Industry Guide to Hardfacing for the
Control of Wear - TN4-96

Describes wear mechanisms and gives guidance on
the selection of hardfacing consumables and
processes for a wide range of applications.
Includes Australian Hardfacing Suppliers
Compendium 1998,

Flame Cutting of Steels - TN5-94

Gives a wealth of practical guidance on flame cutting
including detailed procedures for efficient cutting,
selection of equipment and gases, practices for

identifying and curing defective cutting, methods of
maximising economy and other important guidance
on the use of steels with flame cut surfaces.

Flame Cut Surface Replicas

These have been developed to complement Technical
Note Number 5 by defining three qualitics of flame
cut surface. Each set of three is contained in a
convenient holder with a summary sheet of main
flame cutting data.

Control of Lamellar Tearing - TN6-85
Describes the features and mechanisms of this
important mode of failure and the means of
controlling tearing through suitable design, material
sclection, fabrication and inspection. Acceptance
standards, repair methods, specification
requirements and methods of investigation are
proposcd, Four appendices give details on the
mechanism, matenal factors, tests for susceptibility
and the important question of restraint.

Health and Safety in Welding - TN7-98
Provides information on all aspects of health and
safety in welding and cutting, Designed to provide
this information in such a way that it 15 readily
useable for instruction in the shop and to provide
guidance to management, Recommendations are
given for safe procedures to be adopted in a wide
variety of situations found in welding fabrication.

Economic Design of Weldments - TN9-79

Principles and guidance are given on methods and
procedures for optimising design of weldments and
welded joints and connections to maximise economy
in welding fabrication. Factors influencing the
overall cost of weldments which need to be
considered at the design stage are discussed.



10,

11.

12.

13.

14,

A/ACA Technical Note 13-, "~ .. "

Welding Rate in Arc Welding Processes: Part 1
MMAW - TN9-79

Gives practical guidance and information on the
sclection of welding conditions to improve
productivity during manual metal arc welding
(MMAW), Graphs are provided showing rates as a
function of weld size. The graphs enable a direct
comparison of different types of welding clectrodes
when uscd for butt and fillet welds in various welding
positions.

Fracture Mechanics - TN10-80

Providcs theory and gives practical guidance for the
design and fabrication of structures, planning of
maintenance and assessment of the likclihood of
brittle or ductile initiation from flaws in ferrous and
non-ferrous alloys. Enginecring critical assessment
case historigs are discussed.

Commentary on the Structural Steel Welding
Standard AS/NZS 1554 - TN11-98

(A joint publication with AISC)

The Note complements AS/NZS 1554 Parts 1 to 5,
by presenting background information which could
not be included in the Standard. It discusses the
requirements of the Standard with particular
emphasis on new or revised clauses. In explaining
the application of the Standard to welding in stcel
construction, the commentary emphasises the need
to rely on the provisions of the Standard to achicve
satisfactory weld quality,

Minimising Corrosion in Welded Steel
Structures - TN12-96

(A joint publication with the Australasian Corrosion
Association Inc)

Designed to provide practical guidance and
information on corrosion problems associated with
the welding of steel structures, together with possible
solutions for minimising corrosion.

Stainless Steels for Corrosive Environments -
TN13-98

Provides guidance on the selection of stainless steels
for different environments. Austenitic, ferritic and
martensitic stainless steels are described together
with the various types of corrosive attack. Aspects
of welding procedure, design, cleaning and
maintenance to minimise corrosion are covered.

Design and Construction of Welded Steel Bins -
TN14-84

Written because of the widely expressed need for
guidance on the design and fabrication of welded
stcel bulk solids containers, this Technical Note

15.

16.

17.

18.

19.

20.

gathers together relevant information on functional
design, wall loads, stress analysis, design of welded

Jjoints and the fabrication, crection and inspection

of steel bins. It also contains a very comprehensive
reference list to assist in a further understanding of
this very broad subject.

Welding and Fabrication of Quenched and
Tempered Steel - TN15-96

Provides information on quenched and tempered
stcels generally available in Australia and gives
guidance on welding processes, consumables and
procedures and on the propertics and performance
of welded joints, Information is also provided on
other important fabrication operations such as flame
cutting, plasma cutting, shearing and forming.

Welding Stainless Steels - TN16-85

This Technical Note complements Technical Note
Number 13 by detailing valuable information on the
welding of most types of stainless steels commonly
used in industry.

Automation in Arc Welding - TN17-86

Provides information and guidance on all the issues
involved with automation in arc welding. The general
principles arc applicable to automation in any field.

Welding of Castings - TN18-87

Provides basic information on welding procedures
for the welding processes used to weld and repair
terrous and non-ferrous castings. It also provides
information on the range of alloys available and
briefly covers non-destructive inspection, on-site
heating methods and safety.

Cost Effective Quality Management for
Welding - TN19-95

Provides guidelines on the application of the AS/
NZS ISO 9000 series of Quality Standards within
the welding and fabrication industries. Guidance on
the writing, development and control of Welding
Procedures is also given.

Repair of Steel Pipelines - TN20-94

Provides an outline of methods of assessment and
means of repair available to a pipeline whilst
allowing continuity of supply.

Binder (holds ten of the above)
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