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1

Introduction

Stainless steels are mainly used for their re-
sistance to aqueous corrosion but are also
widely used at high temperatures when
carbon and low-alloyed steels do not pro-
vide adequate corrosion resistance and/or
strength. They can be found in applications
in which high-temperature oxidation resist-
ance or high-temperature strength are re-
quired [1]. Construction material is exposed
to high temperatures in many industrial,
public and domestic applications, some-
times in connection with an aggressive en-
vironment.

Depending on the operating conditions, the

requirements on material used at high tem-

peratures may be as follows:

e high creep strength (and/or ductility)

e good resistance to oxidation and high-
temperature corrosion

e stable microstructure

e good resistance to erosion corrosion

Material selection should be determined by
the specific application and operating con-
ditions in each case [2].
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2 The role of alloying elements

Alloys for high-temperature applications are
designed to be able to form protective oxide
scales. The only oxides that meet the cri-
teria for protective scales and can form on
practical alloys are chromium oxide (Cr203),
aluminium oxide (Al,0) and, possibly, sili-
con dioxide (Si0,).

The effect of chromium is particularly evi-
dent at temperatures above 500 °C. This
element forms a tight, adherent layer of
chromium-rich oxide on the surface of the
metal, retarding the inward diffusion of oxy-
gen and impeding further reaction [3].

Other elements besides chromium may
also be added to stainless steel to increase
oxidation resistance. Silicon and aluminium
act very similarly to chromium. They oxi-
dise selectively and if present in sufficient
amounts can form continuous films of SiO,
and AL,0,. The adherence of the oxide scale
can be greatly improved by small additions
of rare earth metals (REM) such as cerium or
lanthanum [4]. This is particularly beneficial
when the application is subjected to ther-
mal cycling [5].

Nickel increases ductility, high-temperature
strength and resistance to both carburisa-
tion and nitridation. High-nickel-content
alloys should be avoided in reducing sul-
phidising environments, because of the for-
mation of low-melting-point nickel-sulphur
compounds. Nickel counteracts but does
not necessarily stop the tendency for an al-
loy to form sigma phase.

Higher nitrogen and carbon content en-
hance creep strength.

Molybdenum increases high-temperature
creep-rupture strength. It is usually limited
to 3.0 %. Higher molybdenum content can
cause serious oxidation problems and pro-
mote sigma-phase formation, unless coun-
terbalanced by austenite-forming elements
such as nickel.

Titanium added in small amounts of about
0.3-0.7 % increases strength in austenitic
alloys. The same is true for niobium. Both
promote sigma-phase formation.

Boron
and is used at rather low concentrations —
typically 0.002 %. This interstitial element
tends to concentrate at the grain boundary.

increases creep-rupture strength

Chromite, Dyne mine
(New Caledonia),
Photo: Ecole des Mines
de Paris, Paris (F)
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3 The role of microstructure

Microstructure is less important for heat re-
sistance than chemical composition or the
appropriate selection of alloying elements
but affects suitability for high-temperature
service for other reasons. The grades of
wrought stainless steels and nickel-based
alloys usually used for products where the
main requirement is resistance to the effect
of hot gases and combustion products at
temperatures above 550 °C are specified in
European standard EN 10095 — Heat resist-
ant steels and nickel alloys [6]. This stand-
ard comprises 6 ferritic grades (see Table 1),
14 austenitic heat-resistant grades (Table 2)
and 1 duplex heat-resistant grade (Table 3).

With time and temperature, any metal can
be expected to undergo changes in metal-
lurgical structure. In stainless steel, the
changes can be softening, carbide precipi-
tation or embrittlement [8].

Table 1: Chemical composition of heat-resistant ferritic steels [6]

For most ferritic grades, long-term service
temperature is usually limited to 250 °C,
due to 475 °C embrittlement. This does
not seem to be a serious problem in low-
chromium steel grades with 10.5-12.5 % Cr,
where temperatures can at times exceed
575 °C. One reason is that 475 °C embrittle-
ment can be reversed by heat treatment at
highertemperatures. The resistance of some
ferritic grades to atmospheric corrosion and
high-temperature oxidation, and their rela-
tively low cost, explain why these grades
have been extensively used in automotive
exhaust systems [7]. Other exceptions to
the maximum service-temperature limit are
high-alloyed chromium steel grades with
23-27 % Cr, which offer outstanding scal-
ing resistance in air at high temperatures,
due to their high chromium content. More
details on structural stability are provided
later in this publication. Minimum operating
temperatures (to avoid embrittlement) may
be valid in some cases.

Steel designation % by mass

Approximate Mn

Number Name AISI/ASTM C Si o Cr Al Others
designation ’

1.4713 X10CrAlSi7 max. 0.12 0.5-1.00 1.00 6.00-8.00 0.50-1.00

1.4724 X10CrAlSi13 max. 0.12 0.7-1.40 1.00 12.00-14.00 0.70-1.20

1.4742 X10CrAlSi18 max. 0.12 0.7-1.40 1.00 17.00-19.00 0.70-1.20

1.4762 X10CrAlSiz2s5 max. 0.12 0.7-1.40 1.00 23.00-26.00 1.20-1.70

1.4749 X18CrN28 446 0.15-0.20 max.1.00 1.00 26.00-29.00 N: 0.15t0 0.25

1.4736 X3CrAlTi18-2 max. 0.04 max.1.00 1.00 17.00-18.00 1.70-2.10 0.2+4-(C+N)<Ti<0.80




Figure 1 gives a broad idea of the hot-
strength advantages of stainless steels
in comparison with low-carbon unalloyed
steels. Ferritic grades are not known for their
mechanical strength at high temperature.
The high-temperature strength of ferritic
and martensitic stainless steels is relatively
low compared to that of austenitic grades.

Martensitic stainless steels are listed as
creep-resistant steels in European stand-
ards EN 10088-1[9] and EN 10302 [10]. How-
ever, due to their low chromium content
(12.5 % maximum), they are not primarily
specified as heat-resistant grades but are
mainly specified when the application re-
quires good tensile strength, creep and
fatigue strength, in combination with mod-
erate corrosion resistance and heat resist-
ance up to approximately 650 °C. Low- and
medium-carbon martensitic steels are used
primarily in steam turbines, jet engines and
gas turbines.
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Steam turbine half-cas-
ing and rotor. The rotor
is made of martensitic
stainless steel, suitable
= : for use in high tem-
oy = . peratures. Photo: Centro
Ti Inox, Milan (I)
*eansseset R,

Austenitic stainless steels provide, next to
nickel-based alloys, the best combination
of high-temperature corrosion resistance
and high-temperature mechanical strength
of any alloy group. For this reason, there
are a multitude of special heat-resistant
austenitic grades listed in EN 10095 and
special creep-resistant austenitic grades in
EN 10302. Heat-resistant austenitic grades
are the preferred metallic material in high-
temperature applications.
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Figure 1: General comparison of the hot-strength characteristics of austenitic, martensitic and ferritic stainless

steels with those of low-carbon unalloyed steel [8]
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Table 2: Chemical composition of austenitic heat-resistant steels [6]

Steel designation % by mass
Approximate
Number Name AISI/ASTM C Si Mn Cr Ni Others
designation
1.4878 X8CrNiTi18-10 321H max. 0.10 max. 1.00 max. 2.00 17.0-19.00 | 9.00-12.00 Ti: 5:%C<Ti<0.80
1.4828 X15CrNiSi20-12 - max. 0.20 1.50-2.50 max. 2.00 | 19.00-21.00 | 11.00—13.00
1.4835 X9CrNiSiNCe21-11-2 S30815 0.05-0.12 1.40-2.50 max. 1.00 |20.00-22.00 | 10.00—12.00 Ce: 0.03-0.08
1.4833 X12CrNi23-13 309S max. 0.15 max. 1.00 max. 2.00 | 22.00-24.00 | 12.00-14.00
1.4845 X8CrNi25-21 310S max. 0.1 max. 1.50 max. 2.00 | 24.00-26.00 | 19.00-22.00
1.4841 X15CrNiSi25-21 314 max. 0.20 1.50—2.50 max. 2.00 | 24.00-26.00 | 19.00—22.00
1.4864 X12NiCrSi35-16 - max. 0.15 1.00-2.00 max. 2.00 15.00-17.00 | 33.00-37.00
. " Al: 0.15-0.60
1.4876 X10NicrAlTi32-21 - max. 0.12 max. 1.00 max. 2.00 | 19.00-23.00 | 30.00—34.00 Tit 0.15-0.60
Al: max. 0.025
1.4877 X6NiCrNbCe32-27 - 0.04-0.08 max.0.30 max. 1.00 | 26.00-28.00 | 31.00—33.00 Ce: 0.05-0.10
Nb: 0.60-1.00
1.4872 X25CrMnNiN25-9-7 - 0.20-0.30 max.1.00 8.00-10.00 | 24.00-26.00 | 6.00-8.00 N: 0.20-0.40
1.4818 X6CrNiSiNCe19-10 S30415 0.04—-0.08 1.00—-2.00 max. 1.00 | 18.00-20.00 | 9.00-11.00 Ce: 0.03-0.08
1.4854 X6NiCrSiNCe3s-25* S35315 0.04-0.08 1.20-2.00 max. 2.00 | 24.00-26.00 | 34.00-36.00 N: 0.12-0.20
. . . . . .2, . . . . Ce: 0.03-0.08
1.4886 X10NiCrSi35-19 No8330 max. 0.15 1.00-2.00 max. 2.00 | 17.00-20.00 | 33.00—37.00
1.4887 X10NiCrSiNb35-22 - max. 0.15 1.00-2.00 max. 2.00 | 20.00-23.00 | 33.00—37.00 Nb: 1.00-1.50

*patented steel grade

Duplex stainless steels have a mixed ferrite
and austenite structure. Their yield strength
is in the range of 550 MPa to 690 MPa
in the annealed condition - significantly
higher than that of their austenitic or fer-
ritic counterparts. Despite this relatively
high strength at room temperature, duplex
grades are subject to embrittlement and
loss of mechanical properties, particularly
toughness, through prolonged exposure
to high temperatures. As a result, duplex
stainless steels are generally not recom-
mended for high-temperature applications,
their upper temperature limit being gener-
ally not higher than approximately 300 °C.

The latest research confirms that duplex
grades have somewhat lower strength re-
tention than comparable austenitic grades
in the higher-temperature range. However,
even in the high-temperature range typical
of fire situations, their absolute strength is
still similar to that of austenitic grades [11].
The highest temperature therefore depends
on mechanical properties (e.g. pressure
vessels) and needs to be qualified for the
steel concerned.
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Table 3: Chemical composition of duplex heat-resistant steel [6]

Steel designation % by mass
Approximate Mn
Number Name AISI/ASTM C Si TS Cr Ni
designation .
1.4821 X15CrNiSi25-4 - 0.10-0.20 0.80-1.50 2.00 24.50-26.50 3.50-5.50

Precipitation-hardening (PH) stainless steels
are chromium-nickel grades whose strength
can be increased by age hardening. Age
hardening is provided by an intermediate-
temperature ageing treatment. These steels
are of limited use for high-temperature ser-
vice in the aged condition, since they lose
strength rapidly at temperatures above
about 425 °C [12]. They will therefore not be
discussed further here.

Grades designed for aqueous-corrosion re-
sistance may also be used as heat-resistant
steel grades where corrosion resistance is
of high importance. These steel grades are
listed in EN 10088-1 and EN 10028-7 [13] and
shown below in Table 4.

The temperature range in which the above
stainless steel grades are used is somewhat
lowerthan that of steel grades specifically de-
signed and listed as heat resistant. It should
be borne in mind that maximum service tem-
perature differs depending on whether ser-
vice is intermittent or continuous.

The embrittlement mechanisms discussed
under structural stability should be taken
into account, as they also usually set in be-
low the maximum service temperature.

Table 4: Grades from EN 10088-1 and EN 10028-7 which are used in addition to those in EN10095 as heat-resist-

ant steels
Steels from EN 10088-1 Steels from EN 10028-7 Approximate AISI/ASTM
Number Name Number Name designation
1.4512 X2CrTi12 409
1.4000 X6CrTi13 410S
1.4016 X6Cri7 430
1.4510 X3CrTity 1.4510 X3CrTity 439
1.4590 X2CrNbZriz
1.4509 X2CrTiNb18 1.4509 X2CrTiNb18
1.4006 X12Cr13 410
1.4301 X5CrNi18-10 1.4301 X5CrNi18-10 304
1.4948 X6CrNi18-10 304H
1.4541 X6CrNiTi18-19 1.4541 X6CrNiTi18-19 321
1.4941 X7CrNiTiB18-10
1.4950 X6CrNi23-13
1.4951 X6CrNi25-20
1.4362 X2CrNiN23-4 1.4362 X2CrNiN23-4 2304
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At high temperatures, metals under stress
are subject to slow plastic deformation as
well as elastic deformation. Time therefore
becomes a critical factor and conventional
tensile tests do not furnish values that are
useful in design. The data required is that
indicating the load which will produce
no more than an allowable percentage of
elongation at a specified temperature over
a given period of time. High-temperature
strength properties thus involve factors of
time and deformation as well as stress and
temperature [14].

The strength of materials at high tempera-
ture is not measured in the same way as at
room temperature. For room-temperature
applications — automobile frames, claw
hammers, etc. — the designer needs to know
tensile strength, yield strength or hardness,
but when the material is exposed to high
temperatures, the most important mechani-
cal propertyis creep or rupture strength [15].

4.1 Creep strength

Metals behave very differently at high tem-
peratures than they do at room tempera-
ture. If a metal bar is loaded to just below
its yield strength at room temperature, the
load can be left there almost indefinitely.
It will not fail unless it corrodes or suffers
stress-corrosion cracking.

At high temperature, the material begins to
stretch, but very slowly. It will keep stretch-
ing until it finally breaks [15]. The speed at
which the metal stretches, in % per hour,
is called its “creep rate”. The high-temper-
ature strength of a material is generally ex-

4 Mechanical properties at high temperatures

pressed in terms of “creep strength” — its
ability to resist distortion over long-term ex-
posure to a high temperature. Creep occurs
in most applications where metal tempera-
tures exceed 480 °C. In time, creep may lead
to excessive deformation and even fracture
at stresses considerably below those de-
termined in room-temperature and high-
temperature short-term tensile tests. It is
usually satisfactory if creep does not exceed
1 % deformation in 10,000 hours. This does
not mean that this rate of creep can be ex-
pected to continue for 10,000 hours without
failure in every instance.

Creep values obtained under constant load
and temperature conditions are applicable
to design. However, safety factors should
always be incorporated. The safety factor
will depend on the degree to which the ap-
plication is critical [14]. Of the various types
of stainless steel, austenitics provide the
highest creep strength.

A design stress figure commonly used for
uniformly heated parts not subjected to
thermal or mechanical shock is 50 % of the
stress to produce 1 % creep in 10,000 hours.
However, this should be used carefully and
verified with the supplier [16]. A common
criterion is for the load to cause failure at
100,000 hours, with an added safety factor
of 1.5 (see the ASME code, for example). For
guidance, creep properties are given in the
Appendix of this publication.



4.2 Stress-rupture properties

Stress-rupture properties determined under
constant load at constant temperature are
useful in estimating the service life of a ma-
terial (time to fracture) under specific condi-
tions — and also for comparing alloys. They
serve as additional information to creep-
strength values in the selection of heat-
resistant materials. It should be recognised
that long-term creep and stress-rupture
values (e.g. 100,000 h) are often extrapo-
lated from shorter-term tests conducted at
high stresses. Considerable scatter in test
results may be observed, even for a given
heat of an alloy, so extrapolated creep- and
rupture-strength data can be unreliable.
There can typically be a variation of +20 %
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in stress. Differences can often be traced to
differences in, for example, annealing pro-
cedures and grain size. Even tests with the
longest affordable duration should there-
fore be interpreted cautiously.

A material’s actual behaviour can also be
difficult to predict accurately due to the com-
plexity of the actual service stresses as op-
posed to the idealised, uniaxial loading con-
ditions in standardised tests. Factors such as
cyclic loading, temperature fluctuation and
metal loss from corrosion may also influence
how a material behaves in service [3,17].

Temperature, °F
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Figure 2: Stress-rupture strength in 10,000 h of different stainless steels grades [25]
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1.4401 (316)
1.4404 (316L)
1.4541 (321)
1.4550 (347)
1.4833 (3095)
1.4845 (3105)
Plain carbon steel
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4.3 Short-term tensile strength

Historically, the method used for studying
the high-temperature properties of metals
and alloys has been short-term tensile test-
ing. While these tests have been largely su-
perseded for design purposes by long-term
creep and rupture tests, high-temperature
tensile testing nevertheless furnishes use-
ful data for preliminary appraisal.

High-temperature tensile tests are similar to
tensile tests at room temperature. Usually,
the specimen is surrounded by an electric-
resistance furnace, to keep it at a constant
selected temperature during application of
the load. Rate of testing (or strain rate) is
one of the important considerations [3].

The values obtained are as much as five or six
times the limiting creep-strength values and
therefore greatly over-evaluate load-carrying
ability over a long period of time. High-tem-
perature tensile test results can be helpful in
evaluating resistance to momentary overloads
and are included in some specifications.

Overabout 550 °C, tensile and yield strength
cannot be used as a basis for design.

Tensile strength (or ultimate strength) is
the stress required to pull the specimen un-
til it breaks in two. A tensile test is carried
out by mounting a specimen in a machine
which pulls on it with a slowly increasing
load until it breaks. The strength of the ma-
terial is reported by its tensile strength in
N/mm? or MPa.

Tensile strength is tested with dedicated equipment.
Photo: Acroni, Jesenice (SI)



4.4 Ductility

Accurately comparing the hot ductility of
heat-resistant materials is difficult, since
thereis no generally accepted reference test.
Total elongation values on both creep- and
stress-rupture tests are often used as cri-
teria. Also, elongation in short-term tensile
tests is commonly used in specifications as
an indication of high-temperature ductility.

In many service conditions, with the combined
uncertainties of actual stress, temperature
and strength, it may be important that failure
does not occur without warning and that the
metal retains high ductility throughout its ser-
vice life. In the oil and chemical industries, for
instance, tubing applications under high pres-
sure require high long-term ductility. In these
cases, impending rupture will be evident from
the bulging of the tubes [3].

4.5 Thermal fatigue

Metal expands when heated and contracts
by the same amount when cooled down. This
strains both the centre and the outer surface.
After a number of these strain cycles the met-
al cracks. Cracks can start at the surface and
grow into the material, as in a carburising envi-
ronment, or they can start internally (in neutral
hardeningoperations)and give noexternalsign
that anything is wrong until the material sud-
denly breaks [15]. In many high-temperature
applications, intermittent or widely fluctuat-
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There are many influencing factors when material is
selected for use in industrial environment.
Photo: Centro Inox, Milan (1)

ing temperatures (cyclic heating) are encoun-
tered, so the ability to withstand in-service
thermal fatigue must be considered.

Very little experimental thermal-fatigue in-
formation is available on which compari-
son of the various alloys can be based and
no standard test has as yet been adopted.
Field experience indicates that, usually, re-
sistance to thermal fatigue improves with in-
creasing nickel content. As unequal stresses
tend to distort or fracture the part, it is help-
ful in some cases to make parts of a number
of small components that are free to expand
and contract. Sharp corners and abrupt
changes in section are to be avoided [14]".

* The importance of using sections that are as light as possible should often be considered in design, as less mass means
less strained material. A change of dimensions from 12.7 mm to 15.9 mm in diameter for a bar frame basket, for example,
could result in halving the lifetime, rather than making the basket stronger. In this case, with increasing diameter the ther-
mal strains were significantly higher. Thermal stress causes more distortion and cracking in heat-resistant alloy equipment

than do the mechanical loads imposed on the part [14].
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Strength is rarely the only requisite in
material selection and frequently is not
the major one. More failures are due
to brittle fracture from thermal fatigue
than from stress rupture or creep. How-
ever, high-temperature strength is im-
portant where severe thermal cycling is
required [16].

4.6 Temperature gradients

Heat-resistant alloys have inherently high
coefficients of thermal expansion and low
heat conductivity — both properties tending
to produce temperature and stress differ-
ences between different areas of a part or
assembly. Coefficient of thermal expansion
is expressed in units of proportional change
of length for each degree increase in tem-
perature, usually as 10%K®. Other units
sometimes used are 10/°C, pm/m/°C and
10°cm/cm/°C. These are identical but are
outside the International System of Units=.

Increase in length (or diameter, thickness,
etc.) can be readily calculated by multiply-
ing the original dimension by the tempera-
ture change by the coefficient of thermal
expansion. For example, if a 3-meter-long
bar of steel grade 1.4301, with a coefficient
of thermal expansion of 17.2-10°-K* (or
17.2 pm/m/°C), is heated from 20 °C to
200 °C, the length increases by:

Al=a-L,-AT=17.2-3.00-180=9288 pm
=9.3mm

In the equation, a stands for coefficient of
thermal expansion, L, for original length
and AT for change in temperature.

Table 5: Coefficient of thermal expansion - average
values [18]

Coefficient of
thermal expansion
(-10°%-K?)
Carbon steel 12
Austenitic stainless steel 17
Duplex stainless steel 14
Ferritic stainless steel 10
Martensitic stainless steel 10

Linear-expansion coefficients for specific
steel grades are given in the Appendix.

2 abbreviated as “Sl system” from the French “Systéme International d’Unités”



4.7 Effect of cold working on
properties

The high-temperature strength of heat-re-
sistant austenitic alloys can be increased
by cold working processes such as rolling.
The increased strength is, however, only re-
tained up to recrystallization temperature.

Figure 3 shows the effect of temperature
on the tensile properties of cold-worked
1.4310 (301) stainless steel. In particular,
cold-worked products have poor resistance
to creep, which generally occurs at temper-
atures slightly above the recrystallization
temperature of the metal. During long-term
high-temperature exposure, the benefit
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The microstructure of a steel is checked under high magnification.

Photo: Acroni, Jesenice (SI)

of cold working is lost and stress-rupture
strength may even fall below annealed
strength [25].
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Figure 3: The effect of short-term high temperature
on the tensile properties of cold-worked steel grade
1.4310 (301). (a) Tensile strength, (b) Yield strength,
(c) Elongation [25].
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5 Microstructure stability

14

Some materials change after a few hundred
or thousand hours in service. They become
brittle instead of remaining tough and ductile.
The most common problem is that the alloy
forms a hard, brittle, non-magnetic phase,
called sigma. Sigma phase forms in the tem-
perature range of 500-980 °C [15]. This micro-
structural change can occur in austenitic, ferri-
tic or duplex stainless steel, the process being
dependent on both time and temperature.
Some lower-chromium ferritic grades can
form sigma phase at temperatures as low as
480 °C, albeit over extended periods of time.
In addition to temperature, the time required
to form sigma phase varies considerably de-
pending on composition and processing (the
amount of cold working, for example). Embrit-
tlement due to sigma phase starts rapidly if
the material has been cold worked.

With a sufficiently high level of nickel, sig-
ma-phase formation can be completely sup-
pressed. If a material is to be used in the
sigma-phase-formation range, it is impor-
tant to evaluate how much embrittlement
is likely to occur over the service life of the
component and what effect this will have on
the component’s performance.

Embrittlement is not normally a problem
when material is at operating temperature
(except when thermal fatigue is involved)
but can become serious at ambient tem-
peratures [19]. Generally, such phases are
of the most concern when affected parts are
cooled down to room temperature. At high
temperatures, from a ductility or toughness
standpoint, the phases do not appear to be
a major problem. Other intermetallic phas-
es very often present besides sigma phase

are Laves and chi (y) phases. In the case of
Laves phase, such intermetallics can even
improve high-temperature creep strength.

Intermetallic phase embrittlement is primar-
ily a service probleminvolving long exposure
to high temperatures. These phases can be
dissolved by heating to above 1000 °C [12].

At temperatures between 400 °C and 500 °C,
ferritic stainless steels tend to split into two
separate phases, with respectively high and
low chromium contents. The rate of the re-
action reaches its maximum at 475 °Cand is
therefore called 475 °C embrittlement. The
11 % Cr ferritic grades are the least sensitive
to this phenomenon, which occurs only to a
limited extent in 17 % Cr alloys, whereas 25 %
Cr materials, including duplex stainless
steels, are highly prone to it [23].

At high temperatures, grain growth may also
occur, possibly increasing creep strength
somewhat but simultaneously substantially
reducing ductility. Even if these microstructur-
al changes lead to impaired material proper-
ties, they can be acceptable as long as one is
aware of them and considers them during ser-
vice as well as at maintenance shutdowns [2].

Some austenitic stainless steels can
suffer significant ductility loss or em-
brittlement upon long-term exposure to
intermediate temperatures (500-900 °C),
due to sigma phase formation [25]. Use
of iron-chromium-nickel types should
be limited to applications in which tem-
peratures are steady and not within the
sigma-forming temperature range [24].



Table 6: Practical considerations of structure stability in use [20,21,22]
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Max. Grain
. . - bound- .
Steel designation fecony o-phase| Grain growth
sitost | mended | expo- | mort. | argec | 2
temp. |tempera-| ,Sure tlement | embrit- Comments
Nearest| range | turein time! effect |tlement oC
Number Name ASTM/ dry air
AISI oc 600-750|600-900( »950 | >1050
Short
1.4818 S30415 1000 Long Low YES YES YES
Medium
1.4828 | X15CrNiSi20-12 1000 Mlé?:l?ﬁm Low YES YES
. . Medium/
1.4833 X12CrNi23-13 309S 1000 |Medium strong YES YES
cos Long
o 1.4835 | X9CrNiSiNCe21-11-2 | 530815 |850-1100| 1100 | pocyeo | Low YES YES
E
E 1.4841 | Xi5CrNiSi25-21 314 1150 YES YES
©n
3 1.4845 X8CrNi25-21 310S 1100 YES YES
Risk of reduced room-temper-
1.4854 S35315 1150 YES YES ature impact toughness after
service below 950 °C
1.4878 | X8CNiTi18-10 | 321H 800 Mlé%?ﬁm Low YES YES YES
Short
1.4948 304H 800 Long Low YES YES YES
Medium
No brittle phases,
but should be exposed to
L4713 X10CrAl7 550-800| 800 Low only moderately corrosive
atmospheres
1.4724 X10CrAl13 550—850 850 Low No brittle phases
[S)
E YES
= X10CrAl18 Medium | YES (long | yps
g | 14742 10CrAl1 550—1000| 1000 edium expo-
sure)
Medium
but YES o-phase after long exposure,
1.4762 X10CrAl24 550—1150| 1150 - higher | YES (long ex-| YES but faster than 1.4742
than posure) grain growth
1.4742

(1) short = seconds-minutes, medium = minutes-hours, long = days-months
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6 Resistance to high-temperature corrosion

Heat treatment after hot
or cold forming is often
part of the fabrication
procedure. Photo:
Butting, Knesebeck (D)

v
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The term “high-temperature corrosion”
is not very accurate. It generally concerns
“dry” corrosion, usually by gases, and what
is high for one material may be low for an-
other. However, in the case of stainless
steels it can often be taken to mean 5oo °C
and higher. Under these conditions, the
surface alteration produced on stainless

steelis usually fairly uniform.

At high temperatures, corrosion mecha-
nisms differ significantly depending on the
oxygen potential of the atmosphere and the
corrosive species present. Atmospheres
with high oxygen potential contain species
such as oxygen, water vapour, sulphur and
its oxides (SO, and 503), carbon dioxide
(CO,), nitrogen oxides (NO,), chlorine, etc.
Atmospheres with a low oxygen potential
are usually dominated by hydrogen, possi-
bly with the presence of hydrogen sulphide
(H,S), carbon monoxide (CO), hydrogen
chloride (HCl), hydrocarbons, ammonia, etc.
These atmospheres are often loosely termed
“oxidising” and “reducing” respectively,
which is best interpreted as meaning “with

respect to iron”, since a so-called reducing
atmosphere can oxidise elements such as
aluminium and silicon and often even chro-
mium [4]. It should be noted that no single
alloy will show satisfactory resistance to all
high-temperature environments. [14].

6.1 Oxidation

When a material is exposed to an oxidising
atmosphere at high temperatures, an ox-
ide layer usually forms on the surface. This
layer will retard further oxidation. If the tem-
perature of the material increases, the oxide
growth rate will increase and the layer will
finally crack and spall off when the scaling
temperature is reached, thus losing its pro-
tective effect [25]. Chromium-alloyed steels
have better resistance to oxidation than
carbon steels, due to the presence of chro-
mium and mixed chromium and iron oxides
in an oxide layer. Mixed chromium and iron
oxides are more protective than a pure iron-
oxide layer. When the chromium content (w)
isincreased from o % to 27 %, the maximum
service temperature increases from around
500 °C to 1150 °C. At temperatures above
1000 °C, aluminium oxides are more pro-
tective than chromium oxides. The amount
of aluminium required for the formation of
a protective layer will, however, make the
alloy rather brittle, making fabrication dif-
ficult and costly [26]. Increased nickel mini-
mizes scale spalling when temperature cy-
cling occurs [25].



Water vapour has a specific effect on oxida-
tion. Thus, while oxidation rates in air are
generally slightly lower than in pure oxygen,
water vapour significantly increases the cor-
rosion rate, particularly in iron-rich alloys. The
oxide layer formed tends to be porous and
less protective. This is generally attributed to
the formation of volatile chromium-oxide and
hydroxide species. A cold-worked surface
leads to improved behaviour in water vapour
compared to an annealed structure, since it
promotes the formation of a compact layer of
Cr,04 [4]. If elevated water vapour content is
present, the maximum recommended service
temperature can be reduced by 5o-150 °C,
depending on steam content [27].

STAINLESS STEELS AT HIGH TEMPERATURES

Historically, the oxidation resistance of an
alloy has been specified as the “scaling
temperature”, i.e. the temperature at which
the oxidation rate becomes unacceptably
high. Since this temperature is of little tech-
nical importance, the concept of “scaling
temperature” has been abandoned.

The maximum application temperatures for
air are given in EN 10095.

Table 7: Maximum application temperature in air for some heat-resistant stainless steel grades (for guidance only) [6]

Steel designation Maximum application
Number Name Appro;((iler:ia;ﬁ:\tliSoIn/ASTM temps(r:a e
Ferritic heat-resistant steels
1.4713 X10CrAlSizy 800
1.4724 X10CrAlSi13 850
1.4742 X10CrAlSi18 1000
1.4762 X10CrAlSi2s5 1150
1.4749 X18CrN28 1100
1.4736 X3CrAlTi18-2 1000
Austenitic heat-resistant steels
1.4878 X8CrNiTi18-10 321H 850
1.4828 X15CrNiSi2o0-12 1000
1.4835 X9CrNiSiNCe21-11-2 S30815 1150
1.4833 X12CrNi23-13 309S 1000
1.4845 X8CrNi25-21 310S 1050
1.4841 X15CrNiSi25-21 314 1150
1.4818 X6CrNiSiNCe19-10 - 1050
Duplex heat-resistant steel
1.4821 X15CrNiSi25-4 - 1100

17
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Table 8: Generally accepted maximum service temperatures in air for some standard stainless steel grades (for guidance only) [12]

Steel designation

Maximum service temperature

Approximate AISI/ASTM Intermittent service Continuous service
it ke A designation 4 °C
Ferritic stainless steel
1.4016 | X6Cri7 | 430 | 870 | 815
Martensitic stainless steel
1.4006 | X12Cr13 | 410 | 815 | 705
Austenitic stainless steel
1.4301 X5CrNi18-10 304 870 925
1.4541 X6CrNiTi18-19 321 870 925
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Figure 4: Long-term oxidation at 1100 °C. The specimens were cooled down to room temperature once a week for weighting, 165 h cycles [28].
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Catastrophic oxidation is, as its name im-
plies, oxidation that proceeds so rapidly
that complete failure of the material oc-
curs in a very short time. Certain elements,
such as molybdenum, niobium, vanadium
and tungsten, form oxides that are volatile
at relatively low temperatures. If these ox-
ides are formed and retained in the scale,
they act as fluxes and destroy the protective
film. Catastrophic oxidation may be a seri-
ous problem under certain operating condi-
tions, i.e. extreme temperatures, stagnant
atmosphere or solid deposits [15,29].

6.2 Sulphidation

As with oxidation, resistance to sulphida-
tion relates to chromium content. Unalloyed
iron will be converted rather rapidly to iron-
sulphide scale, but when iron is alloyed
with chromium, sulphidation resistance is
enhanced. Alloying elements that provide
some protection against sulphidation are
silicon, aluminium and titanium.

Various sulphur compounds are often pre-
sent in flue gases and other process gases.
They have a highly detrimental effect on the
useful life of exposed components. Due to
kinetic factors, non-equilibrium sulphides
can form and grow under (nominally) oxi-
dising conditions. Even if initially formed
sulphides are later overgrown by oxide or
dissolved, their earlier existence has made
the oxide layer less protective. In existing
oxide layers, attacks can occur in pores
and cracks. It is therefore essential that the
material is able to form a thin, tough and
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adherent oxide layer. This requires high
chromium content and preferably also addi-
tions of silicon, aluminium and REM.

In addition to the usual factors of time, tem-
perature and concentration, sulphidation
depends on the form in which the sulphur
exists. Of particular interest are the effects
of sulphur dioxide, sulphur vapour, hydro-
gen sulphide and flue gases. Combustion
gases normally contain sulphur compounds.
Sulphur dioxide is present as an oxidising
gas, along with CO, CO,, nitrogen and ex-
cess oxygen. Protective oxides are generally
formed and, depending on the conditions,
the corrosion rate may be approximately the
same as in air or slightly greater. The resist-
ance of stainless steels to normal combus-
tion gases goes up as chromium content is
increased.

Materials may be
exposed to extreme
conditions. Photo: Drever
International, Angleur
(Liege) (B)
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An old rule-of-thumb says that nickel-con-
taining alloys should be avoided in reduc-
ing, sulphidising environments, since the
formation of low-melting-point nickel-sul-
phur compounds may lead to rapid dete-
rioration of the alloy. In practice, however,
a “reducing” atmosphere can have a suffi-
ciently high oxygen content (e.g. in the form
of SO,) to enable the formation of a protec-
tive oxide layer, provided the chromium
content of the alloy is high enough [30].

The low-melting-point nickel/nickel sul-
phide eutectic may be formed on austenitic
stainless steels containing more than 25 %
Ni, even in the presence of high chromium
levels. The occurrence of molten phases
during high-temperature service can lead to
catastrophic destruction of an alloy.

Reducing flue gases contain varying
amounts of CO, CO,, hydrogen, hydrogen
sulphide and nitrogen. The corrosion rates
encountered in these environments are
sensitive to hydrogen sulphide content and
temperature. A satisfactory material selec-
tion often necessitates service tests. In truly
reducing sulphurous atmospheres, any
layer of oxide will dissolve rapidly and the
bare metal will be exposed to attack. In such
circumstances, nickel-free alloys should be
used [25,30].

6.3 Carburisation and nitridation

Carburisation of stainless steels can take
place in CO, methane (CH,) and other hy-
drocarbon gases, such as propane (C3H8), at
high temperatures. Carburisation can also
occur when stainless steels that are contami-
nated with oil or grease are annealed without
sufficient oxygen to burn off the carbon. This
can happen during vacuum or inert-gas an-
nealing, as well as during open-air annealing
of oily parts whose shapes restrict air access,
but is often more of a problem with low-alloy
steels than with stainless grades.

Carburisation problems are quite common
to heat-treatment equipment used for case
hardening of steels by carburising. In the
petrochemical industry, carburisation is one
of the major modes of high-temperature cor-
rosion for processing equipment [25]. A big
increase in carbon pick-up leads to volume
changes, which can cause warpage and dis-
tortion. The additional carbon also leads to
difficulties if repair welding is necessary [14].

When not desired, nitridation is considered
a form of corrosion and may be a problem
when stainless steels are heated in an en-
vironment containing active nitrogen [3]. Ni-
tridation usually happens due to overheat-
ing in nitrogen-containing gases or cracking
ammonia. In the heat-treating industry, only
high-nickel chromium alloys give satisfac-
tory service under nitriding conditions [14].
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Table 9: Stability against specific corrosion conditions at high temperatures [32]

Steel designation Stability against
Sulphurated gases . :
Number Name Ag'l?l\anr/eAsltSI L e il Carburisation
reducing oxidising OXVECISESES

Ferritic heat-resistant steels
1.4713 X10CrAlSi7 - 3 6 2 5
1.4724 X10CrAlSi13 - 3 6 2 3
1.4742 X10CrAlSi18 - 5 6 2 3*
1.4762 X10CrAlSi25 - 5 6 2 3*

Austenitic heat-resistant steels

1.4878 X8CrNiTi18-10 321H 2 3 5 3
1.4828 X15CrNiSi20-12 2 3 [ 2%
1.4835 X9CrNiSiNCe21-11-2 S30815 - - - -
1.4833 X12CrNi23-13 309S 2 2 3 3
1.4845 X8CrNi25-21 310S 2 3 5 1
1.4841 X15CrNiSi25-21 314 1 2 5 2%

Duplex heat-resistant steel
1.4821 X15CrNiSi25-4 - 3 3 3 3*

1=verylow / 2=low / 3=medium / 4=medium-high / s5=high / 6=veryhigh

*at temperatures above 900°C

The resistance of high-temperature alloysto A problem in carburising atmospheres is
carbon and nitrogen pick-up rises primarily = metal dusting, sometimes also called cata-
with increasing nickel content but also with  strophic carburisation or carbon rot. This
increasing silicon and chromium content.  occurs at lower temperatures, typically be-
Experience shows that it takes only minor  tween 430 °C and 650 °C [15] in heat treat-
amounts of oxygen in the furnace gas (even  ing, refining and petrochemical process-
in the form of carbon dioxide or steam) to  ing and other operations [25]. The exact
produce a thin, tough oxide layer on steel mechanism may be disputed, but the effect
grade 1.4835, which provides good protec- is that the metal disappears. Very often the
tion against pick-up of both carbon and ni- metal literally appears “worm-eaten” on
trogen [31]. the surface.
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6.4 Halogen-gas corrosion
(chlorination)

Halogen-gas corrosion involves reaction
between metals and chlorides, fluorides
and hydrogen halides such as hydrogen
chloride (HCl) and hydrogen fluoride (HF).
Halogen and halogen compounds generally
attack via the gaseous phase or molten salt
compounds. Salts cause slagging and disin-
tegration of the oxide layer and gas-phase
halogens penetrate deeply into the material
without destroying the oxide layer. Pre-oxi-
dation is therefore of no benefit.

For chloride-bearing environments with no
measurable oxygen, iron and carbon steel
are very susceptible to chlorination attack.
Adding chromium and/or nickel to iron im-
proves the corrosion resistance of the al-
loy. Thus, ferritic and austenitic stainless
steels can better resist chlorination attack
at higher temperatures than can cast iron
and carbon steels. Nickel and nickel-based
alloys are generally even more resistant to
chlorination attack than stainless steels.

In oxidising environments containing both
chlorine and oxygen, molybdenum and
tungsten are detrimentalto an alloy’s resist-
ance to chlorination attack [25].

Photo: Butting, Knesebeck (D)
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7 Formability and weldability

Hot working should be carried out within the
temperature ranges given in Table 11. Like
other austenitic steels, heat-resistant steels
can be formed in cold condition. However,
due to their relatively high nitrogen content,
the mechanical strength of certain steels is
higher and greater deformation forces are
consequently required. The relatively high
hardness of austenitic steels and their abil-
ity to strain-harden must be taken into con-
sideration when machining.

(GTAW, also TIG), plasma arc welding (PAW)
and gas metal arc welding (GMAW, also
MIG), with pure argon used as the shielding
gas, and submerged arc welding (SAW).

Heat treatment after hot or cold forming or
welding is often not needed if the material
is exposed to high temperature during ser-
vice. However, if that is not sufficient, the
best option is solution annealing for auste-
nitic stainless steels and soft annealing for

ferritic stainless steels. Suitable tempera-
These steels have good or very good weld-  ture ranges are given in Table 11.
ability and can be welded using the follow-
ing methods: shielded metal arc welding
(SMAW) with covered electrodes, gas shield-
ed welding, e.g. gas tungsten arc welding

Table 10: Weldability and welding filler materials for some selected heat-resistant steels [32]

Steel designation Weldability
Number Name Nearest Good, all welding Heating up and Suitable welding filler materials
ASTM/AISI methods electrowelding

Ferritic heat-resistant steels

1.4551, 1.4716, 1.4820, 1.4829,

. X10CrAlSi - - .
1.4713 10CrAlSiz7 1.4723

; _ B 1.4502, 1.4723, 1.4773, 1.4820,
1.4724 X10CrAlSi13 o 1.4829
1.4742 X10CrAlSi18 - - (0) 1.4820, 1.4773, 1.4829
1.4762 X10CrAlSizs - - (*) 1.4773, 1.4820, 1.4842

Austenitic heat-resistant steels

1.4878 X8CrNiTi18-10 321H . - 1.4551, 1.4829
1.4828 X15CrNiSi20-12 - . - 1.4829
1.4835 X9CrNiSiNCe21-11-2 S30815 .

1.4833 X12CrNi23-13 309S . - 1.4842
1.4845 X8CrNi25-21 310S o - 1.4842
1.4841 X15CrNiSi25-21 314 . - 1.4842

Duplex heat-resistant steel

1.4821 X15CrNiSi25-4 - - . 1.4820, 1.4842

e good
(*) conditional
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Table 11: Heat treatment temperatures [6]

Steel designation
Hot working Soft annealing Solution annealing

Name Number Ag.?;’;f’ltg °c °c °c

Ferritic heat-resistant steels
1.4713 X10CrAlSi7 - 1100-800 780-840
1.4724 X10CrAlSi13 - 1100-800 800-860
1.4742 X10CrAlSi18 - 1100-800 800-860
1.4762 X10CrAlSi2s5 - 1100-800 800-860

Austenitic heat-resistant steels

1.4878 X8CrNiTi18-10 321H 1150-800 - 1020-1120
1.4828 X15CrNiSi20-12 1150-800 - 1050-1150
1.4835 X9CrNiSiNCe21-11-2 S30815 1100-900 - 1020-1120
1.4833 X12CrNi23-13 309S 1100-900 - 1050—-1150
1.4845 X8CrNi25-21 310S 1100—-900 - 1050—-1150
1.4841 X15CrNiSi25-21 314 1150-800 - 1050-1150

Duplex heat-resistant steel
1.4821 X15CrNiSi25-4 - 1150-800 - 1000-1100

* cooling in calm air

Heat treatment after hot
or cold forming is often
part of the fabrication
procedure. Photo:
Butting, Knesebeck (D)
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8 Design for high-temperature applications

Time-dependent deformation and fracture
of structural materials at high temperatures
are among the most challenging problems
faced by materials engineers. To develop an
improved design methodology for machines
and equipment operating at high tempera-
tures, several key concepts and their syner-
gism must be understood. These include:

e plastic instability at high temperatures

e deformation mechanisms and strain com-
ponents associated with creep processes

e stress and temperature dependence

e fracture at high temperatures

e environmental effects

Engineering procedures for the life man-
agement of operating components assume
that the material is progressively degraded
or damaged as creep strain increases and
operating time accumulates. However, for
the purposes of component-life manage-
ment — which allows decisions to be made

regarding part replacement, repair or reju-
venation — there is a critical need to quan-
tify the accumulation of damage as a result
of operating conditions. There are two basic
approaches used for the concept of damage
accumulation in life assessment:

e Remaining life is estimated from the
known original properties of the construc-
tion material, based on detailed knowl-
edge of the operating conditions, includ-
ing temperature and stress changes,

e Remaining-life estimates are made using
post-exposure measurements of micro-
structural changes, intergranular cavita-
tion or mechanical properties such as
hardness, impact energy or stress-rupture
life [25].
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9 Design for oxidation resistance

Austenitic stainless
steels are used in
environments in which
a combination of high-
temperature corrosion
resistance and mechani-
cal strength is required.
Photo: Stappert Spezial-
Stahl Handel,
Diisseldorf (D)
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Alloys intended for use in high-temperature
environments rely on the formation of a
continuous, compact, slow-growing oxide
layer for oxidation and hot-corrosion resist-
ance. To be protective, this oxide layer must
be chemically, thermodynamically and me-
chanically stable. Successful alloy design
for oxidative environments is best achieved
by forming adherent scales of either alumi-
na (AL,0,), chromia (Cr,0,) or silica (Si0,).

The basic test method for evaluating oxi-
dation resistance is to expose the mate-
rial, monitor the kinetics and subsequently
characterise the oxidation products and
substrate material. Exposures are most of-
ten performed in air, but can be done in any
controlled mix of corrosive gases, such as
H,/H,S, CO/CO, or 0,/S0,. Oxidation kinet-
ics are usually recorded as weight changes

but may also be followed as changes in

scale thickness. Continuous weight change
is usually obtained by thermo-gravimetric
analysis (TGA). Weight change data pro-
vides a very useful measure of the amount
of metal converted to oxide and a helpful
comparison among alloys. However, the ul-
timate engineering criterion of the oxidation
resistance of a material is retention of me-
chanical properties after exposure. Creep-
rupture data from inert atmosphere tests
cannot be used for design purposes when
the material will be exposed to conditions
of severe oxidation [25].




10 Selecting the alloy

Technical data illustrating the properties of
heat-resistant alloys is avery helpful guide in
selecting a suitable alloy for an application.
However, long-term exposure to different
environments and temperatures can neither
be completely documented nor described by
laboratory tests. Experiences obtained from
many actual installations are most helpful.
One must develop the judgement needed
to determine which of the many factors in-
volved are the most important.

10.1 Temperature

Temperature is often the first and sometimes
the only data point given in alloy selection,
but a successful material selection cannot
be based on temperature alone. A simple
first guide to alloy selection, however, is to
know the maximum temperature at which a
given alloy may have useful long-term engi-
neering properties. Thin sheet material will
have a lower limiting temperature, due to
proportionally greater losses to oxidation.

10.2 Atmosphere and combustion
gases

Vacuum - Since metal loss from oxidation
can obviously not occur, rather lean alloys
may be used to an extreme temperature, if
their mechanical properties are suitable.
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Air — Those alloys useful in plain hot air are
also suitable for the oxidising combustion
products of natural gas and even coal. Gen-
erally, oxidation and strength are the only
issues. “Oxidation” usually refers to metal
wastage, but concern about product contam-
ination from scale is an occasional issue [15].

The combustion of fossil fuels, biofuels or
waste produces combustion gases contain-
ing various aggressive impurities. The least
contaminated fuel is natural gas, the com-
bustion products of which are mainly car-
bon monoxide, carbon dioxide and water. It
may contain minor amounts of sulphur. The
reduction in maximum service temperature
compared to pure-air exposure is modest,
at around 50—-100 °C. Sulphur is more abun-
dantin coal and oil. In addition, coal contains
chlorine, while rather high levels of vanadi-
um can be found in oil. Impurity levels vary
according to the grade and origin of the fuel
and can lead to more than 500 °C of reduc-
tion in maximum service temperature com-
pared to service in air (see also Table 7 and
Table 8). High-nickel alloys are preferred in
high-chlorine or fluorine atmospheres [26].
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A partial list of typical applications can be
divided into two categories. The first con-
sists of parts that go through the furnaces
and are therefore subjected to thermal and/
or mechanical shock. These include trays,
fixtures, conveyor chains and belts and
quenching fixtures. The second comprises
parts that remain in the furnace with less
thermal or mechanical shock. These include
support beams, hearth plates, combustion
tubes, radiant tubes, burners, thermowells,
roller and skid rails, conveyor rolls, walk-
ing beams, rotary retorts, pit-type retorts,
muffles, recuperators, fans and drive and
idler drums. In addition, there are appli-
cations such as boilers, reaction vessels,
exhaust systems and gas turbines that re-
quire strength and oxidation resistance and
where heat-resistant stainless steels are
also used to advantage.

Steel grades designed for aqueous corro-
sion resistance are used also as heat-resist-
ant grades [3,22,32,33].

Austenitic

1.4301 (304) has good resistance to
atmospheric corrosion and oxidation.

1.4401 (316) has better mechanical
properties than steel grades 1.4301
(304) and 1.4541 (321) and is more re-
sistant to corrosion in some media,
such as fatty acids at high temperatures
and mild sulphuric-acid solutions.

1.4541 (321) and 1.4550 (347) can be
used where solution treatment after

welding is not feasible, such as in
steam lines, superheater tubes and
exhaust systems in reciprocating en-
gines and gas turbines that operate at
temperatures from 425 °C to 850 °C.

1.4948 (304H) is a creep-resistant
variant of 1.4301, with a standardised
minimum carbon content for service at
temperatures up to 8oo °C in dry air. It
is used for sodium-cooled fast aggre-
gates, pipelines and pressure vessels.

1.4878 (321H) is a heat-resistant
variant of 1.4541 (321) with a slightly
higher maximum carbon content.
The recommended maximum service
temperature for this steel in dry air
is 800 °C. There is also a creep-re-
sistant variant of 1.4541, i.e. 1.4941,
which is included in EN 10028-7 and
in ASTM A 240. Applications for steel
grade 1.4878 are annealing bells and
muffles, cementation and hardening



boxes; and for grade 1.4941, pres-
sure vessels and steam boilers.

1.4828 is used for service at temper-
atures up to 950—1000 °C in dry air.
Utilisation in the 600—900 °C tem-
perature range can lead to embrit-
tlement of the material. This grade is
used for parts exposed to both high
temperatures and high mechanical
loads. Typical examples include sup-
porting elements and pipes in furnac-
es, annealing bells, cementation and
hardening boxes and annealing pots.

1.4833 (309S) and 1.4845 (310S)
rank higher because of their higher
nickel and chromium content. Steel
grade 1.4845 (310S) is useful where
intermittent heating and cooling
are encountered, because it forms
a more adherent scale than type
1.4833 (309 S). Both grades are used
for parts such a firebox sheets, fur-
nace linings, boiler baffles, thermo-
couple wells, aircraft-cabin heaters
and jet-engine burner liners.

1.4835 is very often used for hydro-
gen and/or nitrogen atmospheres
but should not be used in carburis-
ing environments. The most suitable
temperature range is 850-1100 °C.
When used at temperatures between
600 °C and 850 °C, reduced room-
temperature impact toughness might
occur. It is used in furnace construc-
tion and petroleum installations.
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1.484a1 is a variant of 1.4845 with in-
creased silicon content for increased
resistance to oxidation. More suscep-
tible to embrittlement than 1.4845, it
is often used for superheater suspen-
sions, annealing pots and enamel-
ling grates.

1.4845 is used at temperatures up to
1100 °C in dry air. This steel is also
prone to embrittlement when used in
the 600-900 °C temperature range.
There is also a creep-resistant vari-
ant of 1.4845, i.e. 1.4951, which is
included in EN 10028-7 and in ASTM
A 240. Applications can be found in
industrial furnaces, seam boilers and
petroleum processing plants.

1.4854. The maximum service tem-
perature in air is 1150 °C, but after
service at temperatures below ap-
proximately 950 °C, there is a risk of
reduced room-temperature impact
toughness.
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Ferritic

1.4512 (409) is used extensively due
to its good fabricating characteristics,
including weldability and formability,
and its availability. Its best-known
high-temperature applications are in
automotive exhaust systems where
metal temperatures in catalytic con-
verters exceed 550 °C. It is also used
for exhaust ducting and silencers in
gas turbines.

1.4016 (430) and 1.4510 (439) are
used for heat exchangers, hot-water

tanks, condensers and furnace parts.

1.4749 (446) is used in industrial ov-
ens, blowers, exhaust systems, fur-
nace equipment, annealing boxes,
kiln liners and pyrometer tubes.

1.4713 is best suited to service tem-
peratures between 550-800 °C. It
does not form brittle phases but
should only be exposed to moder-
ately corrosive atmospheres, owing
to its low chromium content. It will
withstand oxidising sulphur attacks.
Most common applications are su-
perheater suspensions, annealing
bells, pyrometer sheath tubes.

1.4724 is a truly stainless high-tem-
perature grade with 13 % chromium.
It is applicable in oxidising sulphur-
containing atmospheres. It is not
critical in terms of embrittlement. It

is used for rocker bars, rails, grates
and thermocouple sheath tubes.

1.4742 shows better scaling resist-
ance than 1.4724 and can be subject-
ed to reducing sulphur environments
without risk. It is subject to 475 °C
embrittlement and grain coarsening
at temperatures above 950 °C. Sigma
phase may form after long-term expo-
sure to temperatures around 650 °C.
This steel grade is mostly used for
furnace fittings, transport elements,
bolts, annealing tubes and pots in
the 700-1000 °C temperature range.

1.4762 has the highest chromium
content and is therefore the most re-
sistant to reducing sulphurous gas-
es. It is susceptible to the same em-
brittlement phenomena as 1.4742,
whilst sigma phase forms during
long exposures in the 600-800 °C
range. Possible applications are coal
burners and conductor strips for
steam-boiler superheaters, within
the 8oo-1150 °C temperature range.

Martensitic

1.4006 (410) is general-purpose
stainless steel used for steam valves,
pump shafts, bolts and miscellane-
ous parts requiring corrosion resist-
ance and moderate strength up to
500 °C.



12 Cost considerations

Some of the factors affecting the service life,
not necessarily in order of importance, are
alloy selection, design, maintenance proce-
dures, furnace and temperature control, at-
mosphere, contamination of atmosphere or
workload, accidents, number of shifts oper-
ated, thermal cycles and overloading. High-
alloyed parts may last from a few months to
many years, depending on operating condi-
tions. In selecting a heat-resistant steel for
a given application, all properties should
be considered in relation to the operating
requirements, to obtain the most economi-
cal life.

Life expectancy is best measured in cycles
rather than hours, particularly if the parts
are quenched. It may be cheaper to replace
all trays after a certain number of cycles,
to avoid expensive shutdowns caused by
wrecks in the furnace. Chains or belts that
cycle from room temperature to operating
temperature several times a shift will not
last as long as stationary parts that do not
fluctuate in temperature. Parts for carburis-
ing furnaces will not last as long as those
used for straight annealing [16].

STAINLESS STEELS AT HIGH TEMPERATURES

From a competitive standpoint, alloy selec-
tion must be based on expected cost-ef-
fectiveness. The best choice is usually the
lowest-cost material able to meet design
criteria. However, a higher-cost material of-
fering greater reliability may be justified for
certain components in a system that is criti-
cal and/or expensive to shut down for main-
tenance. Knowledge of alloy capabilities can
be helpful in making a wise decision [25].

Heat-resistant alloys are supplied in either
wrought or cast forms. In some situations,
they may be a combination of the two. The
properties and costs of the two forms vary,
even though their chemical compositions
are similar.
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It should be apparent that the intelligent
selection of an alloy for high-temperature
service is a complex business and should
not be lightly or inexpertly undertaken. It
should also be evident that choice will never
be easy, since the ideal alloy that satisfacto-
rily fills all of every designer’s requirements
will never be discovered [3].

The very complex nature of high-tempera-
ture corrosion and the lack of standardised
testing practices make it virtually impossi-
ble or at least not meaningful to present cor-
rosion data in tables.

Corrosion-resistance  requirements  de-
pend on the processes and constructions
involved. In some plants, components can
be maintained, repaired, or replaced with
little if any interference to normal service
while in other applications maintenance

and repair must be carefully planned and
can only be performed during annual or
semi-annual shutdowns. Obviously, a more
careful choice of material must be made in
those cases.

Choosing material for high-temperature ap-
plications requires an extensive knowledge
of existing or expected service conditions,
such as gas temperature and composition
and material temperature. Knowledge of
previously used materials, their service per-
formance and the cause(s) of previous fail-
ures is usually of great help when trying to
identify an optimum grade [26].
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The values in the tables are given for guidance only [6].

Table 12: Creep properties. Estimated average value of strength for rupture at high temperature®

Creep-rupture strength R, (N/mm?) Creep-rupture strength R, (N/mm?) Creep-rupture strength R, (N/mm?)

- " 1,000 h 10,000 h 100,000 h
Number| AISI/ Temperature Temperature Temperature

ASTM °C °C °C

500 | 600 | 700 | 800 | 900 |1ooo 500 | 600 | 700 | 800 | 900 |1ooo 500 | 600 | 700 | 800 | 900 |1ooo
Ferritic heat-resistant steels
1.4713
1.4724
1.4742
—y 160 55 17 7.5 3.6 100 35 9.5 43 1.9 55 20 5 2.3 1.0
14749 | 446
1.4736
Austenitic heat-resistant steels
1.4878 | 321H 200 88 30 - 142 48 15 - - 65 22 10
1.4828 190 75 35 15 - - 120 36 18 8.5 65 16 75 3
1.4835 | S30815 238 | 105 50 24 | (12) - 157 63 27 13 @) 88 35 15 8 (4)
1.4833 | 309S - 190 75 35 15 120 36 18 8.5 65 16 7.5 3
1.4845 | 310S - 170 80 35 15 130 40 18 8.5 80 18 7 3
1.4841 | 314 170 90 40 20 5 130 40 20 10 80 18 7 3
1.4864 180 | 75 35 15 125 | 45 20 8 75 25 7 3 15
1.4876 - 200 90 45 20 152 68 30 10 114 48 21 8 -
1.4877 175 80 24 10 3.5) 140 52 16 5 (1.5)
1.4872 80 26 11 45 12 5 - - - -
1.4818 | S30415 238 105 46 18 @) 157 63 25 10 4) 88 35 14 5 (1.5)
1.4854 | S35315 200 84 41 22 12 - 127 56 28 15 8 80 36 18 9.2 4.8
1.4886 |No8330 - 190 80 43 22 - 130 55 26 13
1.4887 190 80 43 22 130 55 26 13
Duplex heat-resistant steel

1.4821| | 160 | 55 | 17 | 7.5 | 3.6 | - | 100 | 35 | 9.5 | 4.3 | 1.9 | |

@ Values in parentheses involve time and/or stress extrapolation
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Table 13: Creep properties. Estimated average value of strength for 1 % elongation at high temperature®

Elongation 1 % in 1,000 h Elongation 1 % in 10,000 h Elongation 1 % in 100,000 h
Nearest (Strength in N/mm?) (Strength in N/mm?) (Strength in N/mm?)
Number | AISI/ Temperature Temperature Temperature
ASTM °C °C °C
500 | 600 | 700 | 800 | 900 |1ooo 500 | 600 | 700 | 800 | 900 |1ooo 500 | 600 | 700 | 800 | 900 |1ooo
Ferritic heat-resistant steels
1.4713
1.4724
1.4742
4762 80 27.5 8.5 3.7 1.8 50 17.5 4.7 2.1 1.0 -
1.4749 446
1.4736
Austenitic heat-resistant steels
1.4878 321H 110 45 15 85 30 10 - -
1.4828 120 50 20 8 80 25 10 4 - -
1.4835 | S30815 170 66 31 15.5 8) 126 45 19 10 (5) - 80 26 11 6 3)
1.4833 309S 100 40 18 8 70 25 10 5
1.4845 | 310S 100 45 18 10 90 30 10 4 -
1.4841 314 105 50 23 10 3 95 35 10 4 -
1.4864 105 50 25 12 80 35 15 5 -
1.4876 130 70 30 13 90 40 15 5 - 40 14 4 1.5
1.4877 - - - -
1.4872 - 55 | 15 | 4 - 34 | 8 2 - -
1.4818 | S30415 147 61 25 9 (2.5) - 126 42 15 5 (1.7) 80 26 9 3 (1.0
1.4854 | S35315 150 60 26 12.5 6.5 - 88 34 15 8 4.5 52 21 9.7 5.1 3.0
1.4886 | No8330 110 60 25 12 - 60 35 20 10 (4)
1.4887 110 60 25 12 - 60 35 20 10 (4)
Duplex heat-resistant steel

1.4821| | 80 |27.5 | 8.5 | 3.7 | 1.8 | | 50 | 17.5 | 4.7 | 2.1 | 1.0 | | | - | - |

@ Values in parentheses involve time andy/or stress extrapolation
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Table 14: Physical properties for heat-resistant steels
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Linear expansion coefficient Thermal conductivity
. 1°-6K-'., W/(m-K) Speciﬁc‘heat Ele_ctl:ic'al
e leasl'fft Density between 20 °Cand capacity resistivity Magpgtis—
ASTM | kg/dme Tempsrature KkJ/kg-K Q mm*/m ability
C at 20 °C at 500 °C at 20 °C at20°C
200 400 600 800 1000
Ferritic heat-resistant steels
1.4713 7.7 11.5 12.0 12.5 13.0 32 25 0.45 0.70 yes
1.4724 7.7 10.5 11.5 12.0 12.5 21 23 0.50 0.75 yes
1.4742 7.7 10.5 11.5 12.0 12.5 13.5 19 25 0.50 0.93 yes
1.4762 7.7 10.5 11.5 12,0 12.0 13.5 17 23 0.50 1.1 yes
1.4749 446 7.7 10.0 11.0 11.5 12.0 13.0 17 23 0.50 0.70 yes
1.4736 7.7 10.5 10.8 12.0 12.5 13.0 21 23 0.50 0.60 yes
Austenitic heat-resistant steels
1.4878 321H 7.9 17.0 18.0 18.5 19.0 15 0.50 0.73 no®
1.4828 7.9 16.5 17.5 18.0 18.5 19.5 15 21 0.50 0.85 no®
1.4835 | S30815 7.8 17.0 18.0 18.5 19.0 19.5 15 21 0.50 0.85 no®
1.4833 309S 7.9 16.0 17.5 18.0 18.5 19.5 15 19 0.50 0.78 no®
1.4845 310S 7.9 15.5 17.0 17.5 18.5 19.0 15 19 0.50 0.85 no®
1.4841 314 7.9 15.5 17.0 17.5 18.0 19.0 15 19 0.50 0.90 no®
1.4864 8.0 15.0 16.0 17.0 17.5 18.5 12.5 17 0.55 1.0 no®
1.4876 8.0 15.0 16.0 17.0 17.5 18.5 12 17 0.55 1.0 no®
1.4877 8.0 15.5 16.5 16.5 17.7 18.4 12 20 0.45 0.96 no®
1.4872 7.8 16.5 18.0 18.5 19.0 19.5 14.5 20 0.50 0.75 no®
1.4818 | S30415 7.8 16.5 18.0 18.5 19.0 20.0 15 21 0.50 0.85 no®
1.4854 | S35315 7.9 15.5 16.5 17.0 17.5 18.0 11 18.5 0.45 1.0 no®
1.4886 | No8330 8.0 15.5 16.0 17,0 17.7 18.0 12 19.5 0.46 1.0 no®
1.4887 8.0 15.5 16.0 17.0 17.7 18.0 12 19.5 0.46 1.0 no®
Duplex heat-resistant steel
1.4821 | | 7.7 | 13.0 13.5 | 14.0 | 14.5 | 15.0 | 17 23 0.50 0.90 yes

@ slightly magnetic when cold worked
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