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Selection of materials for construc-
tion is more often a matter of pick-
ing an alloy that will provide the
desired service life rather than choos-
ing one “that will work”.

A number of different materials
will work in a given application.
However, the most “inexp:nsive”
choice for high-temperature service
might not be a plain carbon steel; it
will very often be a stainless steel.
“More Expensive” alternatives will
certainly be available in the form of
nickel-chromium alloys, iron-nickel-
chromium alloys, and more advanced
heat-resistant materials. But the
real issue is whether the initial
higher cost will be justified when
one considers ‘ncreased maintenance,
lost time or premature replacement
requireme .s that would be associat-
ed with a less serviceable material.

A case in point is the heat treating
operation illustrated in Fig. 1. It in-
volves the use of Hastelloy® alloy
X basketsina 1740°F (949°C) carburiz-
ing furnace. In this service alloy X
baskets have resisted warping and
are still in service after more than
seven years! Furthermore, from their
appearance in Fig. 1, even longer
service can be expected. Thus in
this case, an initially more expen-
sive material was justified in that
baskets fabricated from a high Ni-
Cr alloy, initially costing about Y2
less, had to be discarded after one
year because of distortion.

The message is not that all heat
treating baskets should be made of
alloy X. Clearly, there are many
applications where stainless steels
and nickel alloys are the right choices
based upon desired service life con-
siderations. There are also applica-
tions where advanced alloys seem to
be economically justified, but their
potential for longer service life is
not realized because of an uninten-
tional, but predictable, premature
demise under the wheels of an er-
rant forklift truck. The more under-
standing of the factors which con-
trol the service life of a particular
component, and the more that is
known about the performance char-

acteristics of various materials of
construction, the easier it is to se-
lect the right alloy to provide the
most economical service over the
desired life of the equipment.
Compositions of various materi-
als to be considered are given in
Table I. Many of the advanced al-
loys were developed for highly de-
manding applications in the aero-

space industry. There, key attri-
butes are superior high-temperature
strength, environment-resistance,
and fabricability. These alloys pos-
sess performance capabilities which
justify their initial expense in these
aerospace applications, and have
similar applicability in the industri-
al heating industry. For perspective,
a rough guide to the relative initial

Fig. 1 Heat treat baskets
made from Hastelloy alloy
X in service in a carburiz-
ing furnace facility for
over seven years.

Table | Nominal Chemical Compositions of Alloys Included In Studies

Nominal Chemical Composition (Wt. Pct.)
M

Alloy c Fe Nii Co Cr Mo W _ Si Mn Others
Type 304 .08+ Bal 8 - 18 1.0+ 20+ -
Type 309 20+ Bal 12 - 23 - 1.0+ 20+ -
253MA alloy 08 Bal 11 - 21 - 1.7 08+ N= 17, Ce=.05
Type 310 25+ Bal 20 - 25 - 15+ 20+ -
Type 316 .08+ Bal 10 - 17 25 1.0+ 2.0+ -
Type 446 20+ Bal - - 25 - - 1.0+ 15+ N=.25
Alloy 800H 08 Bal 33 - 21 1.0+ 1.5+ Al=.38, Ti=.38
RA®330 alloy 05 Bal 3 - 19 - - 1.3 15 -
HAYNES® alioy 10 Bal 20 18 22 30 25 04 1.0 Al=.2, Ta=0.38,
No. 556 La=.02,N=2,2r=.02
Alloy 825 .05+ 29 Bal - 22 30 0.5+ 1.0+ Cu=20, Ti=1.0
Alloy 600 08+ 8 Bal - 16 - 0.5+ 1.0+ Al=.35+,
Ti=.3+, Cu=.5+
HAYNES® alloy 04 4 Bal - 16 Al=4.5, Y=.01
No. 214
INCONEL® alloy 601 .10+ 14.1 Bal - 2 - 05+ 1.0+ AI=1.35 CU=1.0+
INCONEL® alloy 617 .07 15 Bal 125 22 9 - 05 05 AI=1.2Ti=.3,Cu=.20
HASTELLOY® alloy S .02 3+ Bal 20+ 155 145 1.0+ 04 05 AI=.21a=.02,8=.009
HASTELLOY® alloy X .10 185 Bal 15 22 9§ 0.6 1.0+ 10+ -
Alloy 625 10+ 5+ Bal - 215 9 0.5+ 05+ A=4+, Ti=4+
Cb+Ta=3.5
HAYNES® alloy A 3+ Bal 3+ 22 2 14 04 05 AI=.3,B=.005la=.03
No. 230
RA333* alloy .05 18 Ba 3 25 3 3 125 1.5 -
HASTELLOY® alloy N .06 5+ Bal - 7 165 05+ 10+ 08+ Cu=.35+
HAYNES?® alloy 10 3+ 22 Bal 22 - 14 .35 1.25+ La=.04
No. 188
HAYNES* alloy 10 3+ 10 Bal 20 15 1.0+ 15 -
No. 25

®HAYNES AND HASTELLOY are registered trademarks of Cabot Corporation.
INCONEL s a registered trademark of the Inco Family of Companies.
RA330 and RA333 are registered trademarks of Rolied Alloys. Inc

253MA 15 a registered trademark of Avesta Jernverks Aktiebolag




cost of these and other
presented in Table II.

Factors Governing
Materials Performance

In operation of most industrial
heating equipment, the limiting fac-
tors which govern service life of a
material are either its strength, its
ductility, or its resistance to high-
temperature corrosion. In actual
practice, these all can be interactive.
Thinning due to corrosion can lead
to accelerated mechanical failure, or
the application of stresses can accel-
erate corrosion. Another possibili-
ty is that exposure to the environ-
ment can cause mechanical embrit-
tlement (such as from carburization).

Strength and Ductility

The strength of a material at ele-
vated temperatures may be consid-
ered in a number of ways. There is
its ability to resist deformation un-
der load for long periods — its re-
sistance to creep or stress rupture.
There is also its ability to with-
stand very high stresses for short
exposures. This is measured by ten-
sile properties. Resistance to deforma-
tion, cracking and failure under the
imposition of cyclic stress or repeat-
ed thermal cycles is governed by a
material’s mechanical or thermal
fatigue strength. all are relevant to
industrial heating applications, al-
though not in every case.

Data describing the elevated tem-
perature mechanical properties of
stainless steels, nickel-chromium
alloys, iron-nickel-chromium alloys
and advanced heat-resistant mater-
ials are generally available, but
seldom in a single comparison. Typi-
cal data from the literature com-
bined with detailed test results have
been used to establish the compari-
sons of stress-rupture strengths/lives
presented in Tables III, IV and V.

As might be expected, advanced
materials such as Haynes alloy No.
230, Haynes alloy No. 556, and al-
loy X exhibit significant strength
advantages. The data in Table III
are useful for examining the load-
bearing capability of these alloys at
a given temperature. For example,
alloy No. 230 exhibits three times
the load-bearing capability of 304
stainless at 1600°F (871°C), and more
than twice that for alloys 601 and
253 MA. Such data are very rele-
vant if section thicknesses are sub-
ject to size constraints, and a com-
ponent cannot be made stronger
simply by using thicker material.

Most applications call for design
lives based upon fixed temperature

materials is

Relative Cost Matarials

1 Type 310 Stainless
Alloy 800H
2-3 Alloy 601
Alloy 600
Alloy X
=5 Alloy 214
6-7 Alloy 230
Alloy 556
10 - 12 Alloy 188

Table Il Stress Rupture Strengths of
Various Materlals In Bar or Plate Form
Stress to Produce
Rupture in 1000 Hours (000's psl)

Alloy 1400°F 1600°F 1800°F
230 20.0 9.0 30
556 18.0 7.8 33
214 16.0 49 1.5
X 15.0 6.2 24
800H 10.5 46 2.0
253MA 9.6 43 1.9
601 9.3 43 2.1
316 Stainless 8.8 34 1.3
304 Stainless 74 3.0 1.2
RA 330 7.0 3.1 1.3
600 5.8 3.5 1.8

Table IV Stress Rupture Llves Under
Fixed Conditions for Various Materlals
In Bar or Plate Form

Hours to Produce Rupture

Alloy 1600°F and 4500 psl 1800°F and 2000 psi
230 41,000

556 29,000 10,600

X 5,900 2,800

601 1,200 1,000
800H 1,200 920
214 800 330
253MA 730 750
600 280 580

316 Stainless 240 130
304 Stainless 100 70
RA 330 80 80

Table V Relative Stress Rupture Life
Under Fixed Conditions

Helative Rupture Life (800 H = 1.0)

Alloy ~ 1600°F and 4500 psi 1800°F and 2000 psi
95

230 342
556 2
X
601
800H
214
253MA
600
316 Stainless
304 Stainless
RA 330

1
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0
1
0
4
8
6
4
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and loading conditions. In this case,
the data in Tables IV and V are
more useful. Table IV shows that,
under fixed conditions, the advanced
materials can last up to more than
100 times longer than such materi-
als as type 304 stainless steel. In
Table V the rupture lives are express-
ed as a multiple of that expected
from alloy 800H under the same
service conditions. The magnitude of
the potential performance advan-
tages to be gained with the stronger
materials warrants their considera-
tion in spite of their relatively higher
initial cost.

Indeed, the stress rupture strength
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Fig. 2 0.2% offset yield strength for various
sheet materials as a function of temperature.
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Fig. 3 Ultimate tensile strength for various sheet
materials as a function of temperature.

Table VI Relative 1600°F (871°C) Stress
Rupture Life for Varlous Alloys If Alloy
800H 1-Inch Plate = 1.0

Ratio to Alloy 800H 1-Inch Plate Life
for Decreasing Alloy Plate Thicknesses

Alloy  Thickness (in):1.00 875 .750 .625 .500

230 34 25 13 5 13
556 24 11 4 15 -
X 5 2 - -

advantages of these materials are
so large as to suggest using thinner
sections to save on the initial cost.
This is an important concept, as il-
lustrated by the data in Table VI.
Comparing alloy No. 230 to alloy
800H at 1600°F (871°C), for example,
it should be possible to use a sec-
tion size only 5/8's as thick as that
for alloy 800H and still have a rup-
ture life advantage of as much as 5
X. Similar considerations apply to
the other materials.

The tensile properties of this same
range of materials are summarized
in Fig. 2 and 3. Once again, the ad-
vanced heat-resistant alloys exhibit
significant advantages over the stain-
less steels and the other materials
shown. This is particularly evident
at temperatures above 1400°F (760°C).
However, high tensile and yield
strength must be matched by good
room and elevated temperature ductil-
ity if complex parts are to be fabricat-




ed In Table VII the tensile elonga-
tion data for all materials shown
indicate excellent ductility over the
entire temperature range of interest.

Resistance to
Environment

There are undoubtedly hundreds
of different environments that are
relevant to industrial heating appli-
cations. Many are unique, and many
are so complex as to defy analysis.
In these cases, the only way to
judge the capabilities of different
materials is to perform field tests
involving either actual components or
multiple-alloy test rack assemblies.
In many cases, however, service en-
vironments can be sufficiently char-
acterized as to allow the use of
laboratory test data to guide material
selection. Although less definitive
than field tests, such data already
exist, and can be applied with rea-
sonable confidence in most cases.
Both types of information will be
utilized in an examination of vari-
ous application service conditions.

Clean Combustion
Environments

Clean combustion environments
are defined as those in which the
fuels burned do not contain appreci-
able amounts of complicating con-
taminants. These contaminants in-
clude sulfur, salts, and chlorine,
among others. Some typical materi-
als applications might be forging or
heat-treating furnace hardware such
as burners, recuperators, thermo-
couple protection tubes, or radiant
heating tubes. There also is the en-
tire range of accessory items, such
as belts, baskets, trays and fixtures.

Fuels burned usually include nat-
ural gas or high quality fuel oil.
The major environment-resistance
issue under these circumstances is
oxidation by the combustion gases.
Resistance to combustion gases can
be evaluated in laboratory combus-
tion test rigs. Some typical data for
a variety of materials are presented
in Figs.4 and 5. The exposures were
to combustion gas produced by burn-
ing No. 2 fuel oil at 50:1 air:fuel
ratio. Samples were cycled to less
than 400°F (204°C) every half hour
by removal from gas stream and ap-
plication of forced-air cooling.

As measured by the average met-
al affected during the exposure,
which includes metal loss plus aver-
age internal penetration, Figs 4 and
5 show that HAYNES alloy No. 214
is by far the best of the materials
tested. Alloy No. 230 is also quite
good, exhibiting more than a 2:1
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Table VIl Tensile Elongation for various
Alloys as a Functlon of Temperature*
(%)

Test Temperature (°F)
_Alloy _7_0_ JIQEL MD!I mm 1800 ZQQO_

230 n

556 47 52 50 53 64 59
X 44 54 53 58 65 60

601 47 50 41 65 86 67

600 38 42 52 55 68 102

800H 46 45 62 56 83 65
“Sheet

214

1800-F - 1000 Hours
Burner Rig Exposure

SR S >350°

5 10 15 20 25 ' 350 355
Average Meta! Affected (Mils)

*extrapolated from 65 hour data Burner Rig Exposure

Fig. 4 Oxidation damage sustained by various
alloys exposed for 1000 hours in a burner rig
running at 1800°F (982°C), burning No. 2 fuel oil.

214

230 2000F - 500 Hours

Burner Rig Exposure

RA 330 S
60118

310
800H

5 10
Average Metal Affected (Mils)

15 20 25 30 35

Fig. 5 Oxidation damage sustained by various
alloys exposed for 500 hours in a burner rig run-
ning at 2000°F, burning No. 2 fuel oil.

advantage over the best of the nickel-
chromium or iron-nickel-chromium
alloys. Austenitic stainless steels such
as types 304 and 316 are “blown
away” in this type of cyclic environ-
ment. These results are in close
agreement with results obtained
from the field.

Carburizing & Nitriding
Environments

The focus for carburizing and ni-
triding environments is, of course,
the heat treating field, although
there are certainly other areas where
such environments are encountered.
The use of laboratory data to gauge
material performance in the well-
characterized heat-treating opera-
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Table Vill Carburlzation - Resistance of
Various Materlals Exposed to Severe
Carburizing Environment at 2000°F
(1093°C) for 24 Hours

Carbon Absorption

Alloy (mgiem?)
214 ki
600 99
625 99
230 10.3
X 10.6
S 10.6
304 10.6
617 11.5
316 12.0
RA333 12.4
800H 12.6
RA330 12.7
25 144

tions is a reasonable approach.

Results of carburization-resistance
tests performed in the laboratory at
1700 and 1800°F (927 and 982°C)
have been previously reported’. These
tests indicated that advanced mater-
ials, such as alloy No. 214, could
provide about 2X to 5X the resist-
ance to carburization of more com-
mon materials. Recent tests have
been performed at 2000°F (1093°C) to
gauge the potential resistance to
carburization of materials being
considered for higher temperature
carburizing facility components. Re-
sults of these tests, performed for
24 hours in Ar-5%H,-5%CO-5%CHj,,
are given in Table VIII

These results once again demon-
strate a significant advantage for
alloy No. 214, which is three times
better than the next best materials,
alloys No. 600 and No. 625. Alloy
No. 230 is near the top of the list of
the remaining materials, but there
is some question of the significance
of differences within the range of
9.9 to 14.4 mg/cm?® carbon absorp-
tion displayed by the full group of
alloys excluding alloy No. 214. Per-
haps shorter or less severe tests are
required to suitably separate the ca-
pabilities of these materials.

Nitriding test results were also
reported previously!; however, addi-
tional alloys have been characterized
in these 1200°F (649°C) test in am-
monia for 168 hours. The updated full
results are shown in Fig. 6. In terms
of the amount of nitrogen absorbed
per unit area of sample, alloy No.
230 displays the most resistance to
nitriding, absorbing slightly less
than alloy No. 600. As expected, the
largest nitrogen absorptions are dis-
played by iron-base materials, with
the level of nitrogen ingress decreas-
ing roughly with increasing nickel
content.

The somewhat less dramatic trend
among the nickel- and cobalt-base
alloys is not explainable simply as
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Fig. 6 Nitrogen absorption per unit area ob-

served for various alloys exposed 168 hours to
ammonia gas at 1200°F (1093°C).
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Metal Loss Rate (Mils per year)
Fig. 7 Corrosion rate of various materials ex-

posed in equimolar sodium/potassium nitrate salts
at 1250°F (677°C). After Slusser et al@).

214
188 B 1650°F - 21 days
Sodium/Potassium Carbonate
800H S

A

5 10 15 20 25 30 35 50 55
Average Metal Affected (Mils)

Fig. 8 Corrosion damage sustained by various
materials exposed for 21 days in eutectic sodium/
potassium carbonate salt at 1650°F (899°C). After
Coyle et al.®)

a function of increasing nickel con-
tent or nickel+cobalt content, as
demonstrated by chemistries in Ta-
ble I. The factor of two difference in
absorption between alloy No. 230
and alloy No. 214 is contrary to
their 60% and 75% nickel contents,
respectively. Nitrogen solubility and
diffusion kinetics are markedly af-
fected by other elements, such as
aluminum, silicon, titanium and
columbium, commonly present in
nickel-base alloys.

Molten Salt Environments

Used as a medium for heat process-
ing or storage, molten salts are
commonly encountered under con-
trolled conditions in the heat treating
field where relevant components of
concern include pots, covers, fixtures,
electrodes, etc. Molten salts can also
play a role in complex processes,
not as a bulk molten mass in a
container, but as a deposit or film
on process components.

Field test results in neutral NaCl-
KCl-BaClysaltbathsat 1550°F (843°C)
have been previously reported’. These
indicated that a number of advanced

5 10 15 20 25 30 35 40 45 50 55‘70

Maximum Metal Affected (Mils)

Fig. 9 Corrosion damage sustained by various
materials exposed to 1400°F (804°C) flue gases
from a chemical waste incinerator for 550 hours.
(Average metal affected = metal loss + inter-
nal penetration.)

alloys, in particular HAYNES al-
loy No. 188, exhibit significantly
better corrosion resistance than aus-
tenitic stainless steels and nickel-
chromium alloys. Somewhat simi-
lar results have been obtained in
laboratory tests conducted for 100
hours in pure NaCl at 1550°F (843°C).
These data are given in Table IX.
Again in these tests, alloy No. 188
performed best. Alloy No. 556 was
also somewhat better than the stain-
less steels; however, the margin of
improvement in this short exposure
was not very large. Longer tests
may be necessary to separate per-
formance capabilities accurately.
Additional data have appeared in
the literature for other significant
salt systems. Data from Slusser et.
al.2 on corrosion in equimolar sodium/
potassium nitrate salts at 1250°F
(677°C) are summarized in Fig. 7 us-
ing results from their 14- to 18-day
exposures, annualized to a yearly
corrosion rate. The data seem to fol-
low the same basic rankings as for
nitriding in ammonia, with the iron-
base alloys showing significantly

Table (X Caorroslon of Varlous Alloys In
Pure HaCl at 1550°F (843°C) for 100 Hours

Average Metal Affected

Alloy (Mils)
188

556 26
214 31
304 32
446 32
316 32
X 38
310 42
800H 43
625 44
RA330 46
617 48
230 55
S 6.6
RA333 1.5
600 11

greater attack.

Data from Coyle et al.? are avail-
able to compare alloy performance
in eutectic sodium/potassium car-
bonate salts at 1650°F (899°C). A
candidate therma! storage medium,
this salt produced the various corro-
sion results shown in Fig. 8. These
results were obtained by exposing
the various material: for a period of
21 days. No clear compositional
trend emerges from the data, which
show alloy X to be the best performer,
with alloys No. 214, No. 188, No.
800H and No. 556 grouped closely
behind.

Complex Process
Environments

Complex process environments can
be defined as those exhibiting the
potential for several forms of high-
temperature corrosion to take place.
Clearly, it is very difficult to judge
which, if any, laboratory test re-
sults to utilize in attempting to rec-
ommend materials for such environ-
ments. Results such as those discuss-
ed here, or those presented previously
for one-dimensional phenomena such
as sulfidation or chlorination!, can
be useful in a general sense. The
selection of appropriate materials to
use, however, can only be performed
with confidence in the light of actu-
al field test data when it is known
that multi-dimensional corrosion
phenomena are potentially involved.

A good example of this is the se-
lection of materials for waste incin-
eration facility components. Fig. 9
shows the results of field tests per-
formed for 550 hours in a chemical
waste incinerator burning acid wastes
generated from the production of
electronic circuit boards. The acids
included CH;COOH, HC], HNO3 and
H,SO0,, all partially neutralized with
additions of various alkali hydroxides.
Obviously, this 1400°F environment
could involve sulfur chlorine and
various salts, so laboratory data
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Teb:~ X Corroslon of Varlous Materlals
Expused to 1250°F (677°C) Flue Gases
from a Scrap Alumlnum Remelting Fur-
nace for 1150 Hours.

Alloy Average Motal Affected (Mils)

556 2.0
625 5.0

X 10.0
310 12.0
309 17.0
316 20.0
304 24.0

cannot easily predict alloy perform-
ance.

Alloys No. 556 and No. 188 were
particularly good performers in the
field tests in this environment, as
they were in the municipal incinera-
tion environment reviewed previous-
ly!. Here materials of construction
such as type 316 stainless or alloy
No. 600 exhibited 3X to 10X the
amount of corrosion attack shown
by alloy No. 556.

A different application with per-
haps similar environment aspects is
waste heat recuperation in the alu-
minum melting industry. Table X
contains the results of field compo-
nent tests conducted in the 1250°F
(677°C) flue gases of a scrap alumi-
num can recycling furnace. Various
ingredients in the environment in-
cluded sulfur, chlorine and molten
salts. Once again, alloy No. 556 was
the best of the materials subjected
to this 1150-hr test, out-performing
the austenitic stainless steels and
nickel-chromium alloys by over five
to one.

Summary

It has been shown that there are
advanced materials available to the
industrial heating industry which,
despite their higher relative initial
costs, can offer significant perform-
ance advantages and life-cycle cost

savings over the full term of a com-
ponent’s useful life. These advanced
materials possess generally superior
resistance to corrosion in elevated
temperature environments, and in
some cases combine that resistance
with outstanding strength at very
high temperatures. Programs con-
tinue to generate field and laborato-
ry test data to help qualify these
materials for use in an increasing
number of applications which exhib-
it severe service conditions.
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