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CORROSION OF SEVERAL IRON- AND NICKEL-BASE ALLOYS

IN SUPERCRITICAL STEAM AT 1000°F

H. E. McCoy and B. McNabb

ABSTRACT

The corrosion of several iron- and nickel-base alloys in
supercritical steam at 3500 psi and 1000°F has been measured
to 15,000 hr. The experiments were carried out in TVA's Bull
Run Steam Plant. Corrosion was measured almost entirely by
weight change and visual appearance; a few samples were eval
uated by more descriptive analytical techniques. The corrosion
rates of low-alloy ferritic steels containing from 1.1 to 8.7% Cr
differed by less than a factor of 2 in steam, but the rates
varied drastically in air at 1000°F. Several modified compo
sitions of Hastelloy N were evaluated and found to corrode at
about equivalent rates; however, some compositions did corrode
intergranularly. Of the alloys studied, the lowest weight
gain in 10,000 hr was 0.01 mg/cm2 for Inconel 718 and the
highest 10 mg/cm2 for the low-alloy ferritic steels.

INTRODUCTION

This study was motivated by the need of the Molten-Salt Reactor Program
for a material for use in steam generators. Hastelloy N has excellent
compatibility with molten fluoride salts, but it failed prematurely in a
simulated superheated steam environment. Thus, our program emphasized
Hastelloy N, but included a total of 80 iron and nickel-base alloys.

The tests were carried out in TVA's Bull Run Steam Plant in super

critical steam at 3500 psi and 1000°F for times up to 15,000 hr. The
program was discontinued before completion, but useful corrosion data were
obtained for several alloys.2 Although the discussion will deal only with
alloys selected to illustrate several important characteristics of steam
corrosion, compositions and weight changes of all materials under inves
tigation will be listed.

1C. N. Spalaris et al., Materials for Nuclear Superheater Applications3
GEAP-3875 (1962).

2Since preparation of this report, the Molten-Salt Reactor Program
has been reactivated. Many of the samples described in this report will
be exposed for longer periods of time.



EXPERIMENTAL DETAILS

Test Facility

The facility used in this study is located in TVA's Bull Run Steam
Plant.3 This is a coal-fired plant with a supercritical steam cycle and
a power generation capability of 980 MW. The facility is located about
18 ft upstream from the turbine. The steam Is extremely clean at this
location containing less than 1 ppb O2, less than 5 ppb Cu, less than
3 ppb Na, less than 15 ppb Si02, and less than 6 ppb Fe. Hydrazine was
added to scavenge oxygen, and the pH was controlled at 9.40 to 9.45 with
ammonia. The electrical conductivity of the condensed steam was less
than 3 x 10"7 fT1 cm-1.

A schematic of the test facility is shown in Fig. 1. The steam entered
the 4-in.-diam sched 160 type 316 stainless steel test chamber at a
flow rate of 16 to 17 lb/min. The sample holder was a cube 2 in. on each
side and would accommodate about 140 samples. Most of the samples were
1/2 in. wide x 2 in. long x 0.035 in. thick. Alumina washers 0.020 in.
thick were placed between the specimens before they were bolted in place.
Most of the space between the holder and the vessel was baffled to force
flow across the samples at about 20 fps. The steam passed through a metal
filter to trap scale before it entered the small diameter flow restricter.
The steam pressure was reduced to near 1 atm before reaching the condenser.
The condensate was returned to condensate storage.

Test Materials

Chemical analyses of the test materials are given in Table 1. All
the alloys up to "Hastelloy N modifications" were commercial production
heats. Heats 185 through 237 were 2-lb laboratory melts. Hasteliby N
heats 21541 through 72604 were small 50- to 100-lb melts that were vacuum
melted and fabricated by commercial vendors. Hastelloy N heats 2477, 5065,
5067, 5085, and M/566 were large commercial heats of standard Hastelloy N.

All alloys were rolled to 0.035-in.-thick sheet. The rolling was
done cold with intermediate anneals for stress relief; the finish of the
exposed sample surface was generally typical of cold-rolled sheet. Samples
1/2 in. wide x 2 in. long x 0.035 in. thick were sheared, cleaned, and
annealed in argon for 1 hr at 1700°F (the low-alloy ferritic steels),
1 hr at 1900°F (the stainless steels), or 1 hr at 2150°F (all other alloys).

Air Oxidation Tests

Test coupons of each alloy were also exposed to static air at 1 atm
pressure and 538°C and weighed at the same time intervals as those exposed

3Tennessee Valley Authority, The Bull Run Steam Plants TVA Technical
Report 38, Knoxville, Tennessee, 1967.



STEAM SUPPLY
3500 psig, 1000 °F,

16-17 Ibs/min
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THERMOCOUPLE

WELL-
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Fig. 1. Steam Corrosion Facility at Bull Run Steam Plant.

to steam. These cannot be viewed as control tests, but comparisons of the
behavior in air and steam are useful in some instances.

Evaluation

Generally only weight change measurements were made. However, the
samples were also examined visually for evidence of spalling, oxide color,
etc. More extensive evaluation was carried out on a few specimens. This
included x-ray diffraction of oxide to determine crystal structure, optical
metallography to determine depth of oxide penetration, and electron
microprobe scans of oxide-metal interfaces to determine the compositions of
the oxide and the metal beneath the oxide.
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EXPERIMENTAL OBSERVATIONS

Weight-gain results on all materials tested in steam are given in the
Appendix.

Low-Alloy Ferritic Steels

Five alloys containing from 1.1 to 8.7% Cr (Table 1) were exposed to
steam for 14,000 hr at 1000°F, and the observed weight changes are shown
in Fig. 2. The maximum and minimum weight changes for this group of alloys
at a given time vary by only a factor of 2. The lower side of the range
was determined by the alloy containing 1.1% Cr and the upper side by the
alloy containing 1.9%. The alloy containing 8.7% Cr fell intermediate.
There was no evidence of spalling.

The behavior in air was vastly different from that noted in steam. The
weight changes for the first 2000 hr are shown in Fig. 3. All the alloys
except the one containing 8.7% Cr began to spall almost immediately. After
13,000 hr in air at 1000°F, the weight changes for alloys containing 1.1,
1.9, 2.0, 4.2, and 8.7% Cr were -33.1, -33.6, -30.5, -22.4, and -1.3 mg/cm2,
respectively. These compare with weight increases of 8 to 12 mg/cm in
steam.
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Hastelloy N

The weight changes in steam of four heats of Hastelloy N are shown in
Fig. 4. The variation among the four heats is about the same as the vari
ation noted for duplicate specimens of heat 5065. One of the heats, 2477,
was vacuum melted, and the other three were air melted. The vacuum-melted
heat was much lower in silicon and manganese than the air-melted heats,
but this had no detectable effect on the corrosion rate in steam. After

the first 4000 hr exposure, the weight change can be described by an
equation of the form AW = Kt0'21 where AW is the weight change in mg/cm2,
t is the time in hr, and if is a constant,

Some Hastelloy N specimens from heat 5065 were given various surface
treatments before exposure to steam. Samples were tested in the as-rolled
condition, rolled and surface abraded with 400 grit paper, and rolled and
electropolished. Figure 5 shows that the weight change was least for the
electropolished material, intermediate for the as-rolled samples, and
greatest for the abraded samples. Although the corrosion process may have
been affected in a more complex way, the weight changes are qualitatively
proportional to the "true" surface area.

A series of specimens from small commercial heats of modified
Hastelloy N containing from 0.10 to 2.1% Ti was exposed to steam, and the
results are summarized in Fig. 6. Alloys containing 0.1% Ti (21546) and
0.50% Ti (21545) gained weight more rapidly than the standard alloy.
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However, the slope (weight change per unit time for greater than 2000 hr)
was quite low for both these alloys and about equivalent to that for the
standard alloy at long times. Alloys containing 0.92, 1.30, and 2.1% Ti
gained less weight than standard Hastelloy N during 10,000 hr exposure.
However, extrapolation to longer times would indicate that standard
Hastelloy N and the alloys containing 0.10 and 0.50% Ti would gain less
weight than the alloys containing more titanium.

Several laboratory melts of Hastelloy N containing additions of Ti,
Al, Zr, Hf, Y, Ce, and Nb were exposed to steam for 15,000 hr, and the
weight changes are shown in Fig. 7. Maximum and minimum weight changes
in these alloys differed by less than a factor of 2, but only the alloy
containing 1.03% Nb gained less weight than the standard alloy. The same
alloys were exposed to air for 15,000 hr, and the test results are shown
in Fig. 8. After 1000 hr the minimum and maximum weight changes differed
by a factor of 6, and all but one alloy (231) gained less weight than
standard Hastelloy N. Since the alloys gained weight at different rates,
the extremes differed by less than a factor of 2 after 15,000 hr. The
weight changes in air and steam (compare Figs. 7 and 8) were not drastically
different.

Typical metallographic features of the oxide formed on standard
Hastelloy N in steam are shown in Fig, 9. The depth of oxide penetration
was irregular, with small oxide nodules formed at various locations. The
outer layer of oxide contained high concentrations of Fe and Cr, the second
oxide layer was rich in Cr and Mo, and the underlying metal was depleted
in Fe, Cr, and Mo. A sample of heat 5065 that contained 0.58% Si also had
these same layers, but each contained 0.5 to 0.6% Si, and there was no
evidence of silicon segregation.
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weight gains after 14,000 hr exposure. Inconel 718, Haynes alloy No. 188,
and Hastelloy X had weight changes so low that they were difficult to
measure. Inconel 600 and type 347 stainless steel both gained weight more
rapidly than Hastelloy N, and the weight changes was proportional to t ' .
The range of weight changes in 10,000 hr for all materials studied was from
0.01 mg/cm2 for Inconel 718 (estimate), to 10 mg/cm2, the highest rate of
any alloys studied, for the low-alloy ferritic steels.

Effects of Cold Working

Structural materials are often placed in service in steam systems with
some residual cold work present. Since cold working introduces structural
changes that may influence the corrosion characteristics, samples of many
of the alloys were exposed in the annealed and cold-worked conditions. The
observations for Hastelloy N and type 201 stainless steel are shown in
Fig. 14. The effects of cold work on the corrosion of Hastelloy N were
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negligible. Cold working had a large effect on the corrosion of type 201
stainless steel. The corrosion rate of annealed materials was much higher
than that of cold-worked material, and the difference became progressively
greater as the exposure time increased. The effects of cold working were
not as great for other iron-base alloys, but the cold-worked material always
oxidized more slowly. The corrosion rates of various nickel-base alloys
were sometimes increased and sometimes decreased, but the changes were
smaller than a factor of 2.

SUMMARY

The corrosion of several alloys in supercritical steam at 1000°F and
3500 psi was measured for times up to 15,000 hr. Some comparative corrosion
tests were run in air at atmospheric pressure and 1000°F. Various post-
test examinations were performed, and the following important observations
were made.
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1. All the alloys formed tenacious, nonspalling oxides when tested
in steam. Some of the alloys spalled when tested in air.

2. The corrosion rates of low-alloy ferritic Fe-Cr alloys containing
from 1.1 to 8.7% Cr varied by only a factor of 2 in steam, but in air
were markedly dependent upon chromium concentration.

3. All the samples were partially coated with iron oxide particles
that had been transported by the steam. At least in the case of Hastelloy N,
the iron seemed to promote the formation of oxide nodules that extended
into the material.

4. Hastelloy N exhibited higher corrosion rates in steam with
increasing surface roughness.

5. A modified Hastelloy N containing less molybdenum and iron than
the standard alloy corroded slightly more rapidly than the standard alloy
(based on weight change) and formed extensive networks of intergranular
oxide. The addition of 0.50% Ti eliminated formation of the intergranular

oxide.

6. Hastelloy N modified with about 1% of Ti, Al, Zr, Hf, Y, Ce, and
Nb oxidized at almost identical rates (within a factor of 2) in steam and
in air.

7. Electron microprobe examination of five Hastelloy N samples
exposed to steam for 10,000 hr showed that all samples formed an outer
oxide that was enriched in iron and a subsurface oxide that was enriched

in molybdenum.
8. X-ray diffraction patterns of these same samples indicated the

presence of NiO, Mo02, a spinel, Cr203, and the substrate. The dominant
oxide was NiO.

9. The weight changes in 10,000 hr in steam for the various alloys
in this study ranged from 0.01 mg/cm2 for Inconel 718 to 10 mg/cm2 for
the low-alloy ferritic steels.

10. The effect of cold working on corrosion in steam varied from
increases to decreases. The largest decrease was noted for type 201
stainless steel, where the weight change after 4000 hr was 0.035 mg/cm
for cold-worked material and 2 mg/cm2 for annealed samples.
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APPENDIX

Collected Weight Change Data for Various Metals and Alloys
Exposed to Supercritical Steam at 3500 psi and 1000°F





Table Al. Weight Change Data for Specimens of Low-Alloy Ferritic and Maraging Steels

Area

(cm2)

Weight Gain, mg/cm at Various Times In hr

Alloy Specimen

670 1000 2000 2482 4000 4482 6000 8000 10,000 13,000 14,000

Cr l.la 172

173

13.6924

13.6444

3.14

3.21

3.78 5.12 6.00 6.47 6.80 9.12

205 13.6221 2.31 4.22 4.96 5.37 5.60 6.22 7.74

Cr 1.9a 202 13.5654 3.97 6.30 7.98

208 13.6392 4.28 7.95 8.53 8.89 8.89 9.78 11.71

163 13.6274 4.94

164 13.6355 4.93 5.98 7.57 8,90 9.31 9.81 12.03

Cr 2.0a 166 13.6369 3.93

167 13.6287 3.40 4.32 5.80 6.93 7.37 7.63 9.60

203 13.5638 2.90 4.63 5.91

209 13.5759 2.73 4.51 5.77 6.08 6.53 7.31 8.96

Cr 4.2a 204 13.5999 3.76 6.14 7.74 8.07 8.64 9.97 11.88

169 13.6329 3.98 5.13 6.83 7.97 8.48 8.96 10.41

170 13.5955 4.49 6.89

Cr 8.7a 175 13.6411 3.77

176 13.6668 3.73 4.56 5.98 7.03 7.43 7.68

12-5-3b
206 13.6558 2.74 5.81 6.27 6,27 6.57 7.29 8.79

207 13.5928 3.97 6.61 8.91 9.73 10.22 11.33 13.99

178 13.5173 6.33

179 13.4833 6.16 7.37 9.48 11.04 11.77 12.13 15.48

Low-alloy ferritic steel annealed 1 hr at 1700°F in argon.

12-5-3 maraging steel annealed 1 hr at 1500°F in argon.

NO
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Table A3. Weight Change Data for Specimens of Nickel 280
Annealed 1 hr in Argon at 1470°F

Specimen
Area

(cm2)

Weight

400 hr

Gain, mg/cm2 at

1518 hr

266 13.8262 4.44 54.43

267 13.8262 3.33 77.11

268 13.9680 4.30 72.95

269 13.7880 5.25 75.29



Table A4. Weight Change Data for Specimens of Various Metals and Alloys

Material Specimen Condition
Area

(cm2)

Weight Gain, m.g/cm2 at Various Times in hr

1000 . 2000 3000 4000 5000 6000 9000

Armco Iron 356 Annealed 1700°F 13.6683 4.44 5.52 7.06 8.06

357 Annealed 1700°F 13.6241 4.33 5.37 6.88 7.87

358 Cold worked 50% 13.7063 4.66 5.68 7.22 8.24

Monel 332 Annealed 1470°F 13.6301 0.62 2.81 7.89 12.96 17.28

333 Annealed 1470°F 13.6301 1.19 4.59 9.50 14.42 18.54

Copper 466

467

Annealed 1470°F

Annealed 1470°F

13.5783

13.5554

0.34

0.22

-0.13

-0.18

Inconel 600 388 Annealed 2150°F 13.5130 0.26 0.30 0.41 0.46

389 Annealed 2150°F 13.5265 0.24 0.27 0.37 0.43

Inconel 601 316 Annealed 2150°F 13.7337 0.06 0.11 0.17 0.17 0.19 0.25 0.36

317 Annealed 2150°F 13.7611 0.07 0.12 0.20 0.22 0.24 0.31 0.40

468 Cold worked 50% 13.7546 0.21

Inconel 718 390 Annealed 2150°F 13.5644 0.05 0.01 0.01

391 Annealed 2150°F 13.7195 0.05 0.01 -0.01

412 Cold worked 50% 13.3954 0.12 0.13 0.15 0.18

Annealed 1 hr in argon at the indicated temperature.



Table A5. Weight Change Data for Specimens of Incoloy 800 and Hastelloys B and C

Specimen Condition3
Area

(cm2

Weight Gain, mg/<;m2 at Various Times in hr

Alloy
1000 2000 4482 6000 8000 10,000 13,000

Incoloy 800 198 Annealed 1900°F 13.6339 0.50 0.80 0.95

199 Annealed 1900°F 13.6200 0.41 0.71 0.81 0.81 0.84 0.90 0.92

200 Annealed 1900"F 13.6350 0.42 0.68 0.81 0.71 0.75 0.83 0.80

201 Annealed 1900°F 13.5310 0.51 0.81 CO

469 Cold worked 50% 13.8543 0.17

Hastelloy B 376 Annealed 2150°F 12.6206 0.10 0.11 0.16 0.19

377 Annealed 2150°F 13.6480 0.12 0.16 0.21 0.25

407 Cold worked 50% 13.3631 0.16 0.29 0.49 0.62

Hastelloy C 378 Annealed 2150°F 13.5241 0.06 0.08 0.10 0.13

379 Annealed 2150°F 13.5621 0.04 0.06 0.07 0.08

408 Cold worked 50% 13.6220 0.15 0.17 0.21 0.21

aAnnealed 1 hr in argon at the indicated temperature.



Table A6. Weight Change Data for Specimens of Various Superalloys

Alloy Specimen Condition
Area

(cm2)

Weight Gain, mg/cm2 at Various Times in hr

1000 2000 3000 4000

Hastelloy S 417 Annealed 13.7229 0.09 0.14 0.15

418 Annealed 13.7229 0.09 0.12 0.15

Hastelloy W 380 Annealed 12.8533 0.04 0.05 0.09 0.10

381 Annealed 13.2794 0.04 0.06 0.09 0.07

409 Cold worked 50% 13.3134 0.11 0.16 0.20 0.23

Hastelloy X 382 Annealed 13.8476 0.06 0.06 0.09 0.11

383 Annealed 13.7953 0.04 0.04 0.05 0.05

410 Cold worked 50% 13.7063 0.12 0.14 0.17 0.21

Haynes 25 384 Annealed 13.4209 0.03 0.01 0.10 0.16

385 Annealed 13.5889 0.07 0.08 0.18 0.23

Haynes 188 386 Annealed 13.2926 0.03 0.01 0.05 0.08

387 Annealed 14.0295 0.04 0.04 0.07 0.11

413 Cold worked 50% 13.7684 0.23 0.27 0.30 0.33
Rene 62 392 Annealed 13.6678 0.18 0.16 0.19 0.22

393 Annealed 13.8791 0.15 0.14 0.17 0.18

411 Cold worked 13.7580 0.15 0.16 0.20 0.24

Anneals are for 1 hr in argon at 2150°F.

•4>



Table A7. Weight Change Data for Specimens of Modified Hastelloy N Laboratory Heats'

Specimen
Area

(cm2)

Weight Gain, mg/cm2 at Various Times in hr

Heat

1000 2000 4482 6000 8000 10,000 15,000

185 87 13.6149 0.14

185 88 13.6431 0.21 0.29 0.49 0.54 0.59 0.65 0.74

185 89 13.6603 0.20 0.32

185 90 13.6048 0.12 0.24 0.41 0.55 0.53 0.58

186 91 13.5903 0.21 0.24

186 92 13.6285 0.12 0.21 0.36 0.49 0.48 0.59

188 37 13.6213 0.29 0.40 0.62 0.57 0.68 0.71 0.78

188 38 13.5819 0.09 0.19 0.32 0.32 0.40 0.46

231 35 13.6267 0.12 0.21 0.28 0.29

231 36 13.6386 0.26 0.43

231 105 12.5198 0.27 0.38 0.58 0.62 0.65 0.69 0.72 •

232 103 13.5416 0.18 0.22 0.39 0.43 0.44 0.47 0.55

232 104 13.5230 0.21 0.24 0.39 0.46 0.47 0.50

236 101 13.6424 0.11 0.17 0.35 0.41 0.45 0.52 0.60

236 102 13.6070 0.18 0.26 0.43 0.46 0.49 0.54

237 99 13.6422 0.10 0.15 0.24 0.28 0.29 0.33 0.38

237 100 13.6359 0.10 0.14 0.23 0.32 0.26 0.32

Annealed 1 hr in argon at 2150°F.
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