ORNL/S ub/88-07685CT92/01

STI

JUNO 6 1991

AQUEOUS CORROSION CHARACTERISTICS AND CORROSION-RELATED

CRACKING SUSCEPTIBILITIES OF Fe3Al-TYPE IRON ALUMINIDES

DO 'JOT Mien—
COVER -

JET

April 1991

Repon Prepared by

R. A. Buchanan and J. G. Kim
Department of Materials Science and Engineering
The University of Tennessee
Knoxville, TN 37996-2200

under
Subcontract Number 41B-07685C T92

for

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831

managed by
MARTIN MARIETTA ENERGY SYSTEMS, INC.
for the
U.S. Department of Energy
under Contract No. DE-AC05-840R21400

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available

original document.



ORNL/Sub—88-07685/01

DE91 013028

AQUEOUS CORROSION CHARACTERISTICS AND CORROSION-RELATED

CRACKING SUSCEPTIBILITIES OF Fe3Al-TYPE IRON ALUMINIDES

April, 1991

Research sponsored by the U. S. Department of Energy,
Fossil Energy
Advanced Research and Technology Development Materials Program

Report Prepared by

R. A. Buchanan and J. G. Kim
Department of Materials Science and Engineering
The University of Tennessee
Knoxville, TN 37996-2200

under
Subcontract Number 41B-07685C T92

for

OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831
managed by
MARTIN MARIETTA ENERGY SYSTEMS, INC.
for the
U.S. Department of Energy
under Contract No. DE-AC05-840R21400

MANTER

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



CONTENTS

LIST OF TABLES ...ttt v
LIST OF FIGURES . ......c.ooiiiiii et s v
INTRODUCTION......cooiiiiiiiieie ettt et sttt sae s l
PROCEDURES AND RESULTS ...ttt 2
POLARIZATION TESTS AND CORROSION
RATE MEASUREMENTS.....coiiiiiiiieeneeere et s 2
IMMERSION TEST RESULTS....ccoooiiiiiiiiiiieee e 20
U-BEND CORROSION CRACKING TESTS.. ..ottt 21
SLOW-STRAIN-RATE CORROSION TESTS......cccooiiiiiiiniiiiiice, 27
SUMMARY AND CONCLUSIONS........ooiiiiiiieit et 30
REFERENCES . ......coi ettt st s st 34
APPENDIX: DISTRIBUTION LIST.......cccciiiiiiiiiiiiiccieeeee e 37



Table 1.

Table 2.

Table 3.
Table 4.
Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

Table 10.

Table 11.

LIST OF TABLES
Results ofelectrochemical evaluations of average
COITOSION PENEIrAtiON TALES. . ecvvieeierieriieieesieeieesreeteeseesseesseesseesseesseesseesseens

Results of 200h mass-loss immersion tests, converted to
average COrroSion PeNetration TALES........ccvvvveevereereerierieeseeseesseesseesseenseens

Compositions of selected iron aluminides (at. %0)....ccccecceveriereneneneennne
Corrosion rates by the polarization-resistancemethod...........c.ccccceveeeneenne.
Chemical compositions of iron aluminides..........cccevvereerierieereereenieennenn,

Electrochemical corrosion characteristics in
aerated SyNthetic SCAWALET .......cccccvvvieriieeiierieieecie e e e sre e seee e

Average penetration rates by polarization-resistance
measurements in aerated IN sulfuric acid..........ccccociininiiiiiinnnnne.

Immersion test results, acid-chloride solution,
visual-corrosion-product initiation times..........cocevereriereneeieeneneeeeeene

U-bend results at open-circuit corrosion
potentials (ECOIT) ...occivviiiiieiieieeie ettt et esre s

U-bend test results in acid-chloride solution over a
range of applied potentialS.........cccooiiiiiiiniiniiiiinineeeeeeee e,

Slow-strain-rate corrosion test reSUILS......ccovviviiiiiviciiiieeeeeeeeeeeee e

v



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1

10

11

12

13

14

15

16

17

18

19

LIST OF FIGURES

Typical cyclic anodic polarization behavior of iron aluminides.............ccccc.ee.... 3
Cyclic anodic polarization behavior of nickel-iron aluminide............c.cccvevuenen. 5

Cyclic anodic polarization behavior of annealed iron aluminides
in aqueous solution containing 200 ppm Cl' at pH =4.....cocoveeiviiecinciiieeenns 7

Cyclic anodic polarization behavior of cold-worked iron aluminides
in aqueous solution containing 200 ppm CI' at pH = 4......cccocvvvieevennnnen. 8

Cyclic anodic polarization behavior of stainless steels,
nickel-iron aluminide, and iron aluminide (6% CI).....c.ccoceveieieririeieieieeienes 9

Effects of Mo on the cyclic anodic polarization

behavior of 2% Cr iron aluminide.........cccocoiinininiinieniininieeeeeeeee 10

Effects of Mo on the cyclic anodic polarization

behavior of 4% Cr iron aluminide.........cccoocoiiiiniiiiiinineeeeeee 10
Iron-aluminum phase diagrami...........ccceeviieeiieeiiie e H
Effects of structure on anodic polarization behavior...........c.ccoecveeierveriinnennenns 12
Cyclic anodic polarization behavior in acid-chloridesolution...................... 14
Anodic polarization behavior in thiosulfate sOlUtion.........cccoeceeeeiiiiicnienenen. 14
Anodic polarization behavior in tetrathionate SOIUtION........cccoceveriierirercceienne. 15
Effects of Cr and Nb on cyclic anodic polarization behavior..........c..ccccocc.e... 16
Cyclic anodic polarization behavior in aerated,

PH =4, 200 ppm CT SOIULION. ....ciiiiiiiiiiiiiiiieeeeeee et 17
Cyclic anodic polarization behavior in aerated

SYNERETIC SCAWALET......eeiuiiieiiiiieeieeieeiirieeseeete ettt e e esestaesssesnseessesssessseenseensennses 18
Cyclic anodic polarization behavior in

aerated IN sulfuric acid......c.cooeviiiiiiiii e 19
Anodic and cathodic polarization curves for FA-129 iron

aluminide in acid-chloride solution. Applied anodic and

cathodic potentials are identified by dashed lines.........ccccocevvniiiininnnnies. 24
Tensile specimen geometry employed at ORNL,

with slow-strain-rate-corrosion fracture locations identified.........c..ccccoeerennene 27
Current slow-strain-rate corrosion test-specimengeometry..........ccoceeeeenen. 29



AQUEOUS CORROSION CHARACTERISTICS AND CORROSION-RELATED
CRACKING SUSCEPTIBTLITIESOF Fe*Al-TYPE IRON ALUMINIDES*

R. A. Buchanan and J. G. Kim

INTRODUCTION

FejAl-type iron aluminides have been shown to exhibit excellent high-temperature
oxidation properties at relatively low cost, making them exceptional candidates for fossil-
energy applications.”>2 However, in past years these materials have been characterized
by very low room-temperature ductilities (3-5%).3*6 Recently, efforts have been devoted
to improving the ductilities through control of grain structure, alloy additions and material

processing. ™" Studies at the Oak Ridge National Laboratory (ORNL) have shown that
the room-temperature ductility can be significandy improved by additions of up to 6%
Cr.17-19 Mechanisms responsible for this beneficial effect have been elucidated.

In certain fossil-energy applications, the iron aluminides may also be subjected to
ambient-temperature aqueous corrosion conditions. In the present project, the aqueous
corrosion characteristics and the cracking tendencies under aqueous-corrosion conditions
were studied. In these studies, electrochemical, immersion and electrochemical-
mechanical evaluation techniques were employed.

For a range of iron-aluminide compositions, cyclic anodic polarization tests were
conducted in a number of electrolytes to provide information on anodic dissolution
characteristics including tendencies for either active uniform corrosion, localized
corrosion, or passivation. Average corrosion penetration rates were determined by
application of Tafel methods or the polarization-resistance method in combination with
Faraday's law. Immersion test methods were employed to verify corrosion behavior as
determined by electrochemical methods and to evaluate localized-corrosion initiation times.
U-bend corrosion tests were conducted at open-circuit corrosion potentials and at
potentiostatically-controlled anodic and cathodic potentials to investigate the cracking
tendencies of selected iron aluminides and to provide information on the cracking
mechanism. And finally, slow-strain-rate corrosion tests were conducted at open-circuit
and potentiostatically-controlled cathodic potentials to study the ductility response as
related to cracking tendencies and the mechanism responsible.

*Research sponsored by the U.S. Department of Energy, Fossil Energy AR&TD
Materials Program, DOE/FE AA 15 10 10 0, Work Breakdown Structure Element UTN-3



PROCEDURES AND RESULTS

Polarization Tests and Corrosion Rate Measurements

Initially in the project, the objectives involved corrosion characterizations of four iron-
aluminide compositions and one nickel-iron aluminide. All materials were fabricated at
ORNL. The nominal compositions (atomic percent (at. %)) of these iron aluminides were
Fe-28A1, Fe-28 Al-2Cr, Fe-28 Al-4Cr, and Fe-28A1-6Cr, with designations of FA-61,
FA-77B, FA-72C, and FA-78, respectively. These alloys were evaluated in both air-
annealed (1 h at 850°C plus 2d at 500°C) and 10% cold-worked conditions. The nickel-
iron aluminide (70.66% Ni, 11.2% Fe, 9.54% Al, 6.95% Cr, 0.35% Zr, 1.28% Mo,
0.02% B), designated as alloy 357, was evaluated in the vacuum-annealed condition
(Ihat 1100°C).

All samples for electrochemical evaluations were prepared in the following manner.
An electrical connection was made to each specimen by means of a soldered brass screw
on the back sample surface. The sample was then mounted in Maraglas 655 epoxy, and
the front sample surface was uniformly exposed by wet grinding with 600 grit SiC paper.
The metal/epoxy interface was coated with Glyptal 1201 Red Enamel to minimize
problems with interface crevice corrosion. The exposed metal surface was again ground
with 600 grit SiC paper to remove air-formed oxide films immediately before attachment
of'the mounted sample to a glass-insulated sample holder and immersion into the
electrolyte of'the polarization cell.

The program initially involved anodic polarization testing at ambient laboratory
temperamre in four electrolytes over a wide pH range: IN HC1 (pH ~ 0.5), IN H2SO4
(pH ~ 0.5), 3.5% NaCl (pH = 7), and IN NaOH (pH - 14). This selection of
electrolytes also provided indications of the effects of chlorides on corrosion behavior.
The electrolytes were continuously saturated with oxygen before and during polarization
testing. Each cyclic anodic polarization test consisted of first allowing the steady-state
open-circuit corrosion potential to be established (< | mV change per minute), then
scanning the potential in the anodic direction at a rate of 600 mV/h while measuring the

current density. The scanning direction was reversed to complete the cyclic curve at a



terminating current density of 10'3 A/cm”. The results for the initial four iron aluminides
(0,2,4, and 6% Or) and the nickel-iron aluminide are summarized in the following
sections.

IN Hydrochloric Acid. This strong hydrochloric acid solution was very
aggressive toward the iron aluminides and the nickel-iron aluminide. Only active
behavior, i.e. continuously increasing current density with increasing potential, was
demonstrated for all materials in all conditions. Examples ofthis behavior are shown in

Figures | and 2.

IMI rrnj wi-THinf i % iinn
IRON ALUMINIDES

-------- IN H2S04
1IN NaOH

N HCI

£-0.2
0--0.4

) tlmiii 1 <

1010- 10* 10- 1Q'l 10
CURRENT DENSITY (Ampere/cml)

Fig. 1. Typical Cyclic Anodic Polarization Behavior of Iron Aluminides

IN Sulfuric Acid. During the initial series of tests on the iron aluminides, the
potential scan direction was reversed at 10l A/cm” after only active behavior was
demonstrated in this strong sulfuric acid solution. Subsequent tests indicated that
passivation does occur at higher potentials after a critical anodic cutrent density equal to or
greater than 10"l A/cm” is exceeded. An example is shown in Figure 1. Nevertheless,
the corrosion potential for all the iron aluminides in both annealed and cold-worked
conditions existed within the active range. The nickel-iron aluminide demonstrated better
passivation behavior with a maximum active current density of 10'3 A/cm” and a passive

current density of 10" A/cm”.



3.5% NaCl. pH = 7. All materials exhibited passive behavior with hysteresis (a
loop within the cyclic anodic curve) in the neutral 3.5% NaCl solution, indicating
susceptibility to localized pitting/crevice corrosion. For all ofthe iron aluminides in both
conditions, the protection potential (the potential at which the down-scan current density
either equals the up-scan passive current density or its extrapolation to lower potentials)
was below the open-circuit corrosion potential (the starting potential for the anodic curve),
indicating that localized corrosion could occur during the freely-corroding condition. An
example is shown in Figure 1. For the nickel-iron aluminide, the protection potential was
above the open-circuit corrosion potential (Figure 2), indicating a higher degree of
resistance to crevice/pitting corrosion.

IN Sodium Hydroxide. All materials in all conditions exhibited ideal passive
behavior in this very basic solution. Passive current densities were in the 10'5 - 10-6
A/cm” range. Breakdown potentials were quite high, and no hysteresis was exhibited
indicating excellent resistance to localized corrosion. An example is shown in Figure 1.

Selected combinations of materials and electrolytes were subjected to
electrochemical tests to evaluate corrosion rates under freely- corroding conditions as an
additional means to confirm the trends indicated by the previous anodic polarization
results. Corrosion rates for the 0% Cr and 6% Cr iron aluminides, and the nickel-iron
aluminide, were evaluated. Two methods were employed. The first method involved
Tafel extrapolation of cathodic polarization curves to determine corrosion current
densities. This method proved difficult in certain cases, however, due to complications
arising from nonlinearities in the cathodic curves in the aerated acid solutions.
Consequently, a second method, the Tafel statistical method, which was judged to be
more accurate, was employed. This method involved small-potential sweeps through the
corrosion potential (£25mV) with subsequent statistical analyses. Using the Butler-
Volmer model, linear regression was used to obtain first approximations to the Tafel
slopes, then nonlinear regression was employed to determine the Tafel slopes and
corrosion current density which best fit the experimental data. Once the corrosion current
densities were determined, Faraday's law was used to calculate average corrosion
penetration rates in mils per year (mpy). Results are presented in Table 1. These results
were consistent with indications derived from the polarization behavior of the iron
aluminides, that is, relatively high corrosion rates in the strong acids, low average rates in
neutral chloride solution (but definite susceptibility to localized corrosion), low rates in the

basic solution, and little differentiation of Cr alloying effects.
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Fig. 2. Cyclic Anodic Polarization Behavior of Nickel-Iron Aluminide

Table 1.

Solution

IN HCL
IN H>S04

3.5% NaCl
pH = 7.0

IN NaOH

Average Penetration Rate (mpy)

Fe-28a/0 Al
(Cold-Worked)

260
1460
5

0.30

by Tafel Statistical Method

Fe-28a/0Al + sa/oCr
(Cold-Worked)

255
520
0.07

0.10

Results of Electrochemical Evaluations of Average Corrosion
Penetration Rates

Nickel-Iron
Aluminide
(Annealed)

40
34
0.20

0.01



Selected materials were also subjected to 200-hour mass-loss immersion tests in
selected electrolytes. The mass losses were converted to average corrosion penetration
rates (mpy), as given in Table 2. Again, these results were consistent with trends

indicated by previous tests.

Table 2. Results of200h Mass-Loss Immersion Tests, Converted to
Average Corrosion Penetration Rates

Average Penetration Rate (mpy)
from Mass-Loss Immersion Tests

Solution .
Fe-28a/0 Al Fe-28 a/o Al + 6 aJo Cr 1:1&1:11“1:3:
(Cold-Worked) (Cold-Worked) (Annealed)
IN H2SO04 1710 >2110* 14
3.5% NaCl 3.8 2.6 0.80
pH = 7.0

*Total dissolution of sample in 48h.

Based on the above results, and relative to the iron aluminides, it was tentatively
concluded that the four electrolytes were either too aggressive (IN HCI, IN H2SO4, and
3.5% NaCl(with respect to localized corrosion)) or insufficiendy aggressive (IN NaOH)
to allow differentiation of the Cr alloying effects. Consequently, a fifth electrolyte was
designed to simulate an aggressive acid-rain-type atmospheric-corrosion situation. This
electrolyte consisted of an aqueous solution containing 200 ppm C1° (NaCl) at pH = 4
(H2S04). Cyclic anodic polarization and immersion tests were conducted in this
solution.

200 ppm chloride. pH = 4. In this solution, the anodic polarization behavior of the
nickel-iron aluminide improved relative to the 3.5% NaCl solution by demonstrating
higher breakdown and protection potentials (Figure 2), as expected because of the reduced
chloride concentration. The average corrosion penetration rate (Tafel statistical method)
was found to be 0.10 mpy. For the iron aluminides (Figures 3 and 4), again, the
protection potentials were below the corrosion potentials. However, the breakdown

potential increased with Cr content, indicating increased relative resistance to initiation of



localized corrosion. Some differences were noted between the annealed (Figure 3) and
cold-worked (Figure 4) materials. Generally, for the 2,4, and 6% Cr materials, the cold-
working process led to somewhat higher passive current densities and lower breakdown
potentials. The 0% Cr iron aluminide did not undergo passivation at all in the cold-
worked condition. Average corrosion rates were evaluated by the Tafel statistical method
for the cold-worked 0% Cr and 6% Cr iron aluminides. The values were found to be 4.5

and 0.10 mpy, respectively.

IRON ALUMINIDES (Annealed)

ELECTROLYTE: 200 ppm C1"_pH-4(H2S04)

CL —0.4

107 104 10"s 10* 10-3 10
CURRENT DENSITY (Ampere/cm?2)

Fig. 3. Cyclic Anodic Polarization Behavior of Annealed Iron Aluminides
in Aqueous Solution Containing 200 ppm CI' at pH =4
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Fig. 4. Cyclic Anodic Polarization Behavior of Cold-Worked Iron

Aluminides in Aqueous Solution Containing 200 ppm CI'
atpH =4

To provide a frame ofreference for comparison, the anodic polarization curves of
Types 304L and 316L stainless steel were also determined in the 200 ppm CI", pH=4,
electrolyte. These curves along with those of the nickel-iron aluminide and the 6% Cr iron
aluminide are compared in Figure 5. It is seen that the major problem associated with the
6% Cr iron aluminide is its low protection potential.

At this point in the evolution of the project, it was recommended to ORNL
investigators that iron-aluminide compositions containing Mo, as well as Cr, be evaluated.
It was anticipated that Mo additions could improve the resistance to localized conrosion.
For this purpose, ORNL supplied two additional air-annealed alloys (Ih at 850°C plus 2d
at 500°C), both containing 2 at. % Cr, one containing | at. % Mo (FA-86), the other 2 at.
% Mo (FA-85). The anodic polarization curves for these additional materials, along with
that of the 2% Cr iron aluminide containing no Mo (FA-61), are shown in Figure 6. It is

apparent from these data that Mo additions raise the protection potential — an important



result in terms of increasing the resistance of iron aluminides to localized, chloride-

induced, aqueous corrosion.

U | nriq
ELZCTROLY7Z:200ppa C1™ (pH-4)
-——— 316L SS
* + 304L SS /
———= 1-357 C /
-------- FA78 r r —m—/
-0.2
C--04
[ I nm:'

10- 10- 10'* 10- 10- 10
CURRENT DENSITY (Ampere/cm¥)

Fig. 5. Cyclic Anodic Polarization Behavior of Stainless Steels,
Nickel-Iron Aluminide, and Iron Aluminide (6% Cr)

In view ofthese promising results, additional air-annealed alloys containing a
higher 4 at.% Cr level with 0.5, 1.0, and 2.0 at.% Mo additions were produced by ORNL
for corrosion studies. Cyclic anodic polarization tests were conducted in the 200 ppm CI',
pH = 4 solution, with the results presented in Figure 7. The polarization characteristics
improved relative to the 2% Cr materials (Figure 6). The best response occurred with the
4% Cr + 2% Mo material (FA-140), where as shown in Figure 7, the protection potential
was found to be approximately 0.1V above the open-circuit corrosion potential. This was

the first iron-aluminide to demonstrate such a favorable polarization response.
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Fig. 6. Effects of Mo on the Cyclic Anodic Polarization
Behavior of 2% Cr Iron Aluminide

MATERIAL: IRON ALUMINIDES
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Fig. 7. Effects of Mo on the Cyclic Anodic Polarization
Behavior of 4% Cr Iron Aluminide
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For the previous materials, ORNL investigators had utilized the following final
heat-treatment sequence: | hour at 850°C (recrystallization), 2 days at 500°C (ordering
heat treatment), then air cooling. With reference to the phase diagram presented in Figure
8, this treatment resulted in the DO3 superlattice. However, because of improved room-
temperature ductility (% elongation via tensile tests), the investigators changed the
standard final heat treatment to | hour at 750°C followed by an oil quench. This treatment
is believed to result in the B2 superlattice at room temperature. It was of interest to
evaluate the effect of the change-in-structure (DO3 vs B2) on corrosion behavior.
Samples of FA-140 (Fe-28Al-4Cr-2Mo) were given the two different heat treatments and
submitted to cyclic anodic polarization and polarization-resistance testing (600 mV/h scan
rate). The polarization curves are compared in Figure 9. The former heat treatment (DO3
structure) produced somewhat better results: a lower passive current density and a slightly
higher localized-corrosion breakdown potential. The polarization-resistance tests yielded
essentially equal corrosion rates of 0.1 mils/year (mpy). Overall, no major difference in

aqueous corrosion behavior was produced by the different heat treatments.

a (DISORDERED)  mmmeeee OKAMOTO AND BECK
-------- OKIl, HASAKA, EGUCHI

62 (Fe Al)

/ a+B2

DOj (Fej Al)

21 22 23 24 25 26 27 28 29 30 31 32
ALUMINUM (or. %)

Fig. 8. Iron-Aluminum Phase Diagram”
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Fig. 9. Effects of Structure on Anodic Polarization Behavior

The next phase in the study involved evaluations of cyclic anodic polarization

behavior and corrosion rates by the polarization-resistance method (600 mV/h scan rates)
for certain iron aluminides in acid-chloride (200 ppm CT, pH=4 (H2S04)), thiosulfate

(0.1M Na2S203), and tetrathionate (0.1M Na2S406) solutions. Selection of these

electrolytes was based on the following rational. The acid-chloride solution was meant to
reflect a somewhat aggressive acid-rain-type atmospheric-corrosion situation. The sulfur-
compound solutions reflected the following situation. In the fossil energy-production
area, the primary source of sulfur compounds is the fuel itself, and more directly, the fuel-
combustion products. Any structural material exposed to the combustion products, as in
flue-gas clean-up systems, may be susceptible to accelerated corrosion and stress-
corrosion cracking (SCC) due to the sulfur compounds. Such structural components
normally operating at elevated temperature may develop scales containing sulfides.
During shutdown, e.g. for inspections, and upon exposure to the atmosphere, the sulfides
can interact with moisture and oxygen to form aggressive sulfur-bearing acids. Of

particular importance are the polythionic acids (H2Sx06).25-27 A number of

investigators have indicated that the most aggressive polythionic-acid-component is
tetrathionic acid (H2S40g).28,29 This acid can be formed by adding Na2S40g to water,
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which undergoes hydrolysis to form the acid. An ion not formed in polythionic-acid
solution, but closely related to the tetrathionate ion, is the thiosulfate ion (S203").~0 It
also has been linked to SCC problems in petroleum and electric-power industries.29-32

The iron aluminides evaluated, their compositions, and designations are given in
Table 3. In all cases, the final heat treatment consisted of | hour at 750°C (air) followed
by an oil quench. After creating the 0.1M solutions 0of Na2S203 and -~28405, the pH
values were measured to be 5 and 4, respectively. The polarization characteristics of the
iron aluminides in the acid-chloride, thiosulfate, and tetrathionate solutions are shown in
Figures 10,11 and 12, respectively. In the acid-chloride solution, passive behavior was
observed for all materials until the localized-corrosion breakdown potential was exceeded.
The breakdown potential was higher, and the passive-cuirent-density lower, for the 5%
Cr compositions (FA-129 and FA-133) than for the 2% Cr compositions (FA-136 and
FA-84), indicating beneficial effects for the higher Cr level. The protection potentials
were below the open-circuit corrosion potentials in all cases except for the FA-133
composition which contained, unlike the other compositions, 0.5% Mo. In this case, the
two potentials were approximately the same, indicating improved resistance to initiation of
localized corrosion. In the thiosulfate and tetrathionate solutions. Figures 11 and 12, only
active corrosion behavior was observed, indicating no tendency to form protective passive
films. Results of the polarization-resistance corrosion-rate measurements are given in
Table 4. It is seen that all iron-aluminide compositions produced low corrosion rates in
the acid-chloride solution (0.2-0.8 mpy) and high corrosion rates in both the thiosulfate
and tetrathionate solutions (44-308 mpy).

Table 3. Compositions of Selected Iron Aluminides (at. %)

Materials Fe Al Cr C Nb B Mo Zr
FA 129 65.8 28 5 0.2 1
FA133 65.7 28 5 . 0.5 0.2 0.5 0.1
FA 136 69.3 28 2 0.2 0.5
FA84 69.95 28 2 0.05
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Fig. 10. Cyclic Anodic Polarization Behavior in Acid-Chloride Solution
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Fig. 12. Anodic Polarization Behavior in Tetrathionate Solution

Table 4. Corrosion Rates by the Polarization-Resistance Method

Corrosion Rate (mpy)

Solution
FA-129 FA-133 FA-136 FA-84
200 ppm CI', pH =4 0.2 0.2 0.8 0.4
0.1 M Na2S2C>3 142 44 79 112

O.IM Na2S406 94 91 96 308
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Two additional iron-aluminide compositions were also evaluated in terms of
polarization behavior in the acid-chloride solution. These compositions were patterned
after FA-129 (Fe-28Al-5Cr-0.2C-INb), but one had a higher Nb concentration, 2 at.%
vs. | at.%, the other a higher Cr concentration, 9 at.% vs. 5 at.%, with both adjustments
being accomplished by reducing the Fe concentration. The resultant polarization curves
are compared in Figure 13. Both the higher Cr and the higher Nb increased the
breakdown potential; however, the protection potentials remained below the open-circuit

corrosion potentials in both cases.

MATERIALS: FA129

ELECTROLYTE: 200PPM Cl ION, pH=4
----- 5ss Cr+2s$ Nb
-------- S5a Cr+is Nb

—0.2
a- -0.4

~ 0.6
o'7 10" 10"- 10" 10" 10"
CURRENT DENSITY (Ampere/sq.cm)

Fig. 13. Effects of Cr and Nb on Cyclic Anodic Polarization Behavior

At this stage in the project, two additional Mo-containing iron aluminides were
produced at ORNL, FAL-1 w/o Mo and FAL-2 w/o Mo. The electrochemical corrosion
characteristics of these iron-aluminide compositions, along with several other
compositions as shown in Table 5, were evaluated in several different electrolytes. All
received the | hour at 750 °C plus oil-quench (B2 stabilizing) heat treatment before

evaluation.
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Table 5. Chemical compositions of iron aluminides.

Material Composition (atomic %)
Fe Al Cr Mo C Nb B Zr
FA-84 70.0 28 2 - - - 0.005 -
FA-129 65.8 28 5 - 0.2 l - -
FA-140 60.0 28 4 2 - - - -
FAL-1 w/o Mo 66.4 28 5 0.5 - - 0.04 0.08
FAL -2 w/o Mo 65.9 28 5 | - - 0.04 0.08

In Figure 14, cyclic anodic polarization curves are presented for FA-129, FAL-1
w/0 Mo, and FAL-2 w/o Mo in the aerated, pH = 4,200 ppm CL acid-chloride solution.
The major effect was an increasing protection potential with increasing Mo concentration,

indicating improved resistance to chloride-induced pitting coirosion.

MATERIALS:-—--—- FAL-IWT.% Me*-------- FAL-2WT.9& Mo;——— FA129
ELECTROLYTE:200PPM C1 IONS(pH=4), CONDITIONiAERATED
i iillii} 1 1 wnnf

1.6 _

1.4 -

1.2 _

fe —0.2

P iimill < ' <utill I |

10 7 10- 10- 10— 10- 10
CURRENT DENSITY (Ampere/cm?2)

Fig. 14. Cyclic Anodic Polarization Behavior in Aerated,
pH =4, 200 ppm CL Solution
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In Figure 15, cyclic anodic polarization curves are given for FA-129, FA-140, and
304L and 316L stainless steel in aerated synthetic seawater ("Instant Ocean", Aquarium
Systems, Mentor, Ohio). From these data, the corrosion potential (Ecorr). pitting
potential (Epit), protection potential (Eprot), and the differences (Epit - Econ-) and (Eprot -
Econ-) are given in Table 6. The overall resistance to pitting corrosion increases as both
(Epit ¢ Ecorr) and (Eprot - Ecorr) increase. The results in Table 6 indicate that FA-129 has
the lowest resistance to pitting corrosion in synthetic seawater, that 316L has the highest
resistance, and that FA-140 and 304L are generally comparable.

The cyclic anodic polarization results for FA-129, FA-140, and 304L stainless
steel in aerated IN sulfuric acid are given in Figure 16. Whereas the 304L passivated in
this solution, both FA-129 and FA-140 exhibited active corrosion at high rates. The
results of duplicate polarization-resistance measurements of the corrosion rates are given

in Table 7.

MATERIALS: FA 129, FAI40r—— 304L,——-- 316L
ELECTROLYTE:SYNTHET1C SEAWATER(PH=8)
CONDIT10N:AERATED

ri 1l mrj 1 111U rrinvi - T'f i imq

—0.2
Q- —0.4

J mini]

10 ' 10+ 10- 10- 10- 10
CURRENT DENSITY (Ampere/cm?2)

Fig. 15. Cyclic Anodic Polarization Behavior in Aerated
Synthetic Seawater
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Table 6. Electrochemical corrosion characteristics in acrated synthetic seawater.

Material Epit Eprot (Epit'Ecorr)
[mV (SHE)] [mV (SHE)] [mV]
FA-129 90 200 -270 110
FA-140 160 390 90 230
304L 300 460 180 160
316L 310 680 320 370
MATERIALS:—— FA129,%-——- FA140;--—--—--- 304L
ELECTROLYTE:IN SULFURIC ACID
CONDmMmONAERATED
Ui iimi} TTTTITI!
Q- -0.4
lul L J 11110
10 10- 10~ 10~ 10 10

CURRENT DENSITY (Ampere/cm?2)

Fig. 16. Cyclic Anodic Polarization Behavior in
Aerated IN Sulfuric Acid

(Eprot'Ecorr)
[mV]

-360
-70
-120
10
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Table 7. Average Penetration Rates by Polarization-Resistance
Measurements in Aerated IN Sulfuric Acid.

Material Average Penetration Rate (mpy)

(Duplicate Measurements)

FA-129 613, 1460
FA-140 200, 511
304L 0.2, 0.2

Immersion Test Results

A number of the iron aluminides (Fe + 28 at. % Al) containing chromium and
chromium-plus-molybdenum were studied by immersion methods in the acid-chloride
solution (200 ppm CT, pFl=4 (H2SO4)). The surface preparation consisted of a final
grinding step with 600 grit SiC paper, as was the case for all results presented in this
report. Through cyclic anodic polarization testing, it had been observed that all of these
materials passivated and produced low corrosion rates. It had also been observed,
however, that the materials demonstrated varying degrees of susceptibility to localized
corrosion. Since analysis of polarization behavior could not predict initiation times for
localized corrosion, immersion tests were conducted whereby the initiation times were
visually determined. The results are given in Table 8. Consistent with the polarization
results, these immersion-test results further indicate the importance of both Cr and Mo in

providing resistance to the initiation of localized corrosion.
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Table 8. Immersion Test Results, Acid-Chloride Solution,
Visual-Corrosion-Product Initiation Times

Material* . . Visual-Corrosion-Product
(at. %) Designation (Localized) Initiation Times (days)

Fe-28 Al FA-61 1

Fe-28 Al plus - B}

2Cr FA-77B 2

4Cr FA-72C 27

6Cr FA-78 27

2Cr- 1Mo FA-86 2

2Cr-2 Mo FA-85 41

4 Cr-0.5 Mo FA-138 2

4 Cr-1 Mo FA-139 >122**

4Cr-2 Mo FA 140 >122**

*Air annealed: 1 hour at 850°C plus 2 days at 500°C, air-cooled
** Test stopped at 122 days

U-Bend Corrosion Cracking Tests

U-bend corrosion tests were performed on two iron-aluminide compositions,
designated as FA-84 and FA-129, and containing 2 and 5 at.% Cr, respectively (see Table
5). In all cases, the final heat treatment consisted of | hour at 750°C (air) followed by an
oil quench, which is believed to result in the B2 superlattice at room temperature. U-bend
specimens were formed from strips measuring 119 x 10 x 0.76 mm. The specimens were
first ground in the longitudinal direction through 600-grit SiC paper, and then deformed
into the U shape with a fixture designed specifically for this purpose. The bend radius
was 15.9 mm, resulting in a total strain 0£0.024 (ASTM G 30), which exceeded the yield
strengths of'the iron aluminides. The legs of the U-bend specimens were secured with
polyvinyl chloride bolts to avoid galvanic-corrosion effects.

The U-bend tests were conducted for a maximum time of 200 hours (when failure
did not occur) in three electrolytes: acid-chloride (pH =4 (H2S04), 200 ppm CI'
(NaCl)), 0.1M sodium thiosulfate (Na2S203), and 0.1M sodium tetrathionate
(Na2S406). The pH values of the latter two solutions were measured to be 5 and 4,

respectively. Justifications for selection of these electrolytes were presented in a previous

section of this report
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Results of'the first series of 200-hour U-bend corrosion tests are given in Table 9.
In this series, the specimens were allowed to remain at their natural, freely-corroding,
open-circuit corrosion potentials (Ecorr values). It is seen that cracking did not occur in
the acid-chloride solution within 200h for either the 2 or 5 % Cr iron alumindes.
Furthermore, whereas localized corrosion was not evident for the 5 % Cr material (the
entire surface remained bright and shiny), localized corrosion was readily apparent on the
2 % Cr material (although no cracks were initiated). The sulfur-compound solutions
proved to be highly damaging to both iron-aluminide compositions, with severe corrosion
and cracking failures occurring in both thiosulfate and tetrathionate solutions within 200
hours. Scanning-electron-microscopy analyses of'the fracture surfaces indicated that the
dominant cracking modes were transgranular for FA-84 (2 at. % Cr) and intergranular for
FA-129 (5 at.% Cr).

Table 9. U-Bend Results at Open-Circuit Corrosion Potentials (Ecorr)

Ecorr. Avg.

Material Electrolyte (MV (SHE)) Results
Acid Chloride  (-200) —* (-315) No Cracking
Localized Corrosion
2F$;)82r Thiosulfate (-372) —* (-315) Cracking Failure, Transgranular

. Cracking Failure, Mode
Tetrathionate  (-410) —p (-355) Unidentified Due to Severe

Corrosion Products

. . No Cracking
Acid Chlorid -40 +290
“ oride  (-40) ( ) No Localized Corrosion
FA-129 . . .
5 a/0 Cr Thiosulfate (-390)->(-300) Cracking Failure, Intergranular
Tetrathionate  (-415)->(-395) Cracking Failure, Intergranular

A second series of U-bend corrosion tests were performed under identical
experimental conditions, except that the specimen potentials (E) were potentiostatically
controlled. In terms of background information, it is helpful to describe the conditions
that exist as a function of electrochemical potential. Under ffeely-coiroding conditions (E

= Ecorr). the corrosion rate (or metal-oxidation rate) is equal to the cathodic-reactant
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reduction rate. At anodic potentials (E>ECOIT). the corrosion rate is higher than the
reduction rate; and at cathodic potentials (E<ECOIX), the reduction rate is higher than the
corrosion rate. Furthermore, the degree of imbalance increases as E is forced further
away from Ecorr- Thus, higher anodic potentials progressively accelerate the corrosion
reaction, and lower (more-negative) cathodic potentials progressively accelerate the
reduction reaction(s). In addition to the Ecorr values, the following applied potentials
were investigated: (a) anodic, +300 mV (SHE); and (b) cathodic, -900, -1000, and -1500
mV (SHE). The locations of these potentials are illustrated in Figure 17 with reference to
the anodic and cathodic polarization curves of FA-129 in the acid-chloride solution. At the
cathodic potentials, it must be recognized that different reduction reactions occur over
different potential ranges. The possible reduction reactions are identified as: (A) C2 +
4H++ 4e -+ 2H20, (B) 2H++ 2¢ -+ 2H, and (C) 2H20 + 2e -> 2H + 2(OH)~. Only
reaction A will occur at potentials greater than -236 mV(SHE); whereas below this value,
all three reactions will occur. Thus, atomic hydrogen is generated at the specimen
surfaces only at potentials less than -236 mV (SHE). (A corollary to this statement is that
if Ecom the freely-corroding potential, is greater than -236 mV(SHE), which it has been
for all iron aluminides tested without stress application in the acid-chloride solution, no
hydrogen is generated at the surface.). Kinetically, based on the shape of the typical
cathodic polarization curve in Figure 17 for the acid-chloride solution (pH = 4), it was
observed that reaction A dominated the cathodic reactions down to a potential of
approximately -550 mV(SHE), with the oxygen diffusion limit occurring at approximately
30 [1A/cm”. Within this range, reactions B and C occurred below -236 mV(SHE), but at
slower rates than reaction A. Below -550 mV(SHE), reaction C dominated the cathodic
reactions. At the applied cathodic potentials of -900,-1000, and -1500 mV(SHE),
hydrogen gas-bubble generation at the specimen surfaces was observed to occur at
progressively higher rates.

Results of the series of U-bend corrosion tests with potentiostatically-controlled
potentials are presented in Table 10. At the anodic potential of +300 mV(SHE), localized
corrosion initiated on both the 2 and 5 at.% Cr iron aluminides. However, cracking
failures did not occur for either material. Indeed, localized corrosion was so severe for the
2 % Cr material that through-thickness penetrations were evident at several sites; yet the
U-bend specimens did not crack and mechanically fail. At the applied cathodic potentials,
for the 2 % Cr iron aluminide, cracking did not occur within 200h at -900 mV(SHE), but
did occur in 45h (average) at -1000 mV(SHE), and 17h (average) at -1500 mV(SHE).
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Anodic and Cathodic Polarization Curves for FA-129 Iron
Aluminide in Acid-Chloride Solution. Applied Anodic and
Cathodic Potentials are Identified by Dashed Lines.

For the 5 % Cr iron aluminide, cracking did not occur within 200h at any of the applied

cathodic potentials.

In summary, the 200h U-bend corrosion tests of the two iron-aluminide

compositions (2 and 5 at.% Cr), under freely-corroding conditions, produced cracking

failures in thiosulfate and tetrathionate solutions, but not in the acid-chloride solution.

Additional tests in the acid-chloride solution at an applied anodic potential (corrosion

acceleration) did not produce cracking failures for either the 2 or 5 % Cr iron aluminides.

Further testing at applied cathodic potentials sufficiently active to generate hydrogen at the



Table 10. U-bend Test Results in Acid-Chloride Solution
Over a Range of Applied Potentials

. E(Apolied) No. of
Material (mV (SHE)) Results Tests
No Crackin
+300 Localized Corr(g)sion 3
(-200) —* (-315) No Cracking 2
Ecorr Localized Corrosion
FA-84 .
- No Cracki 2
2 a/o Cr 900 o Cracking
Cracking Failure,
-1000 Transgranular 2
(45 h, avg.)
Cracking Failure 5
1500 (17 h, avg.)
!
No Cracking
+ 2
300 Localized Corrosion
No Cracking
- %o+
(-40) E (+250) No Localized 2
corr .
Corrosion
FA-129 .
5 a/o Cr -900 No Cracking 2
-1000 No Cracking 2
-1500 No Cracking |

specimen surfaces (while simultaneously decreasing the corrosion rate) produced cracking
failures in the 2 % Cr iron aluminide at the more severe cathodic potentials, but did not
produce cracking failures in the 5 % Cr iron aluminide.

The results indicated that the iron aluminides evaluated in this part of the study are
highly susceptible to environmentally-assisted cracking in thiosulfate and tetrathionate
solutions under freely-corroding conditions.

The results also indicated that the iron aluminides are susceptible to
environmentally-assisted cracking in the acid-chloride solution, that the mechanism is
related to hydrogen-embrittlement effects rather than anodic-dissolution effects (i.e. stress
corrosion per se), and that higher Cr levels are beneficial in minimizing this form of

environmental cracking.
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A critical question at this point is whether the iron aluminides would ever undergo
environmental cracking under the freely-corroding condition (Ecorr) during U-bend-type
testing (constant strain, approximately constant stress) in the acid-chloride solution.
Recall that the time duration in the present study was 200h. Also recall from previous
discussion that Ecorr must be less than -236 mV(SHE) at pH = 4 in order for the cathodic

reaction to produce hydrogen during the corrosion process. Based on the Econ- values in
Table 10 and the nature of the cracking mechanism revealed in this study, one must
reasonably conclude that cracking could occur under freely-corroding conditions during a
U-bend-type test (and by implication, during a constant-stress-type situation) for the 2 %
Cr iron aluminide at a time period greater than 200h, but would not occur for the 5 % Cr
iron aluminide as long as ECorr remained as high as shown in Table 10. However, the 5
% Cr iron aluminide is susceptible to localized corrosion, and based on the results of
Table 8, localized corrosion could initiate in approximately 27 days (648h). When
localized corrosion initiates, Econ- normally decreases, and in the present case, it could
decrease sufficiently to result in hydrogen generation, which subsequently could result in
cracking. It is noted in Table § that Mo additions decrease the susceptibility to localized
corrosion, and by inference, could decrease the susceptibility to environmental cracking.

Consistent with the above arguments, it is noted in Table 9 that the Ecorr values
during U-bend testing in thiosulfate and tetrathionate solutions were always less than -236
mV(SHE), meaning that hydrogen was being generated at the surfaces during the
corrosion process. Also, as previously described, cracking failures occurred within 200h
in all cases. Previous work showed that the iron aluminides do not passivate in these
solutions (Figures 11 and 12), an effect which not only leads to high corrosion rates, but
also causes a low ECorr> hydrogen generation, and cracking.

With regard to the promising responses of the iron aluminides, especially the 5 %
Cr material, in the acid-chloride solution under U-bend-test conditions, a note of caution
must be expressed. A different situation could exist during a slow-strain-rate corrosion
(SSRC) test. Under these conditions, fresh, nonpassivated (nonprotected) surfaces are
continuously being exposed to the electrolyte as a consequence of dislocation movement to
the surface during plastic deformation. For short periods of time, until the fresh surfaces
self-passivate, Ecorr could be quite active -- sufficiently active to produce hydrogen
locally, which in tum could lead to hydrogen-embrittlement cracking and loss of ductility.

Because of these possibilities and concerns, SSRC tests were initiated as part of this

overall program.
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Slow-Strain-Rate Corrosion (SSRC) Tests

The SSRC tests were conducted at freely-corroding open-circuit potentials and at a
potentiostatically-controlled cathodic potential of -1500 mV(SHE). The latter potential
was sufficiently negative to generate significant amounts of hydrogen at the specimen
surfaces. The test cell consisted of a glass vessel with polyvinyl chloride top and bottom
sections containing access ports with compression fittings. Two platinum counter
electrodes, one on either side of the specimen, and a Luggin probe were introduced into
the cell through the compression fittings. A saturated Ag/AgCl reference electrode was
employed in monitoring the electrochemical potential of the sample. The tensile force
applied to the sample was monitored through measurement of a load-cell output, and the
cross-head displacement was monitored through measurement on a multiple-turn variable
resistor placed within the cross-head drive system. During a given test procedure, the
applied force, crosshead displacement, and either the specimen corrosion potential (freely-
corroding condition) or the reduction current density (constant cathodic potential,

-1500 mV(SHE)) were continuously recorded with a computer system.

The initial SSRC evaluations were performed with a test-specimen geometry as
supplied by Oak Ridge National Laboratory (ORNL). The specimen geometry was
exactly the same as used at ORNL in their tensile-testing program (Figure 18). The
specimens were annealed for | hour at 750°C (air) and oil quenched. The surfaces and

edges were ground to a 600-grit SiC finish immediately prior to testing. The SSRC tests
were conducted in pH = 4, 200 ppm CL solution at a strain rate of 1.2 x 10°6/s. For

comparison, the tensile-testing strain rate at ORNL was 3.3 x 10°3/s, approximately 2700

times faster.

127 mm

9.53 mm

0.64 mm-

D 3.18 mm

Fig. 18. Tensile Specimen Geometry Employed at ORNL,
with Slow-Strain-Rate-Corrosion Fracture Locations
Identified



28

The SSRC testing program has been plagued with difficulties, which still may not
be totally resolved. With the ORNL tensile-specimen geometry, the SSRC testing
procedure produced fractures outside of the gage-section area. As indicated in Figure 18,
the fractures occurred either at the pin-hole locations or where the gripping-section filet

merged with the gage section. Although this mode of failure occasionally occurred during
tensile testing at ORNL (strain rate = 3.3 x 10'3/s), it occurred 15 times in 16 tests during

SSRC testing (strain rate = 1.2 x 10'6/s). The basic problem was that with this mode of
failure, valid % elongation values could not be obtained under the SSRC testing
procedures. Much effort and time were spent in trying to solve this testing problem (each
SSRC test required 20-60 hours). Specific actions were as follows, in chronological
order: the testing machine was even-more carefully aligned, the specimen edges and pin-
hole edges were polished to minimize stress-concentration effects, and finally,
reinforcement sections were spot welded to the gripping sections to reduce the stress
levels at these locations. None of these actions, involving 16 different tests, produced the
desired gage-section fractures in a reproducible manner. A tentative conclusion based on
these experiences is that the iron aluminides under evaluation (FA-84 and FA-129) are
much more sensitive to stress-concentration effects (notch effects) at slow strain rates in a
corrosive medium than at the higher strain rate previously employed at ORNL for tensile
testing in air.

As an additional action to solve the SSRC testing problem, the as-supplied ORNL
tensile specimens were ground to a series of different geometries, with the primary goal
being to reduce the width of'the gage section and thereby reduce the level of stress in the
gripping sections. The SSRC test-specimen geometry being employed at the present time
is shown in Figure 19. Its nominal gage-section width is 1.78 mm as compared to the
original width of 3.18 mm. Furthermore, the width of'the center portion of the present
SSRC test-specimen gage section was reduced by an additional 0.076 mm. The SSRC
test results with this specimen geometry, at the freely-corroding potential (Ecorr) and at
the cathodic hydrogen-production potential of -1500 mV(SHE), are given in Table 11.
The tests on FA-84 (2 a/o Cr) at ECorr are considered valid tests since the fractures
occurred near the centers of'the gage sections. Note that the % elongation values are
reasonably high (~13 %). The other test results in Table 11 are still somewhat
questionable. Although the fractures occurred within the 0.5-inch gage sections, the

fracture sites were close to one of the ink-line gage marks, which could have resulted in
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somewhat lower measured % elongation values. Given this note of caution, the results in

Table 11 at Econ- appear to indicate a more severe environmental embrittlement effect for

38.1 mm
254 mm

Fig. 19. Current Slow-Strain-Rate Corrosion
Test-Specimen Geometry

Table 11. Slow-Strain-Rate Corrosion Test Results

Material Potential Time To Fracture Stress % Elongation
Fracture (MPa)
(hours)
FA-84 Ecorr 59 724 12.8
- - 12.5
71 758 13.7
FA-129 Ecorr 16 655 34
22 552 4.2
31 552 5.7
FA-84 -1500 mV 11 414 1.6
(SHE)
10 386 2.5
FA-129 -1500 mV 9 379 0.8
(SHE)

9 414 2.5
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FA-129 (5 at.% Cr) than for FA-84 (2 at.% Cr). More data must be collected before a
definite conclusion is drawn. At the applied hydrogen-producing cathodic potential
(-1500 mV (SHE)), the % elongation values for both materials decreased -- a result

consistent with the hydrogen-embrittlement mechanism.

SUMMARY AND CONCLUSIONS

1. Initial experiments in 1H NCI and IN H2SO4 acids, 3.5 wt.% NaCl, and IN
NaOH for compositions (at. %) of Fe-28A1 (FA-61), FA-28 AlI-2Cr (FA-77B),
FA-28A1-4Cr (FA-72C) and FA-28Al-6Cr (FA-78) generally indicated active
corrosion at high rates in the strong acids, passivation with a tendency for
localized corrosion in the NaCl solution, and passivation with no localized-

corrosion susceptibility in the strongly-basic NaOH solution.

2. An intermediately-aggressive acid-chloride solution (pH = 4, 200 ppm CI') was
employed for better differentiation of the Cr effect in the above alloys. Increasing
Cr levels were found to increase the localized-corrosion breakdown potential
(electrochemical tests) and therefore provide increasing resistance to initiation of
localized corrosion. However, protection potentials were found to be, in all cases,
lower than the corrosion potentials, indicating that localized corrosion could still
initiate after incubation periods of time. Immersion tests confirmed these

electrochemical-based predictions.

3. It was recommended that Mo additions be made to the Fe-28 A1-Cr compositions
for possible improvements in localized-corrosion (pitting/crevice corrosion)
resistance. Mo additions were found-to increase the protection potential, thereby
indicating significant improvements. Immersion tests confirmed these results.

The most resistant composition (at. %) was Fe-28A1-4Cr-2Mo (FA-140).

4. Prior corrosion experiments had been conducted on iron aluminides that had
received a heat treatment to produce the DO3 superlattice (Ih at 850°C plus 2d at
500°C). ORNL investigators determined that a different heat treatment (Ih 750°C,
oil-quench) produced higher room-temperature ductilities. The new heat treatment

produced the B2 superlattice structure. A briefelectrochemical polarization Study



31

indicated only minor differences in corrosion response due to the two different

heat treatments.

The electrochemical corrosion properties of a series of iron aluminides (FA-84,
FA-129, FA-133, FA-136) were evaluated and compared in the acid-chloride
solution (pH = 4, 200 ppm C1°) and in two sulfur-compound solutions (0.1 M
Na2S2C>} and 0.1M Na2S4(>6). Passivation developed for all compositions in
the acid-chloride solution, with indicated susceptibilities for localized corrosion.
The composition indicated to have the greatest resistance to localized corrosion (of
the four evaluated in this part of the study) was FA-133, the only one containing
Mo (0.5 at.%). All four compositions underwent active corrosion at high rates in

both sulfur-compound solutions.

Two additional Mo-containing iron aluminides were developed at ORNL, FAL-1
w/o Mo (0.5 at.% Mo) and FAL-2 w/o Mo (1 at.% Mo). The electrochemical
corrosion characteristics of these compositions were evaluated in the acid-chloride
solution. Again, the Mo additions were found to be effective in significantly
improving the resistance to localized corrosion, with the higher Mo concentration

being more effective.

Selected iron aluminides were electrochemically evaluated in synthetic seawater
and IN H2SO4, and compared to stainless steels. In synthetic seawater, FA-129
(Fe-28AI-5Cr-0.2C-INb), FA-140 (Fe-28A1-4Cr-2Mo), AISI Type 304L, and
AISI 316L were evaluated. In terms of'localized corrosion susceptibility, the most
susceptible material was FA-129, FA-140 and 304L were comparable, and 316L
the was least susceptible. In IN sulfuric acid, the materials evaluated were FA-
129, FA-140 and 304L. Both iron aluminides underwent active corrosion at high

rates, whereas the 304L passivated with a very low corrosion rate.

U-bend corrosion tests were conducted on two iron aluminides (at. %), FA-84
(Fe-28A1-2Cr-0.05B) and FA-129 (Fe-28Al1-5Cr-0.2C-INb), in the acid-chloride
solution and in the two sulfur-compound solutions, first at the respective open-
circuit potentials. In the 200h tests, cracking occurred for both aluminides in both

sulfur-compound solutions. For these combinations, the corrosion potentials
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were sufficiently active to produce hydrogen at the specimen surfaces. In the acid-
chloride solution, cracking did not occur for either iron aluminide; however, for
FA-84 (2% Cr), the corrosion potential, although not as active as in the sulfur-
compound solutions, was sufficiently active to produce hydrogen. U-bend
corrosion tests were also conducted in the acid-chloride solution at a
potentiostatically-controlled anodic potential and at three potentiostatically-
controlled cathodic potentials selected to produce increasing amounts of hydrogen
at the specimen surfaces. Cracking only occurred within the 200h testing period
for the lower-Cr material (FA-84) and only at the two more severe cathodic
potentials. These results indicated that the cracking was due to hydrogen
embrittlement (not stress corrosion per se) and that increasing Cr concentration
would minimize this cracking phenomenon. Although not evaluated, it was
argued that Mo additions would funher minimize the cracking phenomenon by

increasing the passive-film stability.

Slow-strain-rate corrosion (SSRC) tests were conducted to further investigate the
cracking phenomenon under aqueous-corrosion conditions; specifically, the
ductility under these conditions was used as an indicator of cracking susceptibility.
Whereas under U-bend conditions the passive film remains undisturbed by
mechanical effects, under SSRC tests the passive film is continuously disrupted
during the plastic-strain process (dislocation movement to the surface). Two iron
aluminides were evaluated, FA-84 (Fe-28AI1-2Cr-0.05B) and FA-129 (Fe-28A1-
5Cr-0.2C-INDb), in the acid-chloride solution at the open-circuit corrosion
potentials and at the most severe potentiostatically-controlled hydrogen-producing
cathodic potential employed in the prior U-bend tests. The ORNL tensile-
specimen geometry was initially employed for SSRC testing. However, fractures
occurred outside the gage section, and therefore invalidated the SSRC tests.

These results indicated an enhanced notch effect under SSRC testing conditions
which was not observed at ORNL during higher-strain-rate tensile testing in air.

A series of different specimen geometries were evaluated to obtain valid SSRC test
results. With apparently valid results (although not totally satisfactory), at the
open-circuit corrosion potentials, the lower-Cr material (FA-84) produced higher
ductilities, -13% elongation, than the higher-Cr material (FA-129), -4.5 %
elongation. Under the hydrogen-charging cathodic potential, the ductilities of both
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materials decreased to ~2% — a result consistent with the hydrogen embrittlement
mechanism. More work should be devoted to the SSRC testing program to

develop a better understanding of these overall results.
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