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V. K. Sikka, C. G. McKamey, C. R. Howell, and R. H. Baldwin

ABSTRACT

Iron aluminides based on Fe3Al are ordered intermetallic alloys that offer
good oxidation resistance, excellent sulfidation resistance, and lower material
cost than many stainless steels. These materials also conserve strategic
elements such as chromium and have a lower density than stainless steels.
However, limited ductility at ambient temperature and a sharp drop in strength
have been major deterrents to their acceptance for structural applications. This
report presents results on iron aluminides with room-temperature elongations of
15 to0 20%. Ductility values were improved by a combination of
thermomechanical processing and heat-treatment control. This method of
ductility improvement has been demonstrated for a range of compositions.
Melting, casting, and processing of 7-kg (15-1b) heats produced at the Oak
Ridge National Laboratory (ORNL) and 70-kg (150-1b) commercial heats are
described. Vacuum melting and other refining processes such as electroslag
remelting are recommended for commercial heats.

The FezAl-based iron aluminides are hot workable by forging or
extruding at temperatures in the range of 850 to 1100°C. Rolling at 800°C is
recommended with a final 50% reduction at 650°C. Tensile and creep
properties of 7- and 70-kg (15- and 150-1b) heats are presented. The presence
of impurities such as manganese and silicon played an important role in
reducing the ductility of commercially melted heats.

The data presented in this report suggest that the FezAl-based
compositions tested are sensitive to environmental effects. The environment of
concern is moisture in air which reacts with aluminum and iron to form large
amounts of hydrogen on the metal surface. The hydrogen produced is adsorbed
and absorbed in the specimens during testing and results in low room-
temperature ductilities. Results showed that the use of highly elongated grains
with essentially no transverse boundaries appeared to be one way of reducing
the hydrogen diffusion and thereby increasing ductility. A special treatment
serves as an additional improvement in ductility.

*Research sponsored by the U.S. Department of Energy, Fossil Energy AR&TD
Materials Program under contract DE-AC05-840R21400 with Martin Marietta Energy
Systems, Inc.
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1. INTRODUCTION

Iron aluminides based on Fe3Al are ordered intermetallic alloys that offer good
oxidation resistance, excellent sulfidation resistance, and lower material cost than many
stainless steels. These materials conserve strategic elements such as chromium. They have
a lower density than stainless steels and, therefore, offer a better strength-to-weight ratio.
However, limited ductility at ambient temperature and a sharp drop in strength above 600°C
have been major deterrents to their acceptance for structural applications. Previous
publications have described the initial development!-3 and sulfidation-oxidation properties?
of iron aluminides. The purpose of this report is to present the most recent information on
ductility improvement, effects of composition modifications, effects of temperature and
strain rate on mechanical properties, scaleup and fabrication of selected compositions,
mechanical propertics of scaled-up heats, environmental effects, potential applications, and
future plans.

2. BACKGROUND

Research on iron aluminides began in 1934. A critical review of the key work on
mechanical properties as published in both open literature and limited distribution reports
has been prepared by Hook et al.5 Because ductility is the key to the successful develop-
ment of iron aluminides, maximum ductility values reported by various investigators> are
prescnted in Table 1. Over a period of S0 years the ductility had only been increased from

0 t0 9%. In the work described here, ductility values of 15 to 20% have been observed for
Fe;Al-based alloys developed at ORNL.

3. METAL PREPARATION PROCEDURES

Heats of 500 g (1 1b) were arc melted in water-cooled copper crucibles in a chamber
backfilled with argon. Buttons were melted six times for homogeneity. The buttons were
then drop cast through a copper crucible with a bottom hole into a split copper mold to cast
25 x 12 x 125 mm (1 x 0.5 x 51in.) ingots. The ingots were cut into halves for subsequent
processing. Cutting was performed either using a band saw without a coolant or a high-
speed cutoff wheel using a water soluble oil (Buchler No. 10-3330-032). Both cutting
procedures produced surfaces free of any cracks. The pieces were then hot forged 50% at



Table 1. Literature on chronological progress in the improvement of
room-temperature ductility of FezAl-based iron aluminides

Maximum
Date Reference ductility
(%)

1934 Sykes & Brampfylde (Metro.-Vickers Elect. Co., Ltd.) None

1950s Nachman & Buehler (Naval Ordnance Labs.) 102

1957 Kayser (Ford Motor Company) ~1

1957 Justusson, Zackay, & Morgan (Ford Motor Company) 2t05

1963 Davies & Stoloff (Ford Motor Company) None

1964 Stoloff & Davies (Ford Motor Company) None

1967 Leamy (Iowa State University) 2t05

1969 Leamy & Kayser (Jowa State University) Compression

1975 Marcinkowski, Taylor, & Kayser (Iowa State University) 3

1982 Ehlers & Mendiratta (Materials Lab., Compression
Wright-Patterson AFB)

1982 Chattergee, Mendiratta, Ehlers, & Lipsitt Compression
(Materials Lab., Wright-Patterson AFB)

1982-84 Mendiratta, Mah, & Ehlers (Materials Lab., 8
Wright-Patterson AFB)

1984 Inouye (ORNL) : None

1984 Horton, Liu, & Koch (ORNL) ~1

1986 Hook, Johnson, & Erfort (Armco) 6t09




procedures produced surfaces free of any cracks. The pieces were then hot forged 50% at
1000°C, hot rolled 50% at 800°C, and warm rolled 70% at 650°C to a finish thickness of
0.75 mm (0.030 in.). All operations were conducted with bare metal. The sheet produced,
Fig. 1, usvally had a brownish luster. The 500-g (1-1b) and larger drop-cast ingots (to be
discussed later) are also shown in Fig. 1. Sheets were sheared into pieces approximately
100 mm (4 in.) in length for preparation of the specimens. Each sheet was stress relieved
by heating in air for 1 h at a given temperature followed by cooling either in air or mineral
oil. The stress-relieved sheets were die punched into tensile specimens of 13-mm (0.5-in.)
gage lengths with pin holes added in the grip sections for applying the load. Each
specimen was (typically) given an annealing treatment by heating in air for 1 h at a given
temperature followed by cooling either in air or mineral oil. The oil-cooled specimens
were cleaned by repeated wiping with a dry rag, and the prepared specimens were
measured and tensile tested in air at various Strain rates and test temperatures. The most
common strain rate used was 0.2/min. Specimens tested were measured to calculate the

plastic elongation and reduction of area values.
4. IMPROVEMENTS IN STRENGTH AND DUCTILITY AT ORNL

Results of chemical analyses of the experimental heats used for ductility improvement
are listed in Table 2. Room-temperature (RT) tensile ductilities of an alloy identified as
FAL (Heat 13008) are shown for various annealing temperatures and are compared in
Fig. 2 with the values observed for a standard heat treatment used for the same alloy in
previous work (represented by the black bar).3 Note that the 700°C stress-relief treatment
was the same for all specimens; the only variation was the annealing treatment. Both
treatments were for 1-h duration; the standard treatment used earlier? consisted of heating in
air for 1 h at 850°C plus 5to 7 d at 500°C followed by cooling in air. This heat treatment
is referred to as treatment A; the new heat treatment produces the highest ductility and is
referred to as treatment B. Figure 2 shows that for the first time the R'T tensile ductility of
FeszAl-based iron aluminide can be increased to approximately 20%. This value is
dependent on the annealing temperature and is a maximum for an annealing temperature of
700°C (Fig. 2). Higher anncaling temperatures resulted in somewhat lower ductility.
However, the ductility values were higher than the standard treatment in all cases.
Furthermore, the ductilities were between 15 and 20% over an annealing temperature range
of 50°C. Figures 3 and 4 show the values of yield and tensile strengths observed for
treatment B and compares them with those observed for treatment A. Note that the new
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Fig. 1. Photograph showing the 500-g (1-1b) drop casting, the sheet produced from drop casting, the air-induction-
melted ingots, and the extruded tubing fabricated from iron-aluminide alloys. The bar and rod produced by extruding and
swaging processes are also shown.



Table 2. Chemical analysis of the experimental
heats used for ductility improvement studies

Alloy designation (wt %)

Element

FAL# FAIM? FA-129¢ FASA
Al 15.88 15.88 15.9 15.93
Cr 5.46 5.46 5.5 2.19
Zr 0.19
Nb 0.20 1.0

0.01 0.011
C 0.04 0.05
Fe Bal.e Bal. Bal.e Bal.?

aAlloy for low-temperature ($600°C) use with maximum room-temperature
ducility.

bModification of FAL for low-temperature use.

cAlloy for high-temperature (260(0°C) use with somewhat Jower room-temperature
ductility,

dAlloy for use in sulfur-containing environments.

¢Balance (100 minus total of all other clements).

ORNL-DWG 90-2164

20 1 1 1 1 L

2 sl ]
z

Q

=

3

=z L

Z 10 1
o

» |

<

.

[o]

e 5 .

HEAT 700 750 800 900
TREATMENT
A ANNEALING TEMPERATURES (°C)

Fig. 2. Effect of annealing temperature on
room-temperature tensile elongation of iron-
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Fig. 3. Effect of annealing temperature on
room-temperature yield strength of iron-aluminide
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included for comparison. Annealing treatments
were of 1-h duration followed by oil quenching.
All tensile tests were at a rate of 0.2/min.
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annealing treatment significantly enhanced both ductility and strength properties. The heat
treatment was then extended to all of the compositions listed in Table 2. Figure 5 shows
that treatment B produced over 15% ductility for all of the compositions. At this stage of
research, treatment B was extended to 19 developmental compositions. In Fig. 6, the ratio
of total elongation for both heat treatments 8 and A was plotted as a function of total
elongation for heat treatment A for 19 different compositions of FejAl-based iron
aluminides. This figure shows that heat treatment B nearly doubled the total elongation of
all the compositions. Corresponding increases in yield and ultimate tensile strengths for
treatment B over A are shown in Figs. 7 and 8.

Once it was established that treatment B produced a factor of 2 higher ductilities than
treatment A, additional work was conducted to determine the ranges that could be tolerated
for this treatment. The first variable examined was the annealing temperature. It was varied
systematically for alloy FA-129 from 650 to 900°C for a fixed time of 1 h and followed by
cooling in oil. The RT elongation data from this study are plotted in Fig. 9 and show that
the ductility of FA-129 is maximized with an annealing temperature of 750°C. The peak
ductility temperature 1s expected to be different for different alloy compositions; this is
explained in Sect. 9. Effects of holding time at 750°C for alloy FA-129 (Fig. 10) show that
annealing time is not as important for ductility as is annealing temperature.

Heat wreatment A used a 5- to 7-d treatment at 500°C to stabilize the DO3 ordered
structure. A similar ordering treatment was used for specimens of FA-129 following the
maximum ductility treatment of 750°C for 1 h. The results of this study showed only

minor effects of ordering treatment (Fig. 11).

5. TEMPERATURE AND STRAIN RATE EFFECTS ON
TENSILE PROPERTIES

The iron-aluminide alloy FAL (Heat 13008) that showed the highest RT ductility was
also tested as a function of test temperature up to 800°C. The results of these tests are
plotted in Figs. 12 -14. Yicld and ultimate tensile strengths of this alloy hold up very well
up to 500°C and drop sharply at higher temperatures. Tensile ductility of this alloy
increases with temperature and reaches superplastic values of over 100% at 800°C.

The FAL alloy was also tested as a function of various strain rates at room
temperature and is shown in Fig. 15, which indicates that RT ductility of FAL increased as

strain rate increased. 'This effect is contrary to many common materials and is explained in
Sect. 9.
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6. SCALEUP AND FABRICATION OF LARGE HEATS

After obtaining the relatively high ductilities for several of the FeqAl-based alloys, it
was decided to scale these compositions from 500-g (1-1b) arc-melt heats to 7-kg (15-1b)
heats at ORNL and to larger heats at a commercial vendor. A description of each of the

scaleups follows.

6.1 SCALEUP AT ORNL

The scaleup at ORNL consisted of melting 7-kg (15-1b) heats using air-induction
melting; ZrO,was used as the crucible material. The melt stock consisted of electrolytic
iron that was hydrogen-gas fired at 1000°C and stored in desiccators. The aluminum was
pure ingot stock that was forged and rolled to plate and then chopped into melt stock. The
aluminum chips were cleaned (using an HCl solution), washed, dried, and stored in a
desiccator until ready for melting. When appropriate, elemental additions such as Nb, Mo,



15

Zr, B, Cr, and C were made using high-purity stock. The melt was normally held at
1650°C for 2 to 5 min and top-poured into graphite molds to make 72-mm-diam (2.85-in.)
ingots with an extrusion nose on one end. The graphite mold was preheated to 500°C, and
a 100-mm-diam (4-in.) hot-top was used to minimize solidification shrinkage. No
shrinkage in the ingot was found, even very close to the hot-top. Typical ingots produced
by this method are shown in Fig. 1. Note the surfaces were smooth and essentially no
oxidation was observed. One heat of iron aluminide was also cast into a slab, and no
unusual problems were encountered. A graphite mold with a core rod of graphite was used
to produce hollow ingots by casting. The graphite rod was drilled from the solid ingot, and
the resulting hollow ingot is shown in Fig. 1.

6.2 FABRICATION OF ORNL INGOTS

The two primary methods used for fabrication of ORNL ingots were extrusion and
forging. The extrusions were conducted on bare ingots, without any surface machining.
Extrusion temperatures ranged from 850 to 1100°C, and the reduction ratios varied from
9:1to 16:1. The extrusion constants for FejAl-based iron aluminides were 219, 125,
and 119 MPa (35, 20, and 19 tsi) for temperatures of 850, 1000, and 1100°C, respectively.
Extrusions of round-to-round and tube blanks were of excellent quality (Fig. 1).

Forgings were done at temperatures in the range of 850 to 1100°C and were
successfully completed on cold platens. The reduction per forging pass was up to 50%
without reheating. All ORNL forgings were conducted on a very slow speed
500-ton press. The forging was normally conducted at or below the extrusion temperature,
and was generally stopped at a flat thickness of 6 mm (0.25 in.). These 6-mm-thick
(0.25-in.) flat sheets were normally hot rolled at 800°C to a 2.5-mm (0.10-in.) thickness.
The sheet was then typically hot rolled at 650°C to a finished thickness of 0.76 mm
(0.03 in.). All of the rolling was conducted without a cover gas. The 0.76-mm-thick
(0.03-in.) sheet was used for tensile and creep property evaluation.

6.3 SCALEUP AT COMMERCIAL VENDORS

The first scaleup of iron aluminides by a commercial vendor was conducted at
Combustion Engineering, Chattanooga, Tennessee. The analyses of three iron-aluminide
heats are presented in Table 3. The initial plan was to melt all 230-kg (500-1b) heats by air-
induction melting and cast them into 150-mm-diam (6-in.) ingots. However, the first cast

ingot showed bulging of the hot-top rather than conventional shrinking. Once the hot-top



Table 3. Target and check analyses of 70- and 230-kg (150- and 500-1b) heats of iron aluminides melted by
air-induction melting at Combustion Engineering

Heat 1 (Wt %) Heat 2 {wt %) Heat 3 (wt %)
Element

Target X36024 X3903 X3908 Target X3904 X3905 Target X3906 X3907
Al 15.9 16.39 15.9 15.7 15.9 16.0 15.84 15.¢ 15.84 14.96
Cr 5.5 5.58 5.54 5.38 5.5 5.60 5.44 5.5 5.20 5.40
Zr 0.15 0.18 0.18 0.15 0.15 0.17 0.16
Nb 1.0 1.1 1.01 1.00 1.04 1.05
Mo 1.060 1.07 1.06
C 0.047 0.063 0.049 0.05 0.047 0.051 0.652 0.05
B 0.01 0.013 0.015 0.613 0.04 0.038 0.035
S 0.007 0.011 0.010 0.012 0.013 0.012 0.010
N 0.0008 0.0006 0.0005 0.0006 0.0005 0.0005 0.0005
O 0.0025 0.0025 6.0018 0.0017 0.0017 0.0017 0.0016
Fe Balb Balb Bal.b Bal.? Bal.? Bal.® Balb Bal.?  Balb Bal.b

aA 230-kg (500-1b) heat prepared using unbaked melt stock; all other numbers represent individual ingots from the 70-kg (150-1b) heats
prepared using baked iron and alominide stock.

bBalance (100 minus total of all other elernents).

91
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was cut, the ingot also showed large voids. At this point, the vendor suggested that the
ingots were trapping gas. After a discussion between the staff at ORNL and the vendor, it
was suggested that the gas was possibly hydrogen and was resulting from the thermo-
dynamically favored reaction of aluminum with water vapor in the air; for example,

2A1+3H,0 — A1203 + 6H.

The free energy for this reaction is -896.6 kJ/mol. Such a process could produce copious
amounts of hydrogen. Once the hydrogen-gas entrapment was suspected, it was decided
that the iron and aluminum for the melt stock should be baked to remove any moisture.
This practice was tried in the induction furnace with an argon cover gas for 70-kg (150-1b)
heats, and the problem was significantly reduced. At this stage the vendor supplied one
230-kg (500-1b) heat and one each of the 70~kg (150-1b) heats for all of the compositions.
Figure 16 is a photograph showing all of the ingots received by ORNL. All of the ingots
were cast in sand molds and, thus, had rough surtaces.

The 100-mm-diam (4-in.) ingots from each heat were cut into pieces 150 mm (6 in.)
long. Noses were machined from each piece, and the billets were successfully extruded at
1000°C to round bar and rectangular bar. The rectangular bar was hot forged and hot
rolled to 0.76-mm (0.030-in.) thick, using the same procedure as for the ORNL ingots.
The billet, extruded products, and finished sheets from the Combustion Engineering ingots
are shown in Fig. 17. Mechanical properties of material from these heats are presented in
Sect. 7. ‘

The next scaleup was performed by The Timken Company, Canton, Ohio. The first
trial involved air-induction melting a 230-kg (500-1b) heat. The entire heat was cast into a
200-mm? (8-in.2) ingot. The ingot was found to be riddled with holes, similar to those
observed for the 230-kg (500-1b) heat melted by Combustion Engineering. At this point, it
was decided to melt these alloys by vacuum-induction melting. One 45-kg (100-1b) heat of
FA-129 was vacuum-induction melted and cast into 100-mm-diam (4-in.) tapered molds.
These ingots were of excellent quality and did not show any visible porosity. In vacuum
melting, the elimination of porosity related to hydrogen was probably caused by a
combination of two factors: (1) no moisture came in contact with the melt, and (2) any
trapped gas that might have been produced by the reaction shown in the equation was
pumped out as the melting proceeded. Thus, from experience at both Combustion
Engineering and The Timken Company, it is recommended that FezAl-based iron
aluminides be melted by vacuum-induction meliting and, if desired, further refined by
vacuum-arc remelting or by electroslag remelting.
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Fig. 16. Photograph of iron-aluminide ingots of 70 to 230 kg
(150 to 500 1b) melted by air-induction melting at Combustion Engineering.
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Fig. 17. Photograph of billet, extruded bars, and
rolled sheet prepared at ORNL from ingots of iron-aluminide
alloys received from Combustion Engineering.
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The chemical analyses of the Combustion Engineering heats (Table 3) showed that the
major alloying element target concentrations could be met very well by air-induction
melting. The nitrogen and oxygen contents were extremely low. Carbon of 0.05 wt %
was present in all of the heats. The carbon in the alloys came from the melt stock, and
because air-induction melting permitted no opportunity for removing carbon, the only way
to reduce it was to use carbon-free melt stock. In commercial melting, processes such as
argon-oxygen deoxidation (AOD) can be used to control the carbon level. The results for
recovery of various elements using pure melt stock and air-induction melting at ORNL are

shown in Table 4 for 7-kg (15-1b) heats. The recovery of most elements was excellent.

6.4 MELTING OF HEATS AT ORNL USING COMMERCIAL
MELT STOCK

A scaleup to 7-kg (15-1b) heats was also conducted at ORNL using commercial
melt stock. The melt stock consisted of scrap iron, aluminum shot, ferrochrormium, and
ferroboron. This melt stock contained impurity elements such as Mn, Si, C, and Mg. A
72-mm-diam (2.85-in.) ingot made from this melt stock had the same surface appearance
as an ingot made from the pure elemental melt stock. The ingot was cut, forged, and rolled
into a sheet 0.76-mm (0.030-in.) thick. The forging and rolling temperatures required for
this ingot were at least 100°C higher than those required for the ingots made from elemental
melt stock. The mechanical properties evaluation of this material are discussed in Sect. 7.
Because of its importance in commercial practice, it is recommended that chemical analysis
of this ingot be done and that the elements carried over from the melt stock be identified. It
is further recommended that the effect of detrimental elements be determined by preparation
of drop castings with varying amounts of those elements.

6.5 POWDER PREPARATION BY A COMMERCIAL VENDOR AND ITS
CONSOLIDATION AND PROCESSING AT ORNL

For most applications, iron aluminides are expected to be produced economically by
conventional melting, casting, and processing techniques. However, for applications such
as hot-gas cleanup filters and spray coatings for improved oxidation-sulfidation resistance,
powders will be required. To meet such potential needs, one heat of sulfidation-resistant
composition (FAS) was nitrogen-gas atomized at Ametek Specialty Metal Products
Division, Eighty Four, Pennsylvania, a commercial vendor. The melt was prepared by air-
induction melting with an inert gas cover. No problems were encountered in the melting or

atomization processes. The vendor's chemical analysis of the powder is compared with



Table 4. Recovery of various elements during air-induction melting
of 7-kg (15-1b) iron-aluminide heats at ORNL

Alloy 1 Alloy 2 Alloy 3 Alloy 4
Element

Target Recovery Target Recovery Target Recovery Target  Recovery

(wt %) (%) (wt %) (%) (wt %) (%) (wt %) (%0)
C 0.04 250.00¢
Cr 2.157 98.75 5.46 91.03 5.46 95.24 2.194 95.72
Mo 0.995 100.00
Cb 1.542  100.00 0.21 100.00
Al 15.672 96.86 15.88 96.73 15.88 97.54 15932 96.67
B 0.011 81.82 0.01 80.00 0.011  27.27
Zx 0.189  100.00 0.19  100.00
Fe Balb Bal.b Bal.b Bald

aRecovery of greater than 100% indicates pickup of carbon from external sources. For example,
a graphite rod was used for stirring the liquid metal and a small fraction of the graphite was probably
dissolved in the metal.

bBalance (100 minus total of all other elements).
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the target chemistry in Table 5 and shows close agreement. Optical micrographs of the
powder are shown in Figs. 18 and 19. The powder particles were mostly spherical and
showed very fine intraparticle structure, indicative of extremely fast cooling rates

(> 103°C/s). Some powder particles also showed holes from solidification shrinkage.

A 76-mm-diam (3-in.) mild steel can was filled with powder from Ametek. The can
was evacuated, sealed, heated for 1.5 h at 1000°C, and extruded through a 25-mm (1-in.}
die to obtain an area-reduction ratio of 9:1. Optical microstructure of the as-extruded bar
(Fig. 20) showed full consolidation from the surface to the center of the bar. The grain size
was very fine (20 mm) and uniform across the bar.

The steel can was removed by dissolving in a 10% HNO3 solution. Two
76-mm-long (3-in.) sections of the bar were forged 50% at 1000°C, rolled 50% at 850°C,
and finish rolled 50% at 650°C to a sheet 0.76-mm (0.030-in.) thick. The sheet was then
used for mechanical property evaluations. No problems were encountered in the
processing steps.

Table 5. Chemical analysis of nitrogen-gas-atomized
powder of iron-aluminide alloy FAS from Ametek

Target Vendor analysis

Element
(wt %) (wt %)
Al 15.93 159
Cr 2.19 2.2
B 0.011 0.01
Fe Bal.g Bal.¢
S 0.007
N , 0.003
9)) 0.013

9Balance (100 minus total of all other elements).

7. MECHANICAL PROPERTIES OF SCALED-UP HEATS

The scaled-up heats produced at ORNL, Combustion Engineering, and The Timken
Company were primarily tested for tensile properties and heat-treatment effects on tensile
and creep properties.
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Fig. 18. Optical micrographs of two sample regions of nitrogen-gas-atomized powder of iron aluminide

(FAS) from Ametek.



Fig. 19. Optical micrographs of two sample regions of nitrogen-gas-atomized powder of iron aluminide
(FAS) from Ametek. The specimen was etched.
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Fig. 20. Optical microstructure of as-extruded bar of iron-aluminide (FAS) powder prepared by nitrogen-gas
atomization at Ametek. The powder was placed in a mild steel can and extruded to a ratio of 9:1 area reduction at
1000°C. The microstructures are from (a) edge, (b) one-half radius, and (c¢) center of the extruded bar.
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7.1 TENSILE PROPERTIES

Most of the testing on ORNL scaled-up heats concentrated on determination of the
appropriate heat treatments for maximizing RT ductility. Alloy FAL (Heat 13008), for
which the RT ductility value of 20% had been achieved, was tested for effects of test
temperature and strain rate. These data for alloy FAL are presented in Figs. 2-5 and
12-15.

The effects of cooling sequence and cooling medium on the RT tensile properties of
stress-relieved and annealed FAL (Heat 13008) are presented in Figs. 21-23. The stress-
relief temperature was 700°C for 1 h, and the annealing temperature was varied from 700 to
900°C. Oil quenching after both stress relief and annealing gave the highest ductility for all
annealing temperatures. The final step of cooling in air gave lower ductlity values for all
annealing temperatures regardless of the stress-relieving step. Figure 21 includes the
commonly observed values of the binary composition (approximately 4% for FezAl) and
for a composition-modified Fe3Al (Y%), both in the heat treatment A condition. Compared
to those values, the heat treatments used in this study gave improved elongation values of
15 to 20%. The results in Fig. 21 also imply that improved ductility is obtained by control
of both heat-treatiment temperature and cooling medium. When both are used together, the
ductility values are maximized. The yield-strength values of FAL (Fig. 22) are not affected
by the cooling rate sequence. The tensile-strength values (Fig. 23) followed the ductility
trend because they are interrelated.

The effect of a cooling medium on tensile properties was also investigated for the FAS
(Heat 13017) alloy containing 2% Cr. In this study, the sheets were stress relieved at
700°C for 1 h followed by oil quenching. The punched tensile specimens were annealed at
various temperatures, and one specimen each was cooled in air and oil, respectively. The
RT tensile data on these specimens are plotted in Figs. 24-26. These figures show the
results similar to those observed for alloy FAL in Figs. 21-23. The total elongation and
ultimate tensile strength were consistently higher for oil-quenched specimens than for air-
quenched specimens. The yield strength was not sigruficantly affected.

The effect of stress-relief treatment on the sheet prior to punching tensile specimens
was also investigated for alloy FAL (Heat 13008). The stress-relicf temperatures used
were 700 and 750°C for 1 h followed by oil quenching. Punched specimens were tested
after various heat treatments followed by oil quenching. Total elongation, yield strength,
and ultimate tensile strength at RT for the two different stress-relief conditions are
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compared in Figs. 27-29. The total elongation values for the 750°C stress-relief
temperature remained high over a wider range of annealing teraperatures than the stress-
relief temperature of 700°C, suggesting that the 750°C treatment should be favored over
700°C. The lower yield-strength value observed for an annealing temperature of 700°C
and a stress-relief temperature of 750°C is expected because the annealing temperature is
lower than the stress-relief temperature. Higher ultimate tensile-strength values were
observed over a wider annealing temperature range for a stress-relief temperature of 750°C.
This observation is consistent with the total elongation data in Fig. 27.

The 100-mm-diam (4-in.) ingot from a 70-kg (150-1b) heat of alloy FAL (X3908)
from Combustion Engineering was tensile tested at RT. The results of this heat are
compared with Heat 13008 of the same composition in Figs. 30-32. These figures show
that the total elongation and strength valnes of the commercial heat are generally
significantly lower than experimental heats.

The 100-mm-diam (4-in.} and rectangular ingots from 70-kg (150-1b) heats of alloy
FA-129 (X3904 and X3905) from Combustion Engineering were tensile tested at RT and
as a function of test temperature. The RT tensile data for air-induction-melted ingots
(X3904 and X3905) are compared in Figs. 33-35. Both ingots showed similar values of
all properties except for an annealing termperature of 700°C. Note, however, that the
ductility and strength value for commercial heats were lower than those observed for
laboratory heats. Furthermore, the commercial ingots tended to show more scatter from
specimen to specimen than small laboratory heats.

The annealing treatment [700°C/1 OQ/EO0C/1 H/OQ (OQ = oil quenched)] that
produced the highest RT elongation was used to test specitens from both ingots (X3904
and X3905) as a function of temperature. These results were plotted, and they show that
the properties of two ingots from a 70-kg (150-1b) air-induction-melted heat were
essentially identical (Figs. 36-38). Some small differences may be caused by slight
differences in processing history. For example, ingot X3904 was forged and rolled
whereas ingot X3905 was hot extruded, forged, and rolled.

Specimens from alloy FA-129, ingot X3905, were also tested at various temperatures
for four different annealing treatments. The results of this study show minimal variations
in the properties for annealing teraperatures in the range of 700 to 850°C (Figs. 39-42).
The RT yield strength showed the most variation, which is consistent with annealing
temperature, namely, higher yield streugth for lowest annealing temperature and lowest
yield strength for the highest annealing temperature. Total elongation values ranged from
10 t0 12% at RT and 80 to 120% at 800°C. The ultimate tensile strength of ingots X3904
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and X3905 did not show a monotonic decrease from RT as was observed for FAL (Heat
13008) because the commercially melted ingots did not achieve their full ductility potential
at RT (Fig. 13).

In addition to the air-induction-melted ingots, one vacuum-induction-melted heat
(Heat 35 of FA-129) was also tested. The initial results on the vacuum-melted heat are
compared with those of the air-melted heat data in Figs. 43-45. The most important
property of interest, the RT ductility, is better for the vacuum-melted material than air-
melted material for most of the annealing temperatures used. Ultimate tensile strength
showed corresponding improvement. The yield strength of the vacuum-melted material is
similar to the air-melted material. Additional testing of the vacuuni-melted material is
currently under way.

Alloy FA-123, a highly alloyed version of FA-129 (Table 3), is being developed for
high-temperature service. This alloy was also melted in a 70-kg (150-1b) heat at
Combustion Engineering. Only limited processing and testing of this alloy has been
completed. The results of the study show that RT ductility values of 10% can be obtained
for this alloy (Table 6). Note, however, that only one set of heat ireatments was tried.
Other treatments may result in even better ductility values.

7.2 CREEP PROPERTIES

A limited number of creep tests were conducted on alloys FAL (Heat 13008), FA-129
(Heat X3904), FAS (Heat 13345), FA-123 (Heat X3906), and an experimental version of
FAL containing tungsten (FAL-W). On alloy FAS, the test temperature ranged from 450 to
700°C, and the test times ranged from 7 to 250 h (Table 7). Creep-rupture data on various
iron aluminides are plotted and compared with the average curve for type 304 stainless steel
in Fig. 46. The test temperature and rupture time were combined through the Larson-Miller
parameter with a value of the constant of 20. Figure 46 shows (1) alloy FAS with 2% Cr
has the lowest creep strength; (2) alloy FAL with 5% Cr has higher strength than the 2% Cr
alloy FAS; (3) alloy FAL with tungsten has somewhat higher creep strength than FAL,
reflecting the solid-solution strengthening caused by the addition of 1% W; (4) alloy
FA129 (X3904), which contains 5% Cr, 1% Nb, and 0.05% C, 1s slightly stronger than
FAL-W, probably because of strengthening from Nb and NbC; and (5) alloy FA-123,
which contains 5% Cr plus Nb, Mo, C, and B, has the highest rupture strength,
approaching that of type 304 stainless steel. The increased strength of FA-123 was
probably caused by the solid-solution effects of Mo and Nb and the precipitation of NbC.
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Table 6. Tensile properties of iron aluminide {FA123 [70-kg (150-1b) heat, Heat X3906]} air-induction melted
at Combustion Engineering and processed at ORNL4

Heat treatment

‘ Strength (MPa) Ductility (%)
Specimen Sheet treatment Specimen treatment Test Surain
number temperature  rate 0.2% Tensile Reduction
Temp. Time  Cooling Temp. Time Cooling 0 (minl)  yieiq strength ~ Elongation of area
(C) {h) medium? C) (h) medium?

1L 800 1 xQ 700 1 0Q VA ] 0.2 370 549 7.74 6.18
2L 8O0 1 oQ 700 1 oQ Yl 02 c ¢ 6.14 c
3L 800 1 aQ 750 1 oQ Pa) 02 355 687 9.74 7.66
4L 800 1 oQ 750 1 oQ Pa) 0.2 338 713 11.50 771
5L 800 1 oQ 800 1 oQ Pl 02 344 684 9.26 6.46
6L 800 1 8 9) 800 1 oQ 3 0.2 347 671 9.24 522
7L 800 1 oQ 850 1 xQ Fa) 0.2 344 632 7.80 6.57
8L 800 1 oQ 850 1 oQ Pal 02 313 625 7.94 392

@The 100-mm-diam (4-in.) ingot was extruded at 1000°C to a reduction ratio of 6:1. The sheet bar was hot rolled at 1000°C
to 6 mm (0.25 in.), hot rolled at 850°C to 1.5-mm thickness (0.060-in.), and warm rolled at 650°C to finish at a 0.76-mm-thick
(0.030-in.) sheet. The warm-rolled sheet was stress relieved prior to punching into tensile specimens, and the specimens were
given the indicated treatment prior to testing.

b0Q = oil quench.

¢Specimen broke in pinhole.
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Table 7. Creep data for 7-kg {15-1b) air-induction-melted heat of alloy FAS {Heat 13345)

{All tests were conducted in ai)

Test Specimen Heat Test Stress Rupture Total Reduction
number number treatrnent? remperature (MPa) fime elongation of area
O (h) (%> (%)
26553 3L 700°Cr700°C/1 hH/0Q 450 379 1919 18.62 26.79
26554 4L 700°C/700°C/1 H/OQ 500 310 30.4 27.46 21.38
26555 5L 700°C/700°C/1 h/0Q 525 276 12.5 25.51 37.94
26556 6L 700°C/7100°C/1 H/OQ 550 241 7.1 43.10 34.30
26557 7L 700°Cr700°C/1 h/0Q 600 103 31.9 68.41 52.24
26558 8L 700°Cr700°C/1 OQ 650 34 251.5 121.83 75.63
26559 9L 700°C/700°C/1 h/OQ 700 21 207.6 113.57 78.32

40Q = oil quench.
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Fig. 46. Larson-Miller plot showing comparison
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Total creep elongation data for alloy FAS are plotted as a function of the Larson-Miller
parameter (Fig. 47). These results showed that FAS was very ductile in creep and the
creep elongation increased with increasing test temperature. Creep elongation tests
conducted from 450 to 700°C varied from 20 to 120%. The creep reduction of area varied
from 22 to 78% for the same temperature range. Data for other alloys are still being
analyzed.

8. MICROSTRUCTURAL ANALYSIS

Microstructural examination in this study was limited to optical microscopy for
general structure, scanning electron microscopy of fracture surfaces, and X-ray diffraction

for structure determination.

8.1 OPTICAL MICROSTRUCTURE

The microstructure of a 76-mm-diam (3-in.) ingot from an air-induction-melted
7-kg (15-1b) heat of iron-aluminide alloy FAL (Heat 13259) is shown in Fig. 48. This heat
was made using remelt stock typical of that used by commercial producers and was
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Fig. 48. Optical microstructure of a 76-mm-diam (3-in.) as-cast ingot of iron aluminide (FAL). The ingot was
made using commercial melt stock for iron and aluminum. (a) Ingot edge, (b) one-half radius, and (c) center.
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supplied by The Timken Company. The cast structure is very coarse and shows the typical
variation of columnar grains near the ingot edge to equiaxed grains at one-half radius and
ingot center location. No porosity was observed in the cast ingot; however, some
inclusions were noticed near the ingot edge [Fig. 48(a)]. The 75-mm-diam (3-in.) air-
melted ingots were hot extruded to various reduction ratios over a range of temperatures
from 850 to 1100°C. The as-extruded microstructures of alloy FA-117, extruded at
1100°C to an area reduction ratio of 9:1, are presented in Fig. 49. Compared to the as-cast
microstructure in IFig. 48, hot extrusion produces a significant grain refinement. However,
we believe that the grain structure was still too coarse. Based on this result and strength
data, the extrusion temperature for Fe3Al-based alloys has been lowered from 1100°C to
the range of 850 to 1000°C.

All material was processed to a sheet 0.76-mm (0.030-in.) thick prior to punching
specimens for tensile and creep testing. The as-rolled sheet was too hard to allow the
specimens to be punched without edge cracking. Thus, the shects were stress relieved
prior to punching. Various stress-relieving treatments were tried in this study. The
microstructure of alloy FAL (Heat 13008) after a typical stress-relief treatment of 700°C for
1 h followed by oil quenching is shown in Fig. 50. The microstructure consisted of
highly elongated grains in the rolling direction with essentially no recrystallization. This
treatment produced sufficient ductility in the sheet to produce test specimens free of any
edge cracks.

To minimize the die-punching strains at the specimen edges and to investigate the
effect of percent recrystallization, various annealing temperatures were used on the
specimens prior to testing. Optical microstructures of alloy FAL (Heat 13008) are shown
in Figs. 51-53. These figures showed that

1. An annealing temperature of 700°C for 1 h produced some recrystallization at the
specimen edge.

2. An annealing temperature of 750°C produced slightly more recrystallization at the
specimen edge.

3. An annealing temperature of 800°C produced recrystallization across 80% of the
specimen thickness.

4. An annealing treatment of 900°C produced complete recrystallization and grain growth
across the entire specimen thickness.

5. The cooling medium after a stress-relief or annealing treatment did not have any

significant effect on the microstructure for any of the annealing temperatures,
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Fig. 49. Optical microstructure of as-extruded bar of iron aluminide [FA-117 (Heat 12864)]. The 76-mm-diam
(3-in.) air-melted ingot was extruded at 1100°C to an area reduction ratio of 9:1. (a) Near edge, (b) one-half radius, and
(c) bar center.
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Fig. 50. Optical microstructure of iron-aluminide speci-
men [FAL (Heat 13008)] with a stress relief of 700°C for 1 h
followed by oil quenching. No annealing treatment was given
to this specimen.
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Fig. 51. Optical microstructure of iron-aluminide specimens [FAL (Heat 13008)] with a stress relief of 700°C for
1 h and subsequent annealing treatment for 1 h at (a) 700°C, (b) 750°C, (c) 800°C, and (d) 900°C. Both stress-relief and
annealing treatments were followed by oil quenching.

61



s

Fig. 52. Optical microstructure of iron-aluminide specimens [FAL (Heat 13008)] with a stress relief of 700°C for
1'h and a subsequent annealing treatment for 1 h at (@) 700°C, (b) 750°C, (c) 800°C, and (d) 850°C. The stress-relief
treatment was followed by oil quenching, and the annealing treatment was followed by air cooling.
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Fig. 53. Optical microstructure of iron-aluminide specimens [FAL (Heat 13008)] with a stress relief of 700°C for
1 h and a subsequent annealing treatment for 1 h at (@) 700°C (b) 750°C, (c) 800°C, and (d) 850°C. Both stress-relief
and annealing treatments were followed by air cooling.
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6. The specimens seemed to show the presence of inclusions, fine porosity, and
precipitates that were are probably ZrB; in the FAL alloy.

The microstructures with minimum recrystallization (700 and 750°C) were associated with
RT elongation values of 15 to 20%. The fully recrystallized structure produced ductility
values of approximately 10%.

Microstructures of air-induction melted alloy FA 129 (ingot X3904) are shown in
Fig. 54. The stress-relief treatment was 700°C for 1 h followed by oil quenching. The
annealing treatments were 750, 800, 850, and 900°C for 1 h followed by oil quenching.
The higher magnification optical micrographs of the set shown in Fig. 54 are presented in
Fig. 55. Microstructures in Fig. 54 show that only partial recrystallization occurred after
an annealing temperature of 750°C, whereas recrystallization was essentially complete at
800°C and higher temperatures. Surprisingly, the recrystallization temperature of FA-129
containing niobium and carbon was similar to that observed for FAL, which contained only
small amounts of zirconium and boron. The higher magnification micrographs showed the
presence of elongated porosity and a large density of precipitates. The precipitates and their
size are more clearly shown in the scanning electron micrographs in Sect. 8.2.

A comparison of the microstructures for alloy FA-129 (ingot X3904) in the air-melted
and vacuum-melted (Heat 35) conditions is shown in Fig. 56. Both samples received the
same combination of stress-relief and annealing treatments of 1 h at 700°C, and both were
followed by oil quenching. The figure shows that vacuum-melted material recrystallized
much more at 700°C than air-melted material, and both materials showed a significant
amount of precipitates. The air-melted material appeared to contain more porosity than the
vacuum-melted material.

8.2 SCANNING ELECTRON MICROGRAPHS

The scanning electron micrographs* of the specimens from the air- and vacuum-
melted materials of alloy FA-129 (X3905 and 35) are shown in Fig. 57. Both materials
had undergone similar fabrication schedules and the same stress and annealing treatments
and both showed large amounts of elongated precipitates [Figs. 57(a) and (d)]. More
details about the particle shape and number density are available from Figs. 57(b), (¢), (e),

*Work performed by Richard Wright at the Idaho National Engineering Laboratory.



YP9709

“ - Y 4 3 L

Fig. 54. Optical microstructure of iron aluminide (FA-129) for various annealing treatments of 1 h followed by
oil quenching. Specimens were stress relieved for 1 h at 700°C followed by oil quenching, which preceded the
annealing treatment. Heat X3904 was melted in air at Combustion Engineering. (a) 750°C, (b) 800°C, (c¢) 850°C, and
(d) 900°C.
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Fig. 55. Optical inicrostructm'e of iron aluminide (FA-129) for various annealing treatments of 1 h followed by
oil quenching. Specimens were stress relieved for 1 h at 700°C followed by oil quenching, which preceded the
mneaﬁnggoggament. Heat X3904 was melted in air at Combustion Engineering. (a) 750°C, (b) 800°C, (c¢) 850°C,
and (d) €
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Fig. 56. Optical microstructure comparison of vacuum-melted and air-induction-melted iron aluminide (FA-129).
Both sheets were 76-mm (0.030-in.) thick, stress relieved at 700°C for 1 h followed by oil quenching prior to
die punching the tensile specimen. The specimens were given a final annealing treatment for 1 h at 700°C amd oil

quenched. (a) through

(¢) Air-induction melted, and (d) through (f) vacuum melted.
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Fig. 57. Comparison of scanning electron micrographs of air-induction-melted
ingot (X3904) and vacuum-induction-melted iron aluminide [FA-129 (Heat 35)]. In both
cases a 76-mm-thick (0.030-in.) sheet was stress relieved at 700°C for 1 h followed by oil
quenching prior to die punching the tensile specimens. The specimens were given a final
annealing treatment for 1 h at 700°C followed by oil quenching. (a) through (c) Air melted,
and (d) through (f) vacuum melted.
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and (f). The energy dispersive X-ray (EDX) analysis (Fig. 58) of the precipitates showed
them to be highly enriched in niobium. The EDX spectra were the same for both air- and
vacuum-melted materials. The precipitates were assumed to be niobium carbide.

Fracture surfaces of the tensile specimens of alloy FAL (Heat 13008) with RT
ductility values of 15.4 to 19.8% are presented in Figs. 59 and 60. These figures showed
that the fracture was by cleavage with some ductile tearing. The fracture surfaces
also showed long tears along the longitudinal boundaries. The reason for these tears is
difficult to explain because additional testing is needed to determine the nature of the
product on these surfaces.

8.3 X-RAY DIFFRACTION

Tensile specimens of alloy FAL (Heat 13008) with various heat treatments and
ductility values were subjected to X-ray diffraction for phase identification. Table 8 shows
the results, and in all cases the B2 structure, rather than the expected DO3, was detected.
In earlier studies at ORNL, the heat treatment consisted of air cooling from 850°C and
performing a DOs-ordering treatment at 500°C for 7 d. Figure 6 showed the ratio of total
elongation observed for specimens with the B2 structure to that of, presumably, the DO;
structure that was produced by 500°C treatment for 7 d. The ductility of the B2 structure
material was always higher than the DOs structure. It was recognized that the heat
treatments producing B2 and DOj structures also yielded significantly different
microstructures and grain sizes. Additional work is needed to determine the role of
microstructure, grain size, and crystal structure in improving the RT ductility of iron
aluminide. This type of effort is currently under way at Idaho National Engineering

Laboratory.

9. DISCUSSION

The most important finding of the investigation was that of RT ductility values of 15
to 20% can be achieved for FezAl-based iron aluminides. These are the highest values ever
reported for this class of materials tested in air (Table 1). From results of tests on many
compositions, melting practices, processing steps, heat treatments, and test conditions
used, several conditions for obtaining high ductility values are identified:
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Fig. 58. Qualitative elemental analyses of matrices and precipitates in air-

melted ingot material (X3904) and vacuum-melted material (Heat 35). (@) and
(c) Matrices and (») and (d) precipitates.
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Fig. 59. Fracture surfaces of room-temperature tensile-tested specimens of iron-aluminide alloy [FAL (Heat 13008)].
(@) Stress relieved and annealed for 1 h at 700°C, and both were followed by air cooling; (b) stress relieved and annealed for 1 h at
750°C and 700°C, respectively, and both were followed by oil quenching; and (c) stress relieved and annealed for 1 h at 750°C, and
both were followed by oil quenching. Source: INEL/EG&G.
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Fig. 60. Fracture surfaces at a higher magnification of room-temperature tensile-tested specimens of iron-aluminide
alloy [FAL (Heat 13008)]. (a) Stress relieved and annealed for 1 h at 700°C, and both were followed by air cooling; (b) stress
relieved and annealed for 1 h at 750°C and 700°C, respectively, and both were followed by oil quenching; and (c) stress relieved
and annealed for 1 h at 750°C, and both were followed by oil quenching. Source: INEL/EG&G.
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Table 8. X-ray diffraction results of high-ductility
specimens of iron-aluminide (Heat 13008) FAL

Heat Ductility
treatment (%) Structure?
O
T00/AC/700/ACE 15.4 B2
750/0Q/700/0Q¢ 19.8 B2
750/0Q/750/0Q 17.1 B2

aNo DOj peak was identified in these specimens.
bAC = air cool.

c0Q = oil quench.

1. The microstructure needs to be unrecrystallized or only slightly recrystallized.

2. Oil quenching is the best method for cooling the specimen after high-temperature
treatment.

Higher test strain rates produce higher ductility.

Alloys "leaner” in alloying elements produce higher ductility.

Vacuum melting produces higher ductility material than air melting.

R

Laboratory (high-purity) melt stock produces higher ductility than the commercial
(low-purity) melt stock. ‘
7. A moisture-free environment produces higher ductility (Table 9).

The fact that the ductility of iron aluminides decreased with decreasing strain rate and
decreasing temperature above room temperature®’ suggested the possibility for hydrogen
embrittlement for these alloys. Hydrogen embrittlement requires (1) a source of the
embrittling hydrogen, (2) the absence of a kinetic barrier-to-hydrogen absorption,

(3) reasonable diffusion kinetics for absorption and interaction with the deformation
process, and (4) susceptible material and/or microstructure.

While hydrogen adsorption and absorption may occur when the iron aluminide is
exposed to water vapor, hydrogen interaction with deformation requires appropriate
hydrogen diffusion kinetics and a susceptible alloy. Some instances of indirect evidences

for hydrogen diffusion and interaction with the deformation process are:
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Table 9. Effect of environments on tensile properties of
iron-aluminide alloy (FAL)®b

Test environment Elongation Yield strength Ultimate strength
(gas pressure) (%) (MPa) (MPa)
Air 9.4 296 654
)4 23.8 304 957
Ar + Hp¢ 14.6 315 785
H>O vapor 8.1 296 630

aAll were tested at room iemperature, 0.2/min.

I bThis alloy contained 0.04 wt % B, as compared t0 0.01 wt % B in standard FAL
alloy.

¢0.0667 MPa (500 torr).

1. Introducing an oil film on the specimen surface puts a barrier between the
aluminum atoms and the moisture and leads to high RT ductilities (Table 10). For some
specimens, if the oil is removed, the ductility values are reduced to half, suggesting
hydrogen generation and diffusion into the specimen.

2. Testing in 0.0667-MPa (500-torr) dry oxygen produced twice the ductility than in
air containing water vapor (Table 9). The same material tested in water vapor produced
lower ductility than that observed in laboratory air. Tensile testing in 0.0667-MPa
(500-torr) molecular hydrogen in an argon environment produced higher ductilities than in
air, suggesting that molecular hydrogen is not as detrimental as atomic hydrogen produced
by the reaction with moisture during testing (Table 9). The lower ductilities in molecular
hydrogen compared to oxygen may have been caused by moisture in the argon cover gas.

3. The unrecrystallized microstructure, which contained extremely few transverse
grain boundaries, produced the highest ductility values. This suggested that the hydrogen
produced at the metal surface was not able to diffuse into the specimen in the absence of
these grain boundaries. When the microsiructure was recrystallized, the large number of
grain boundarics provided a path for easy diffusion of hydrogen and reduced the observed
ductility.
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Table 10. Effect of quenching and heat treatment on mechanical properties of an
experimental iron-aluminide alloy (FA-124)

Heat tgcatmemt Cooling Test Yield Ultimate Elongation
O treatment conditions?  strength  strength (%)
(MPa) (MPa)

1 h/850 + 5 d/500/air Air/air Air 256 564 7.6
1 h/750/air Oil? Air 367 724 13.2
1 h/750/air Oi Ailr 342 509 4.5
1 h/750 + 4 d/500/air Oil¢/air Air 269 512 6.2

aStrain rate is 0.2 in./in./min.
bNot cleaned.

¢Cleaned.

Hydrogen is not only of concern for RT properties; it can also have an undesirable
effect during melting and casting. Both iron and aluminum melt stock, if left openina
laboratory environment, can adsorb water vapor, and this can result in some hydrogen
dissolving in the metal by the reactions described previously. During air melting,
additional hydrogen is produced from reactions of both the aluminum and iron melt stocks
with moisture. This hydrogen dissolves in the molten metal, and when cast into molds, it
tends to escape during solidification. The gas content can be sufficiently large to produce a
bulge in the ingot hot-top instead of the conventional shrinkage. Initial 230-kg (500-1b) air-
induction-melted heats at Combustion Engineering showed bulging and large gas-related
porosity in the ingot. However, when moisture in the melt stock was baked out and small-
size [70-kg (150-1b)] heats were melted, the gas-related porosity was minimized. A 230-kg
(500-1b) heat, when melted at The Timken Company and cast into a 250-mm (10-in.) mold,
produced material that was similar in appearance to that of Swiss cheese. The ORNL-
melted 7-kg (15-1b) air-induction heats did not have any gas-related porosity or bulging of
the hot-top. It is believed that the ORNL heats are better because the melt stock was kept in

desiccators prior to melting.
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Vacnum-induction-melted heats using the same melt stock that produced the Swiss-
cheese type structure were free of any gas porosity. Vacuum meling helps in two ways:
(1) it eliminates most moisture in the system and prevents the hydrogen-producing reaction
with aluminum and iron, and (2) it helps to pump out any hydrogen that might have been
dissolved in the melt stock.

Based on the above results and those of Liu, McKamey, and Lee,0 it appears that
iron-aluminide alloys are susceptible to hydrogen embrittlement through a chemical reaction
of aluminum and iron with moisture in air. The results in this report have presented some
means for reducing the effect and improving the ductility. Whereas a highly elongated
grain structure can improve ductility, this microstructural approach is limited to sheet and
plate applications; it cannot be used for castings and forgings or after high-temperature
aging. Oil quenching provides additional improvement in ductility and may be useful in
some cases. The ideal method of addressing the environimental problem is to add alloying
elements that will perinit quick surface passivation. Such alloy additions are currently
under investigation.

In addition to meli practice, impuriiies such as silicon and manganese tend to reduce
the ductility of FejAl-based iron aluminides. Table 11 shows the data on a 500-g (1-1b)
drop casting of alloy FA-129 to which 0.20 wt % Mn and 0.40 wt % Si were intentionally
added. The presence of these impurities permitted only a maximum ductility of 9% as
compared to 15 to 17% observed for some alloys without these impurities. Another example
of impurity effect is shown in Table 12. Data in this table are for alloy FAL that was
melted using the comrmercial melt stock, which was supplied by The Timken Company.
This melt-stock analysis should have resulted in residual amounts of Mn, Si, and Mg.
(Magnesium comes from impurities in the aluminum.) Once again, the best RT ductility for
this alloy was 12% as opposed to 20%, which was observed for the same alloy using pure
melt stock at ORNIL.. The impurity content of these heats also required higher forging and
rolling temperatures.

The air-induction-melted ingot (X3908 of FAL) resulted in maximum RT elongation
values of 12%. Detailed chemical analysis of this ingot showed that it contained
0.2 wt % Mn and (.50 wt % Si. Based on the results in Table 11 for 0.20 wt % Mn and
0.40 wt % Si addition, it is believed that the lower ductility values observed for ingot
X3908 were caused by its high manganese and silicon contents.



Table 11. Tensile properties of iron aluminide {FA-129MnSi [500 g (1 1b), Heat 13232]} arc melted at ORNL and drop cast into a

25 x 12 x 125 mm (1 x 1/2 x 5 in.) water-cooled copper mold4

Heat treatment

_ Strength (MPa) Ductility (%)
Specimen Sheet treatment Specimen treatment Test Strain
number temperature  rate 0.2% Tensile Reduction
Temp. Time Cooling  Temp. Time Cooling <) (min-1) Yield strength  Elongation o req
(C) {h) medium? C) {(h) medium?
1L 700 1 aQ 700 1 oQ Pal 0.2 500 737 7.66 5.83
2L 700 1 00 700 1 o » 02 467 725 7.44 7.72
3L 700 1 o8, 750 1 oQ » 02 414 718 9.06 8.04
4L 700 1 QQ 750 1 oQ 5 02 425 596 4.66 4,71
5L 700 1 oQ 800 1 oQ Pa) 0.2 37 594 6.62 5.84
6L 700 1 xQ 800 1 oQ 35 02 367 655 8.44 6.52
7L 700 1 oQ 850 1 Q Pa] 0.2 375 672 8.70 4.90
8L 700 1 aQ 850 1 0.8 A’ 0.2 380 660 8.90 6.69

@Manganese and silicon were intentionally added to the FA-129 composition to simulate the residual elements from scrap.
The ingot was hot forged at 1000°C from 12- to 6-mm (1/2- to 0.25-in.) thickness followed by hot rolling at 850°C to 1.25-mm
(0.060-in.) thickness. This sheet was warm rolled at 650°C to 0.76-mm (0.030-in.) thickness. The sheet was stress relieved prior
to punching into tensile specimens, and the specimens were given various treatments prior to testing.

»0OQ = oil quench.
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Table 12. Tensile properties of iron atuminide [FAL (Heat 13259)] air-induction melted at ORNL from
commercial melting stock provided by The Timken Company®

Siress-relief treatment Annealing treatment Swength (MPa) Duciility (%)
Specimen Tem})cramre Time  Coolings Temperatwre  Time  Coolings  0.2% Ultimate Total Reduction
nurmber C ) °C) (h) Yield tensile clongation of area
1L 700 i 16 452 452 1.2¢ 1.67
2L 700 1 oQ 499 496 1.44 1.65
3Lc 700 1 oQ 70¢ i 6.0} 475 609 7.52 5.00
4L 760 1 CQ 700 i cQ 346 691 10.30 6.56
7L 700 1 60) 750 1 cQ 257 669 9.86 6.09
gL 700 i oQ 756 1 CQ 368 614 7.58 5.68
1iL 700 1 6.0} 800 1 oQ 357 674 9.68 5.30
121 7¢0 1 o0Q 800 6.0} 369 674 5.48 6.47
i5L 760 1 o0 850 CQ 362 607 8.0Z 5.97
16L 764 1 Q) 350 i cQ 356 HEG 10.02 5.02
SL 750 1 0 700 1 o0 313 573 7.36 5.78
6L 750 1 6.0, 700 1 0Q 351 710 11.14 7.92
oL 750 1 10.6] 750 1 16:0) 356 569 10.74 7.46
10L 750 1 cQ 756 1 oQ 310 675 11.02 9.35
131 750 1 0 800 H cQ 373 704 10.98 7.36
i4L 750 1 0 800 i cQ 361 697 10.58 7.50
17 756 1 oQ 850 i o 312 Tt 11.94 5.52
18L 756 1 cQ 850 1 0 357 661 9.86 581

aThe heat was cast into a 76-mm-diam (3-in.) graphite mold and homogenized for 16 h at 1000°C to 25-mm-thick {1-in.) slab. The
siab was hot rolied at $00°C 10 2.5-ram (0.100-in.) thickness followed by warm-roli finishing at 700°C w0 0.76-mm {0.030-in,) thickness.
The specimens were punched following & stress-relieving treatment, and the specimens were iested at room iemperature and .2/min after
various heat treatments.

b0Q = oil quench.

¢Specimen was preloaded.
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10. APPLICATIONS

Iron aluminides can replace carbon steels for some applications and, in other
instances, stainless steels. The advantages of iron aluminides include (1) oxidation
resistance as good or better than all steels (carbon, low alloy, and stainless); (2) sulfidation
resistance better than all steels; (3) resistance to stress corrosion cracking comparable to
carbon and low-alloy steels; (4) good corrosion resistance in molten nitrates as compared to
all steels; (5) resistance to atmospheric corrosion (tusting) at RT in a humid environment
which helps eliminate special handling procedures during shop fabrication; (6) RT tensile
strength superior to carbon and stainless steels; (7) high-temperature strength superior to
carbon, low-alloy steels, and stainless steels up to 600°C; (8) creep strength better than
carbon and low-alloy steels up to 600°C; and (9) lower cost than many advanced metallic
materials.

Specific applications will depend on the performance required of iron aluminides
compared to the currently used materials. Sample materials of iron aluminides are being
tested for several of the potential applications which include (1) hot-gas filters,

(2) automotive exhaust systems, and (3) sulfur-containing environments.

11. FUTURE WORK

1. We are striving to develop compositions that will be free from, or minimize,
environmental effects on mechanical properties.

2. The effect of melting practice such as vacuum induction, vacuum arc remelting,
and electroslag remelting on mechanical properties will be determined.

3. Alloy compositions with minimum environmental effects will be scaled up and
tested for tensile and creep properties.

12. SUMMARY AND CONCLUSIONS

Iron aluminides based on Fe3Al are ordered intermetallic alloys that offer good
oxidation resistance, excellent sulfidation resistance, and relatively low material cost.
These materials also conserve strategic elements such as chromium and have a lower
density than stainless steels. However, limited ductility at ambient temperature and a sharp
drop in strength above 500°C have been major deterrents to their acceptance for structural
applications. This report presents the most recent improvements in RT ductility of these
aluminides, effects of composition on ductility, effects of test temperature and strain rate on
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tensile properties, scaleup and fabrication of selected compositions, mechanical properties
of scaled-up heats, environmental effecis, potential applications, and future plans. The

following statemenis suminarize the present work:

1. Iron aluminides based on Fe-28 at. % Al have been ductilized to RT tensile elongations
of 15 to 20% for the first time.

2. Ducitility improvements have been achieved through thermomechanical processing and
heat-treatroent control. This method of ductility improverent has been demonstrated
for a range of compositicns.

3. Melting, casting, and processing of 7-kg (15-1b) heats at ORNI. and 70-kg (150-1b)
heats at a commercial vendor were described. Counsidering the information available,
vacuum melting is recomunended for these materials. Other refining processes such as
electroslag remelting are also desirable.

4. The FezAl-based iron aluminides are easily hot worked by forging or extruding at
temperatares in the range of 850 to 1100°C. Rolling is usually recommended at 800°C
with the final 50% reduction at 650°C. Based on the data presented, these alloys
should be readily hot workable. Somne care will be required in processing at RT
becanse of limiied ductility at this temnperature.

5. Tensile and creep properties of 7- and 70-kg (15- and 150-1b) heats were presented.
The RT tensile elongation and related uliimate tensile sirength values were maost
different between ORNL and commircially melted material. Lower values for
commercially melted material were explaiied in terms of impurity effects, especially
manganese and silicon. Creep properties of the alloys that are the most ductile at RT
are significantly lower than these observed for type 304 stainless stee!. At least one
compesition suggests that creep propertics equal to type 304 stainless steel may be
possible.

6. Daia presented in this report suggest that the FesAl-based compositions tested so far are
sensitive to environmental effects. The environment of concern is water vapor, which
reacts with aluminum and iron to form hydrogen at the metal surface. The hydrogen
produced is adsorbed and absorbed ia the specimen during tesiing and results in low
RT ductilities. The usc of highly elongated grains with essentially no transverse
boundaries is one way of reducing the hydrogen diffusion and thereby increasing the
ductility. An oil treatment provides additional improvemient in ductility by providing a
barrier for interaction of the metal surface with moisture. However, alloy

modifications, which can provide rapid passivation of the surface at RT and thus
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prevent hydrogen from diffusing into the specimen, are the best solution to minimizing
the environmental effects. Work is currently under way on such alloy modifications.
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