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FABRICATION AND MUA-PERTIES OF * & W E D  IRON ALUMINIaES 

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

ABSTRACT 

Iron aluminides based on Fey41 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 to 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-lb) heats produced at the Oak 
Ridge National Laboratory (ORNL) and 70-kg (150-lb) commercial heats are 
described. Vacuum melting and other refining processes such as electroslag 
remelting are recommended for commercial heats. 

The Fe3Al-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-lb) heats are presented. The presencc 
of impurities such as manganese and silicon played an important role in 
reducing the ductility of commercially melted heats. 

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 addtional improvement in ductility. 

The data presented in this report suggest that the Fe3Al-based 

*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 stnlc tural applications. Previous 

publications have described the initial de~elopment~-~ and sulfidation-oxidation properties4 

of iron aluminides. The purpose of this report is to present the most recent illformation on 

ductility improvement, effects of composition modifications, effects of temperature and 

strain rate on mechanical properties, scaleup and fabrication of selected compositions, 

mechanical properties 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 k e n  prepared by Hook et ai? &cabise ductility is the key to the successful develop- 

ment of iron aluminides, maximum ductility values reported by various investigators5 are 

prescnted in Table 1. Over a period of SO years the ductility had only been increased from 

0 to 9%. In the work described here, ductility values of 15 to 20% have been observed for 

FqAl-based alloys developed at OKNP,. 

3. METAL PREPARATION PROCEDURES 

IIeats of 500 g (1 lb) 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 5 in.) ingots. The ingots were cut into halves for subsequent 

processing. Cutting was pesfonned either using a band saw without a coolant or a high- 

speed cutoff wheel using a water soluble oil (Buehler No. 10-3330-032). Both cutting 

procedures produced surfaces free of any cracks. The pieces were then hot forged 50% at 
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Table 1. Literature on chronological progress in the improvement of 
room-temperature ductility of FegAl-based iron aluminides 

Date Reference 
Nlaximum 
ductility 

(%I 

1934 

1950s 

1957 

1957 

1963 

1964 

1967 

1969 

1975 

1982 

1982 

1982- 84 

1984 

1984 

1986 

Sykes & Brampfylde (Metro.-Vickers Elect Co., Ltd.) 

Nachman & Buehler (Naval Ordnance Labs.) 

Kayser (Ford Motor Company) 

Justusson, Zackay, & Morgan (Ford Motor Company) 

Davies & S toloff (Ford Motor Company) 

Stoloff & Davies (Ford Motor Company) 

Leamy (Iowa State University) 

Leamy & Kayser (Iowa State University) 

Marcinkowski, Taylor, & Kayser (Iowa State University) 

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

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

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

Inouye (ORNL) 

Horton, Liu, & Koch (ORNL) 

Hook, Johnson, & Erfort (Armco) 

None 

1 to 2 

- 1  

2 to 5 

None 

None 

2 to 5 

Compression 

3 

Compression 

Compression 

8 

None 

- 1  

6 to 9 
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procedures produced surfaces free of any cracks. The pieces were then hot forged 50% at 

lOWC, hot rolled 50% at 8OO0C, and warm rolled 70% at 650°C to a finish thickness of 

0.75 xnm (0.030 in.). All operations were conducted with bare metal. The sheet produced, 

Fig. 1, usually had a brownish luster. The 500-g (1-lb) and larger drop-cast ingots (to be 

discussed later) are also shown in Fig. 1. Sheets were sheared into pieces approximately 

100 m (4 in.) in length for preparation of the specimens. Each sheet was stress relieved 

by heating in air for 1 h at a given tempcrature 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 

tempcrature 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. Thc most 

c o r n o n  strain rate used was 0.2/min. Specimens tested were measured to calculate the 

plastic elongation atid reduction of area values. 

4. 1MPROVF:MENTS IN STRENGTH AND DUCTILITY AT ORNX, 

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 (Ileait 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 earlier3 consisted of heating in 

air for 1 h at 850°C plus 5 to 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 K T  tensile ductility of 

Fe3Al-based iron alunlinide 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 annealing 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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Table 2. Chemical analysis of the experimental 
heats used for ductility improvement studies 

Alloy designahon (wt %) 
Element ..... 

F A L O  FAl.M* FA-lZW FASd 
~~ ~ 

A1 15.88 15.88 15.9 15.93 

Cr 5.46 5.46 5.5 2.19 

zr 0.19 

Nb 0.20 1 .o 
B 0.01 0.01 1 

C 0.04 0.05 

Fe Ba1.C Ba1.c Bid.< Bal.C 
..... .... 

aAUoy for low-tempramre (GXIT) use with maximum mm-rmp.raIure 
ductility. 

bMdication of FAL for low-tempperatiuc use. 

CAUoy for high-temperature (26CO'C) use with somewhat lower room-temperamn 
ductility. 

dAlloy for use in sulfur-containing environments. 

eBdancc (100 minus total of all oher elements). 

OWNL-DWG 90-2164 
20 

15 

10 

5 

0 

I I I I I 

HEAT 7 0 0  7 5 0  8 0 0  

TREATMEN1 
A ANNEALING TEMPERATURES ("C) 

___ 
9 0 0  

Fig. 2. Effect of annealing temperature on 
room-temperature tensile elongation of iron- 
alurninide FAL meat 13008). Data on heat treat- 
ment A are included for comparison. Annealing 
treatments were of 1-h duration followed by oil 
quenching. All tensile tests were at a strain rate of 
0.2lmin. 
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Fig, 3. Effect of annealing temperature on 
room-temperature yield strength of iron-aluminide 
FAL (Heat 13008). Data on heat treatment A are 
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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Fig. 4. Effect of annealing temperature on 
room-temperature ultimate tensile strength of iron- 
aluminide FAL (Heat 13008). Data on heat treat- 
ment A are included for comparison. Annealing 
treatments were of 1-h duration followed by oil 
quenching. All tensile tests were at a strain 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 eompositions 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 B and A was plotted as a function of total 
elongation for heat treatment A for 19 different compositions of Fe3Al-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 wc shown in Figs. 7 and 8. 

Once it was established that treatment B produced a factor of 2 highcr 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 arid followed by 

cooling in oil. TIne JXT 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 is expected to be differcnt for different alloy compositions; this is 

explained in Sect. 9. Effccts 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. 

€kat  treatment A used a 5- to 7-d treatment at 500°C to stabilize the DQ3 ordered 

stnicture. A similar ordering treatment was used for specimens of FA-129 following the 

maximuni ductility treatrircnt of 750°C for 1 h. The results of this study showed only 

minor cffects of ordering treatment (Fig. 11). 

5. TEMYERA’TUWE AN STRAIN RATII!: IISF’FECTS 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. Yield 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 reachcs superplasiic values of over 100% at 800°C. 

The FAT, alloy was also tested as a function of various strain rates at room 

temperature and is shown in Fig. 15, which indicates that KT ductility of FAL increased as 

strain rate increased. This effect i s  contrary to many common materials and is explained in 

Sect. 9. 
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F A N  FA 125 FAS 28A F4S 285 

Fig. 5. Comparison of room-temperature 
elongation observed for four lfferent compositions 
of iron aluminide using the newly developed heat 
treatment B. FAS-28A and FAS-28B represent the 
same composition but slightly different processing 
steps. Annealing treatments were of 1-h duration 
followed by oil quenching. All tensile tests were at a 
strain rate of 0.2/min. 
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Fig. 6. Room-temperature total elongation 
ratio for heat treatments B and A as a function of total 
elongation for treatment A for 19 different 
compositions for Fe3Al- based iron aluminides. 
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Fig. 9. Effect of annealing temperature on 
room-temperature total elongation of iron-aluminide 
alloy FA- 129. 
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Fig. 10. Effect of annealing time at 
maximum ductility temperature on room-temperature 
total elongation of iron-aluminide alloy FA- 129. 
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Fig. 13. Ultimate tensile strength as a 
function of test temperature for iron-aluininide alloy 
FAL (Heat 13008). Specimens were given a 
7OO0C/1 h/OQ stress-relief treatment followed by a 
70O0C/1 h/OQ annealing treatment. All tests were in 
air at a strain rate of 0.2/min. 
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Fig. 14. Total elongation as a function of test 
temperature for iron-duminide alloy FAL (Heat 
13008). Specimens were given a 700°C/1 h/OQ 
stress-relief treatment followed by a 700*C/1 h/OQ 
annealing treatment. All tests were in air at a strain 
rate of 0.2/min. 
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Fig. 15. Total elongation at room temperature 
as a function of strain rate for iron-aluminide alloy 
FAL (Heat 13008). Specimens were tested in two 
heat veatments 

6. SCALElJP AND FAltlRICATION OF LARGE HEATS 

After obtaining the relatively high ductilities for several of the FejAl- based alloys, it 

was decided to scale these compositions from 500-8 Q!-lb) arc-rnslt heats to 7-kg (15-lb) 

hcats at ORWL and to larger heats at a conunercial vendor. A description of each of thc 

scaleups follows. 

6.1 SCALEUP AT ORNL 

The scaleup at ORNL consisted of melting 7-kg (15-lb) heats using air-induction 
melting; Zr02was used as the crucible material. The melt stock consisted of electrolytic 

iron that was hydrogen-gas fired at 1000°C and stored in dcsiccators. 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 IICl solution), washed, dried, and stored in a 

desiccator until ready for melting. When appropriate, elemental additions such as Nb, Mo, 
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Zr, €3, Cr, and C were made using high-punty stock. The melt was normally held at 

1650°C for 2 to 5 min and top-poured into graphite molds to make 72-mm-&am (2.85-in.) 

ingots with an extrusion nose on one end. The graphite mold was preheated to 500"C, and 

a 100-mm-dim (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 Figa 1. Note the surfaces were smooth and essentially no 

nxidation 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 O R h I  ingots were extrusion and 

forging. The extrusions were conducted on bare ingots, without any surface machining. 

Extrusion temperatures ranged from 850 to 1 100°C, and the reduction ratios varied from 

9: 1 to 16: 1. The extrusion constants for Fe3Al-based iron aluminides were 219, 125, 

and 119 MPa (35, 20, and 19 tsi) for temperatures of 850, 1O00, and 1 lOO"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-rnm (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 fKst scaleup of iron aluminides by a commercial vendor was conducted at 

Combustion Engineering, Chattanooga, Tennessee. The analyses of three iron-alutninide 

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-dim (6-in.) ingots. However, the first cast 

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

was suggested that the gas was possibly hydrogen and was resulting from the themo- 

dynamically favored reaction of aluminum with water vapor in the air; for example, 

2A1+ 3&@ + 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-lb) 

heats, and the problem was significantly reduced. At this stage the vendor supplied one 

230-kg (500-lb) heat and one each of the 70-kg (150-lb) 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 surfaces. 

The 1OO-mm-diam (4411.) ingots from each heat were cut into pieces 158 mm (5 in,) 

long. Noses were nlachined from each piece, and the billets were successfully extruded at 

1000°C to round bar and rectangular bar. The recrangular bar was hot forged and Rot 

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 ingats 

are shown in Fig. 17. Mechanical properties of matcrial 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-lb) heat. The entire heat was cast into a 

200-mm2 (8-i11.~> ingot. The ingot was found to be riddled with Roles, similar to those 

observed for the 230-kg (500-lb) heat melted by Combustion Engineering. At This point, it 

was decided to melt these alloys by vacuum-induction melting. One 45-kg (lM-Xb> 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. Tn 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 reconmended that Fe3Al-based iron 

alunzinides be melted by vacuum-induction melting and, if desired, further refined by 

vacuum-arc remelting or by electroslag remelting. 



18 

t 

Fig. 16. Photograph of iron-aluminide ingots of 70 to 230 kg 
(150 to 500 lb) melted by &-induction melting at Combustion Engineering. 

I 

YP9578 

Fig. 17. Photograph of billet, extruded bars, and 
rolled sheet prepared at ORNL from ingots of iron-aluminide 
alloys received from Combustion Engineering. 



The chemical analyses of the Combistion Engineering heats (Table 3) showed that the 

major alloying element target concentrations could bti 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-lb) Reats. The recovery of most elements was excellent. 

6 . 4  MELTING OF HEATS AT ORNL ITSXNG COMMERCIAL 
MELT STOCK 

A scaleup to 7-kg (1.5-lb) heats was also conducted at BRNL using commercial 

melt stock. The melt stock consisted of scra iron, aluminum shot, ferrochrornium, arid 

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 stixk had the same surface appearance 

as an ingot made from the pure elemental melt stock. 'I'fie ingot was cut, forged, and rolled 

into a sheet 0.76-mtn ( .030-in.) thick. The forging and rolling temperatures required for 

this ingot were at least Z Q O T  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 recommend& that the effect of detrimental elements be detennined by preparation 

of drop castings with v,aying amounts of those elements. 

6 . 5  POWDER PREPARATION BY A COMMERCIAL VENDOR ANT) ITS 
CONSOLIDATION AND PRWESSING AT CIRNL, 

For most applications, iron alurninides are expected to be produced economically by 

conventional melting, casting, and processing techniques. However, for applications such 

as hor-gas cleanup filters and spray coatings for improved oxidation-sulfidation resistance, 

powders will be required. To meet such potential needs, one heat of sulfidation-resist~nt 

composition (FAS) was nitrogen-gas atomized at Anietek 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 coinpared with 
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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 (3411.) mild steel can was filled with powder from Ametek. The can 

was evacuated, sealed, heated for 1.5 h at looo"C, and extruded through a 25-mm ( 1-ins) 

die to obtain an area-reduction ratio of 9: 1. Optical microstructure of the as-exmded bar 

(Fig. 20) showed full consolidation from the surfwe to the center of the bar. The grain size 
was very fine (20 mm) and uniform across the bar. 

76-mm-long (3-in.) sections of the bar were forged 50% at lOOO"C, rolled 50% at 850"C, 

and finish rolled 50% at 650°C to a sheet 0.76-rnm (0.030411.) thick. The sheet was then 

used for mechanical property evaluations. No problems were encountered in the 

processing steps. 

The steel can was removed by dissolving in a 10% HNO3 solution. Two 

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

Element Target Vendor analysis 

(wt %) (Wt %) 

Al 15.93 15.9 

Cr 2.19 2.2 
B 0.01 1 0.01 

Fe Bd.0 3al.a 

S 0.007 

N 0.003 

0 7  0.013 

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

7. MECHANICAL PROPERTIES OF SCALED-UP HEATS 

The scaled-up heats produced at OF@& 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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Most of the testing on OR scaled-up heats ccancentratd on determination of the 

appropriate heas treatments for namisnizing 

which the RT ductility value of 20% ha for effects of test 

temperature and strain rate. These data for alloy FAX, are presented in Figs. 2-5 and 

12-15, 

uctility, AUoy FA& (Heat 13 

'fie effects s f  cooling sequence medium on the RT tensile properties of 

stress-relieved and annealed FM, ($1 presented in Figs. 21-23. The stress- 

relief temperature was 7 ing temperature was varied from 700 to 

900°C. Oil quenching ealing gave the highest cluctiliry for all 

annealing temperatures. The final st ir gave lower ductility values for all 

annealing temperatures regadless o ng step. Figwe 21 includes the 

conmionly observed lues of the binary cotnpos on ~ ~ ~ ~ r o x ~ ~ a ~ e ~ y  4% for Fe3A1) arid 

for a composition- Eied Fe3AB (B%), both in 

to those values, the heat treatments PIS this study gave improved elongation values of 

15 to 20%. The results in Fig. 21 als 4y that improved ductility is obtained by control 

of both heat-treatment temperature and cooling medium. en both are iised together, the 

ductility values u e  maximized. The y i e ~ ~ - s ~ ~ ~ ~ ~ ~ ~ ~  values of FAL (Fig. 22) we not affected 

by the cooling rate sequence. The t e ~ ~ s ~ ~ e - ~ ~ ~ ~ ~ g ~ ~  values (Fig. 23) followed the ductility 

trend because they are interrelated. 

The effect of a cooling rnedium on tensile properties was also investigated for the FAS 
(Ikat 13017) alloy containing 2% 0. In this study, t e sheets were stress relieved at 

7W"C for 1 h followed by oil quenching. 'l%e unched tensile specimens were annealed at 

various temperatures, and one specimen each was cm~led in air and oil, respectively. The 
RT tensile data on these specimens are plotted in Figs. 24-26. These flpres show the 

results similar to those observed for alloy FAL iirr Figs. 21-23. The total elongation and 

ultimate tensile strength were consistently higher for oil-quenched specirneris than for air- 

quenched specimens. The yield strength was not significantly afkcted. 

'The effect of stress-relief treatment o n  sheet prior to punching tensile specimens 

was also investigated for alloy FAX, (lieat 1 8). The mess-relief temperatures used 

were 700 and 750°C: for 1 h followed by oil nching. Punched specimens were tested 

after various heat treatments fofollowe by oil quenching. Total elongation, yield strength, 

and ultimate tensile strength at KT for the two different stress-relief conditions are 

heat weabnent A condition. Conipared 
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Fig. 21. Effect of cooling sequence and 
annealing temperature on rmm-temperature total 
elongation of kog.-dEmii;ide alloy FAL (Heat lJ(j(j8). 
All of rhe specimens were smss relieved for 1 h ab 
700°C prior to annealing at different temperatures. 

Fig. 22. Effect of cooling sequence and 
annealing iemperabure on room- temperatme yield 
strength (0.2% offset) 0% hron-a!ran%inide  dol^ FAL 
(Heat 13008 j. AH of the specimens were stress relieved 
for 3. k at 700°C prior to annealing at differmt 
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compared in Figs, 27-29. 'I'hc total ~ ~ o ~ ~ ~ ~ ~ ~ o ~  values for the 950°C stress-relief 

temperature rernaiaid high ewer re wider range of mnealing tem~raewres than the stress- 

d i e f  temperature of IF  "C. s~~~~~~~~~ that the 750°C treatment sho~ald bc f i~vord  over 

700°C. The lower y ~ e l ~ - s t ~ ~ ~ g ~ ~ ~  valaee ~~~~s~~~~~ an am~ealing temperature of 7CH)"C 

and a stress-relief temperature of 751d"Cq 4s expec ause the annealing temperature is 

lower than the strewrelief ten] ratwe. Higher ultimate tensile-strength values were 

observed over a wi es annealing t ~ ~ ~ ~ ~ ~ t ~ e  rmge for a stress-relief tcmnpesature of 750°C 

ahis observation is ~ ~ ~ s ~ s ~ e ~ t  with the tot ~ ~ o ~ ~ a ~ ~ ~  d m  in Fig. 27. 

mm-diani (4-in.) ingot from a 4 

from Combustion ~ ~ ~ ~ e ~ ~ n ~  was tensile test 

compared with Heat 13008 of the same ~ ~ ~ r ~ ~ o ~ ~ ~ ~ o ~ ~  in Figs. 3 ~ 32. 'These figures show 

that the total elongation and strength valuw crf the comaniercial heat we generilly 

significantly lower h n  e ~ ~ ~ e r ~ ~ ~ ~ ~ ~ ~  kats. 

FA- 129 (X3W4 and X:? 
as a function of test tcmpemture, 'The RT tensile data for air-in mction-melted ingots 

in Figs. 33-35, 

all properties except for an annealing te~nperature "&'* Note, however, that the 

ductility arid strength value for csmmrz~crcial heats were lower than those observed for 

labratory heats. Fu 

specimen to specimen than sin 

e results of this heat are 

goes from 78-kg (15 -1b) heats of alloy 

5 )  from ~~~~~~~~~~~ Engineering were tensile tested at RT and 

ingots slmowed sirriilrir values of 

cmore, the commerciai ingots iencfeci to show more scatter from 

The aniiealing txecatinent 

produced the highest pecirncns fi-0~11 both ingots (X3904 

and X3905) as a ~ ~ ~ ~ ~ c ~ ~ ~ ~ i  of tempemtire. 'I'hese results were plotted, and they show that 

the properties of two ingots from a 70-kg (1568-lb) air-inc'gucsion-melt~ 

essendally identical (Figs. 36-38). Some sma I diffem~ces nnay be caused by slight 

differences in processing hisrory. For cxample, iaagclt X3 4 was fcqy.xl and rolled 

whereas ingot X3905 was hot extr~~ded, forged, atad d l d  

Specimens from alloy FA- 129, Ingot X3805, werc also tested at various temperatures 

€or four different annealing treatments 

in the properties for arinealing t e ~ ~ p ~ a t t ~ r t ~  in 

The RT yield slserngtb showed the nwst variation, which i s  consistent with annealing 

temperature, namely, higher yield strength for Bowebt annea ing telnperdklre i3.d 10 West 

yield strength for ehe highest ~ ~ ~ ~ a l ~ ~ ~  tempcraturc:. 'Total elongation values ringed from 

10 to 12% at WT and 80 to 120% at 8UO"C, The ultimate tensile strength of ingots X3904 

e msule~ sf this study show minimal variations 

e range of 700 to 850°C (Figs. 39-42). 
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Fig. 33. Comparison of room-temperature 
total elongation as a function of annealing tempem- 
ture for ingots X3904 and X3905 from air- 
induction-melted 70-kg (150-lb) heat of FA- 129 
at Combustion Engineering. All of the sheets were 
stress relieved at 700°C for 1 h followed by oil 
quenching prior to punching the specimens. 

Fig. 34. Comparison of room-temperature 
yield strength (0.2% offset) as a function of 
annealing temperature for ingots X3904 and 
X3905 from air-induction-melted 70-kg (1 50-lb) 
heat of F ~ - 1 2 9  at Combustion ~ ~ a ~ ~ ~ r i ~ ~ ,  ~ 1 1  of 
the sheets were stress relieved at 700°C for 
1 h followed by oil quenching prior to punching 

t 0 X3904 ~I - 

I 
X3905 

- i 
! 

STRAIR H A T E .  0.2;rnin 
- ROOM TEMPERATWE TEST 

the specimens. 
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Fig. 37. Comparison of yield strength 
(0.2% offset) as a function of test temperature for 
ingots X3904 and X3905 from air-induction-melted 
70-kg (150-lb) heat of FA-129 at Combustion 
Engineering. 
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Fig. 38. Comparison of ultimate tensile 
strength as a function of test temperature for ingots 
X3904 and X3905 from air-induction-melted 70-kg 
(150-lb) heat of FA- 129 at Combustion Engineering. 
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Fig. 39. Total elongation as a function of test 
temperature for ingot X3905 from air-induction- 
melted 70-kg (150-lb) heat of FA- 129 at Combustion 
Engineering. Data %re compared for four different 
annealing temperatures. 

Fig. 48. Reduction of area as a function of 
test temperature for ingot X3905 from air-induction- 
melted 70-kg (150-lb) heat of FA-129 at 
Combustion Engineering. Data are compared for 
four different annealing temperatures. 
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Fig. 41. Yield strength (0.2% offset) as a 
function of test temperature for ingot X3905 from air- 
induction-melted 70-kg (150-lb) heat of FA- 129 at 
Combustion Engineering. Data are compared for four 
different annealing temperatures. 
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Fig, 42, Ultimate tensile strength as a function 
of test temperature for ingot X3905 from air-induction- 
melted 70-kg (150-lb) heat of FA-129 at Combustion 
Engineering. Data are compared for four different 
annealing temperatures. 
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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). 

(Heat 35 of FA- 129) was also tested. The initial results on the vacuum-melted h s  at ate 

compared with those of the air-melted heat data in Figs. 43-45. 'Ihe most impowant 

property of interest, thc RT ductility, is better for the vacuum-me'ltd material than air- 

nieltd material for most of thc mncding temperatures used. Ultimate tensile strength 

showed corresponding improvement. The yield strength of the vacuum-melted material is 

s i d w  to the air-rneltd material. Additional testing of the vacuummelted material is 

currently undcr way. 

In addidow to the air-inciuc tion-melted ingots, one vacuuna-induction-melted hcat 

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-lb) 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 ('Iablc 6) .  Note, however, that only one set of heat treatments was tried. 

Other treatments may result in even better ductility values. 

7.2 CREEP PR 

A limited iiumbcr of creep tests were conducted on alloys FAL (Heat l3008), FA-129 

(Heat X3904), FAS (Heat 13345), FA-123 (Meat X3906), and an experimental version of 

FAL containing tungsten (FA1.-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). Creeprupture data on various 

iron aluminides are plotted and compared with the avcrage cuwe for type 304 stainless steel 

in Fig. 46. The test temperature and  mptwe 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 somcwhat higher creep strength than FAL, 

rcflecting 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, is 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, an R ,  has the highest napture 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 arid the precipitation of NbC. 
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Fig. 43. Comp&son of room-temperature 
total elongation of air-induction-melted ingots (X3904 
and X3905) from Combustion Engineering with 
vacuum-induction ingot 35 melted at The Timken 
Company for alloy FA-129. 
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Fig. 44. Comparison of room-temperature 
yield strength (0.2% offset) of air-induction-melted 
ingots (X3904 and X3905) from Combustion 
Engineering with vacuum-induction ingot 35 melted 
at The Timken Company for alloy FA- 129. 



40 



Table 6. Tensile properties of iron alurninide (FA123 [70-kg (150-lb) heat, Heat X3906]} air-induction melted 
at Combustion Engineering and processed at ORNL" 

Heat treaunent 
S trength. (MPa) Ductility (Yo) 

Specimen Sheet treatment Specimen treatment Test SUain  

number temperature rate 0 . 2 ~ ~  Tensile Reduction 

Temp. Time Cooling Temp. Time Cooling (OC) (m;n-l) Yield strength. Elongation of area 
("c) (h) mediumb ("c) (h) mediumb 

~~~~ ~ 

IL 800 1 OQ 700 1 CQ 25 0.2 370 549 7.74 6.18 

2L 800 1 OQ 700 1 OQ 25 0.2 C c 6.14 C 

3L 800 1 a! 750 1 cy 25 0.2 355 687 9.74 7.66 

4L 800 1 OQ 750 1 CQ 25 0.2 338 713 i 1.50 7.71 

5L 800 1 OQ 800 I cy 25 0.2 344 684 9.26 6.46 

6L 800 1 K? 800 1 CQ 25 0.2 347 671 9.24 5.22 

7L 800 1 cy 850 1 OQ 25 0.2 344 632 7.80 6.57 

e 

8L 800 1 CQ 850 1 cy 25 0.2 313 625 7.94 3.92 

T h e  100-mm-diam (4411.1 ingot was extruded at 1OOO"C to a reduction ratio of 6:l. The sheet bar was hot rolled at 1OOO"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. 

bOQ = oil quench. 

CSpecimen broke in pinhole. 
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Fig. 46. Larson-IvIiller plot showing comparison 
of creep rupture strength of various iron aluminides to 
the average value curve for type 304 stainless steel. 

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 stiidy was limited to optical microscopy for 

general structure, scanning electron microscopy of fmcture surfaces, and X-ray diffraction 

for structure determination. 

8.1 OPTICAL MICROSTKUC'NJRE 

The microstructure of a 76-mm-diam (3-in.) ingot from an air-induction-melted 

7-kg (15-lb) 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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supplied by The Timken Company. The cast structure is very coarse and shows the typical 

variation of columar grains near the ingot edge to quiaxed 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 (3411,) 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 

microsmicture in Fig. 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 sheets were stress relieved 

prior to punching. Various stress-relieving treatments were tried in this shidy. The 

microstructure of alloy FAT., (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. 

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. 5 1-53. These figures showed that 

To minimize the die-punching strains at the specimen edges and to investigate the 

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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6. The specimens seemed to show the presence of inclusions, fine porosity, and 

precipitates that were are probably ZrB2 in the FAL alloy. 

The microstructures with minimum recrystallization (7 

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. Microsmctures in Fig. 54 show that only partial recrystallization m c m e d  after 

an annealing temperature of 750"C, whereas recrystallization was essentially complete at 

800°C and higher temperatures, Surprisingly, the recrystallization temperature of FA- I29 

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-meltcd 

m d  vacuum-melted (Meat 35) conditions is shown in Fig. 55. Both samples received the 

same combination of stress-relief and annealing treatments of 1 h at 7WC, and both were 

followed by oil quenching. The figure shows that vacuurn-melted material rccrystdlized 

much more at 7WC than air-melted material, and both materials showed a significant 

amount of precipitates. The air-melted material apyeaed to contain more porosity than the 

vacuum-melted material. 

and 750OC) were associated with 

8.2 SCANNIN 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 (41. More 

details about the particle shape and number density are available from Figs. 57(&), (c), (e), 

*Work performed by Richard Wright at the Idaho National Engineering Laboratory. 
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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 3511. In both 
cases a 76-mm-thick (0.030-in.) sheet was stress relieved at 70O0C for 1 h followed by oil 
quenching prior to die punching the tensile specimens. The SpecimRns were given a final 
annealing treatment for 1 h at 7OoC followed by oil quenching. (a) through (c) Air melted, 
and (d) through u> vacuum melted 
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and 0. The energy dispersive X-ray @DX) 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 meat 13008) with RT 

ductility values of 15.4 to 19.8% are presented in Figs. S9 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 detennine the nature of the 

product on these surfaces. 

Tensile specimens of alloy FAL (Heat 13 8) 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 D03, was detected. 

In earlier studies at QRNL, the heat treatment consisted of air cooling from 850°C and 

performing a D03-ordering treatment at 500°C for 7 d. Figure 6 showed the ratio of total 

elongation observed €or specimens with the B2 structure to that of, presumably, the DO3 

stnicture that was produced by 500°C treatment for 7 d. The diictility of the B2 structure 

inaterial was always higher than the DO3 structure. lt was recognized that the heat 

treatments producing €32 and DQ3 structures also yielded significantly different 

microstructures and grain sizes. Addiliorial work is needed to determine the role of 

microstructure, grain size, and crystal structure in iniproving the RT ductility of iron 

aliiminide. This type of effort is currently under way at Idaho National Engineering 

Laboratory. 

The most important finding of the investigation was that of RT ductility values of 15 

to 20% can be achieved for Fe3ALbascd iron aluminides. 'Ihese 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: 



58 

(a) Ar Melt 

(c) Air Melt 

ORNE-DWG 90-2205 

(b) Vacuum Melt 

(d) Vacuum Melt 

Fig. 58. Qualitative elemental analyses of matrices and precipitates in air- 
melted ingot material (X3904) and vacuum-melted material (Heat 35). (a) and 
(c) Matrices and (b) and (6) precipitates. 
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Fig. 59. Fbcture surfaces of ro0m-w-m b e n s i l e W  d h - d d  alloy [FAL (Heat 13008)l. 

(a) Smss dieved and annealed for 1 h at 7OOOC, and both were followed by air cooling, (b) stress relieved and annealed for 1 h at 
75OOC and 70O0C, 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: INWEG&G. 



Hg. 60. Framre surfaces at a higher magnification of r o o m - t w  tensiletested specimens of iron-aluminide 
alloy FAL (Heat 13008)]. (a) Stress relieved and annealed for 1 h at 70O0C, and both were followed by air cooling; (b) stress 
relieved and annealed for 1 h at 75OOC and 70O0C, respectively, and both were followed by oil quenching; and (c) stress relieved 
and annealed for 1 h at 75OoC, and both were followed by oil quenching. Source: INEUEG8zG. 

* 
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Table S. X-ray diffraction r e d  ts of high-ductility 
specimens of iron-alumninide (Heat 13008) FAL 

1. 
2. 

3. 

4. 
5.  

6. 

7. 

Heat Ductility 

("C> 
treatment (a) Sbucturea 

€32 

B2 

B2 

QNo DO3 peak was identified in these specimens. 

OAC = air cool. 

WQ = oil quench. 

The microstructiire needs to be unrecrysk.llizd or only slightly recrystallized. 

Oil quenching is the best meth 

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. 

Laboratory (high-purity) melt stock produces higher ductility than the commercial 

(low-punty) melt stock. 

A moisture-free environment produces higher ductility (Table 9). 

for cooling the specimen after high-temperature 

The fact that the ductility of iron aluminides decreased with decreasing strain rate and 

decreasing temperature above room temperature6~7 suggested the possibility for hydrogen 

embrittlement for these alloys. E Iydrogen eraibrittlement requires (1) a source of the 

embrittling hydrogen, (2) the absence ~f a kinetic barrier-to-hydrogen absorption, 

(3) reasonable diffusion kinetics for absorption and interaction with the deformation 

process, and (4) susceptible material andlor microstructure. 

exposed to water vapor, hydrogen interaction with deformation requires appropriate 

hydrogen diffusion kinetics and a susccptible alloy. Soine instances of indirect evidences 

for hydrogen diffusion and interaction with the deformation process are: 

While hydrogen adsorption and absorption may occur when the iron alurninide is 



Table 9. Effect of envkonmeanrs on tcnsile properties of 
iron-alumhide alloy (FAE)aB 

Test environment El0ngathl Yield strength Ultimate strength 
(gas pressure) (%) ma! (MPa) 

Aim̂  

0 2 c  

Ar -F H f  

H20 vapor 

9.4 

23.8 

14.6 

8. I 

296 

304 

3 15 

296 

654 

957 

385 

630 

aAll were tested at room temperature, 0.28min. 

bl'his alloy contained 0.04 wt % B, as compxed to 0.01 wt 96 B in standard FAL 
alloy. 

C0.0667 MPa (SO0 torr). 

1. Introducing an oil film on the specimen surface puts a basrier between the 

aluminum atoms a id  the moisture and leads to high RT ductilities (Table 10). For some 

specimens, i€ the oil is removed, the ductility values are reduced to half, suggesting 

hydrogen generation and diffusion into the sp@c?mei:. 

air containing water vapor (Table 9). ' lhe same anaterial tested in water vapor produced 

lower ductility than that obsewcd in labratory air. Tensile testing in 0.066Ts-MPa 

(5W-torr) molecular hydrogen in m argon environment produced higher ductilities than in 

aira, suggesting that mslxtnlar hydrogcn is not as dctrimiriiental as atomic hydrogen produced 

by the reaction with moisture during testing (Table 9). The lowsr ductilities in molecular 

hydrogen compared to oxygen may havc been caused by moisture in the argon cover gas. 

3. The unrecrystallizcd microstructure, which conrained extremely few transverse 

grain bounda4'les, produccd 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 microslwcture was recrystallized, the ]large number of 

g a i n  boundaries provided a pahl for easy diffusion of hydrogen and reduced the obsewed 

ductility. 

2. Testing in 0.0667-MPa ( 5  -ton) czly oxygen produced twice the ductility than in 
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Table 10. Effect of quenching and heat treatment on mechanical properties of an 
experimental iron-aluniinide alloy (FA- 124) 

Heat treat men t Cooling Test Yield Ultimate Elongation 
(%) ("C) treatment conditionsa strength strength 

( W d )  ( m a )  

1 h/850 + 5 d/500/air Air/& Air 256 564 7.6 

1 h/750/air 

1 h/750/air 

OiP 

1 h/750 + 4 d/500/air Oilc/air 

Air 

Air 

Air 

367 

342 

259 

724 

509 

512 

13.2 

4.5 

6.2 
~ 

U S  train rate is 02  in./in./min. 

oNot 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. open in a 

laboratory environment, can adsorb water vapor, and this can result in some hydrogen 

dissolving in the metal by the reactions described previously. Diiring 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-lb) 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-lb)] heats were melted, the gas-related porosity was minimized. A 230-kg 

(500-lh) heat, when melted at The Tirnken 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-lb) 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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Vacbium-inductism-melt~d heats using the same melt stock that produced the Swiss- 

cheesc type structure were free of any gas porosity. Vacuum melting helps in two ways: 

(1) it eliminates most moisture in the system and prevents the hydrogen-pro 

with aluminum and iron, and (2) it helps to pump out any hydrogen that might have been 

dissolvcd in the melt stock. 

Based on the above results and those of Liu, McKaiaiey, and Lee,G it appears that 

iron-aluminide alloys are susceptible to hydrogem ernbrMement though a chemical reaction 

of aluminum and iron with moisture in air. TIie results in this report have presented some 

means for reducing the effect and improving the ductility. Whereas a higlnly elongated 

grain s t r u c t ~ ~ e  can improve ductility, this micmsnucturd approach i s  limited to sheet and 

plate applications; it cannot be used for castings and forgings or after high-temperature 

aging Oil quenching provides additional iniprovement in ductility and may be useful in 

some cases. The ideal method of addressing the environmental probleni is to add alloying 

elements that will pennit quick susface passivation. Such alloy additions are currently 

under investigation. 

thc ductility ofFe3Al-based iron aluminides. Table 11 shows the data on a 500-g (1-lb) 

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 pemitted only a maximum diictility 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 eoinrncrcial melt stock, which was supplied by The 'Tiillken Company. 

' lhis melt-stock analysis should have: resulted in residual amounts of Mn, Si, and Mg. 

(Magnesium comes from impurities in the aluminum,) Once again, the k s t  RTJT ductility for 

this alloy e m s  12% as opposed to 20%, which was observed for the same alloy using pure 

melt stock at ORNI,. 'I'he impurity content of these heats also required higher forging and 

rolling temperatures. 

The air-induction-melted ingot (X3908 of FAk) resulted in maximum RT elongation 

In addition to melt practice, impurities such as silicon and manganese tend to reduce 

values of 12%. Detailed chemical analysis of this ingot showed that it contained 

0.2 wt % Mn and 0.50 wt % Si. Based on the results in Table 11 for 0.20 wt % Mn and 

0.40 wt % Si addition, it is believed that thc 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 [SO0 g (1 lb), Heat 132321) 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 moldu 

Heat treatment 
Strength (MPa) Ductility (%) 

Test Sirain Specimen Sheet treatment Specimen treatment 
number 0.2% Tensile Reduction temperature rate 

Temp. Time Cooling Temp. Time Cooling ("1 (Inln- I Yield strength Elongati~n of area 
("c) (h) mediumb (") (h) mediumb 

1L 700 1 w 700 1 OQ 25 0.2 500 737 7.66 5.83 

2L 700 1 CQ 700 1 CQ 25 0.2 467 725 7.44 7.72 

3L 700 1 cp 750 1 OQ 25 0.2 414 718 9.06 8.04 

4L 700 1 CQ 750 1 CQ 25 0.2 425 596 3.66 4.71 

m 
Ln 5L 700 1 OQ 800 1 CQ 2 5 .  0.2 371 594 6.62 5.84 

6L 700 1 CQ 800 1 CQ 25 0.2 367 655 8.44 6.52 

7L 700 1 w 850 1 OQ 25 0.2 375 672 8.70 4.90 

8L 700 1 w 850 1 w 25 0.2 380 660 8.90 6.69 

UManganese and silicon were intentionally added to the FA-129 composition to simulate the residual elements from scrap. 
The ingot was hot forged at 1ooo"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-mi (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. 

bOQ = oil quench. 



66 



67 

. 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 d l  steels; (3) resistance to stress corrosion cracking cornpardble to 

carbon and low-alloy steels; (4) g o d  corrosion resistance in molten nitrates as compared to 

all steels; (5) resistance to atmospheric corrosion (rusting) 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, 

2. The effect of melting practke such as vacuum induction, vacuum arc remelting, 

3. Alloy compositions with ninimum environmental effects will be scaled up and 

environmental effects on mechanical properties. 

and electroslag remelting on mechanical properties will be determined. 

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 mateial cost. 

These materials also conserve strategic elements such as cliromiuxn 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 



tensile properties, scaleup and faZ>rica,tir>n of sclccted csmposi%ions, r n ~ l ~ ~ ~ ~ i c a l  propertics 

of scaled-up hcaas, ernvironmental effects; pstential applications, and future plaris. 'I'hc 

following statenicnts sumaaz~z@ the present work: 

1. Iron aluminides based 0 1 1  Fc-%8 at. 96 Al havc been ductilizcd to RT tensile elongations 

of 15 to 20% four the first time. 

2. Ductility improvements havyc been achiewd t'nroagh krmmxchanical processing and 

hcat-treatment c o n ~ d .  This method of dracflity irnprovenneni has &em demonstrated 

fOr a rat-lge of comporieinas. 

3. Melting, casting, and pnwcssing of 7-kg (1s-ibj heats at ORM. and 7O-kg (150-lb) 

heats at a commercial vendor w~ere described. Considerbig the information available, 

vacuum melting is recomrneinded for thcse anaterials. Other iefining processes such as 

electroslag rernclting ape also desirable. 

4. The Fe+l-based iron aluminides are easily hat wodcd by forging or cxtmding at 

tempe-rzr:Lsres in thc r a n g  of 850 to 110L1"C Rolling is iirrially rccommended at 800°C 

with t i e  final 50% Tedi;rF;On at 650°C. Uascd on the d ~ a  presented, thesc alloys 

should bc readily hci wcakable Sce:ae caw -wi ill be ieqiiircd in processing at RT 

because of limited ductility at this tzrnperahie. 

5. Tefisile and creep prapereies of 7- and 70-kg (15- and 150-lb) heats were presented. 

The K'P' tensile dorigation a id  related uliirnatc tens;k strcxgth values were most 

differcat &tween OKNL and cornmexially melted material. I ~ w c r  valiies for 

cemmercially meltcd material werc explaincd in terns of impurity effects, especially 

i k o n .  Creep piopertirs of the alloys that are the most d~actilc at WT 

arc significantly lowc; tlaan these observed for type 304 stainless steel, '4t least one 

cornpsition suggests that creep properks cqaal to typc 304 stainless steel may be 

possible. 

6. Data presented in ths  report suggcst t h t  the Fcjnl-based compositions tested so far are 

sensitive to envkonmental effects. T'ht; envirmw;ent of concern is water vapor, which 

reacts with alurniniirn a d  iron is form hydrogei~ at the metal surface. The hydro-ogcn 

produced is adsor"md and absorbed LI the specimen d~xri'lng tesiirig and rcsults in low 

RT dnrtilities. The usc of highly elongated gains with essen:ially no transverse 

boundaries is one way of rducing the hydrogen diffusion and thereby increasing the 

ductility. ,4n oil weatment provides additional improvement in ductility by providing a 

ban-ier for inteaction of the met21 surface with moisture. However, alloy 

mdificaticans, which can provide rapid passivation of the surface at WT and thus 



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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