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DEVELOPMENT OF IRON ALUMINIDES FOR COAL CONVERSION SYSTEMS,’: 

C. G. McKamey, C. T. Liu, S .  A. David, J. A .  Horton, 
D. H. Pierce, and J. J. Campbell 

ABSTRACT 

A study is under way to develop iron aluminide alloys 
based on Fe3A1 with an optimum combination of strength, 
ductility, and corrosion resistance for use as hot components 
in advanced fossil energy conversion systems. The study to 
date has included two phases: (1) properties of Fe-Al-based 
compositions between 24 and 30% A1 were studied and an 
evaluation made of their potential for further alloy develop- 
ment; and (2) one binary alloy was chosen for further alloy 
development and property characterization. Studies include 
fabricability, microstructure, tensile properties, oxidation 
and sulfidation resistance, and weldability. 

This report summarizes the results of the two phases of 
work described above. A discussion of the effect of aluminum 
concentration on mechanical properties o f  the binary alloys 
prepared in phase 1 of this study is included. From the 
results of phase 1, it was determined that Fe-28 at. % A1 is 
the most promising alloy for further development. Initially, 
0 .5  wt % TiB2 (-1 at. X )  was added for grain refinement. It 
has since been determined that not only are the TiB2 precipi- 
tates deleterious to the weldability, but that grain refinement 
can be produced by the addition of other elements. Therefore, 
the addition of TiB2 was halted after the initial studies of 
the effects of ternary additions. In phase 2, additions of 
chromium, niobium, boron, and molybdenum were shown to improve 
high-temperature strength, room-temperature ductility, and 
creep resistance. The results of weldability, tensile, and 
creep tests, as well as the present status of oxidation and 
corrosion studies, are reported. 

1. INTRODUCTION 

The objective of this task is to develop low-cost, low-density 

intermetallic alloys based on Fe3A1 with an optimum combination o f  

Research supported by the U.S. Department of Energy, Morgantown .!! 

Energy Technology Center, Surface Gasification Materials Program, and the 
AR&TD Fossil Energy Materials Program, under contract DE-AC05-840R21400 
with Martin Marietta Energy Systems, Inc. 
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strength, ductility, and corrosion resistance for use as components in 

advanced fossil energy conversion systems. Initial emphasis has been on 

the development of iron aluminides for heat recovery applications in coal 

gasification systems. Iron aluminides near the Fe3A1 composi.tion are 

expected to be resistant to corrosion in hi-gb-temperature fossil energy 

systems because of their ability to form protective aluminum oxide scales. 

Currently, however, their usefulness is limited by their low room-tempera- 

ture ductility (<5%) and poor hot strength above 60OOC. 

efforts of this task focus on developing alloys with base compositions 

near Fe,A1 that have improved hot strength and room-temperature ductility, 

while retaining the oxidation and corrosion properties of the base alloy. 

In previous reports, we have presented results of our preliminary 

The current 

study of the fabricability, microstructures, mechanical properties, 

oxidation and sulfidation properties, and weldability of several binary 

alloys near the Fe3A1 composition. Since the completion of that work, oiir 

program has centered on two technical tasks: (1) a more in-depth study of 

the correlation between aluminum content, microstructure, and mechanical 

properties in binary iron-aluminum alloys of 24-30 at. % Al; and (2) the 
effect of macroalloying (c10 at. %) and microalloying (<1 at. %) on the 

metallurgical and mechanical properties o f  our selected base alloy, 

Fe-28 at. % Al." This report briefly summarizes the results of OUK early 

work on binary iron aluminides and describes recent results of the two 

tasks noted above. 

-1.. 

2. BACKGROUND 

Currently, most heat-resistant alloys are either nickel-based ox 

high-nickel-content steels containing a delicate balance of one or mote 

strategic elements such as chromium, cobalt, and tungsten to produce t h e  

desired properties. In spite of their high degree of development, these 

state-of-the-art alloys da not have the desired characteriktics for the 

hot components of advanced fossil energy conversion systems, because af 

their susceptibility to aging embrittlement, to chromium evaporation at 

"Throughout this report all compositions are reported in atomic 
percent unless otherwise noted. 



high temperatures, and to catastrophic hot corrosion in sulfur-containing 

environments. Because of their resistance to the formation of low-melting 

eutectics and their ability to form a protective aluminum oxide film at 

very low oxygen partial pressures, iron aluminides near the Fe3A1 com- 

position exhibit excellent corrosion resistance at high temperatures in 

such environments. Their high strength at room temperature, lower den- 

sity, and lower cost are also advantages to their use. However, their 

usefulness for structural applications is currently limited by their low 

room- temperature ductility (1-5X) and their poor hot strength above 6 0 O O C .  

Studies of the phase relationships in the Fe-A1 system near Fe,Al 

have resulted in the phase diagram shown in Fig. 1. The following phase 

regions have been confirmed:"-' a disordered solid solution (a), ordered 

FeAl ( B 2 ) ,  ordered Fe,Al (DO,), and the two phase regions, a+D6, and 

a+B2, with the boundaries shown in Fig. 1. Two versions o f  the phase 

diagram are proposed that are in agreement with respect ta the shape of 

the various phase fields, but in disagreement on the location of the 

boundaries. 

and critical experiments that both versions presented i n  Fig. 1 were 

correct; the diagram according to Oki, Hasaka, and Eguchi being the 

metastable one, while the Okamoto and Beck' version was the true equilib- 

rium diagram. T h i s  apparent discrepancy, according to A l l e n  and Cahn, J 

arose from the initial generation of l a rge  coherency strains between n 

and Lhe ordered phases that constricted tlxe t w o  phase fields and depressed 

the miscibility gap. Upon relaxation of the stdresses by long equilibra- 

tion anneals, the t w o  phase regions expand to the boundaries found by 

Okarncito and Beck.6 

Allen and Cahn7 3 * concluded from thermodynamic considerations 

The tensile behavior of Fe3Al-based slloys has n strong dependence on 

temperature, composition, and heat 

near the Fe,A1 composition increases with temperature above 30Qo@ to a 

maximum value near 550'~ and then decreases sharply. This temperature 

corresponds to the second-order phase transformation temperature between 

the EO, and t h e  R2 ordered structures.'~~ Morgand et a1.13 showed that 

this peak in yield stress occurs clearly at compositions from about 23 to 

32% Al, which coincides with the  composition range of the DO3 phase. This 

type of yield behavior has been observed in many other ordered systems, 

The y i e l d  stress ( a y )  
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Fig. 1. The iron-aluminum plisse diagram showing the phases of 
interest to this study. 

including Ni3Al (ref. 141, FeCo (ref. l o ) ,  CuZn (ref. 15) ,  and Ni3Hn-n 

( re f .  IS). Conflicting explanations for iLs OcciIrrence in FeJAl are giver) 

i n  numerous reports. Different mechanisms have beeat proposed to explain 

t h e  presence of the yield stress peak as a function o f  temperature, 

including the cross-slip model proposed by Kear and W i l s d ~ r f ' ~  and 

Takeuchi and Kurzmotol" and a change in dislocation configuration with 

degree of order proposed by S t o l o f f  2nd Davies." 

proposed mechanisms appears to be entirely applicable to the Fe,Al 

system. 

Howcver, none of the 

Within the DO3 structure, the possible superlattice dislocations and 

their imperfect variants are show in Fig. 2 (refs. 9, 20, and 21). 

Associated with. the imperfect variants will be deformation-induced 

antiphase boundary ( A P B )  trails [Fig. 2 ( d - f ) ] .  Because the motion o f  the 

imperfect types leads to the formation of nearest-neighbor and next- 

nearest-neighbor APBs (NNAPBs and NNNAPBs), these configurations are 

mobile only when the magnitude o f  the external stress is sufficient to 
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Fig. 2. Schematic illustration of 
possible DO3 superlattice dislocations 
and their imperfect variants. 

allow for production of APDs. At coinpasitions of 24-26% AI, single dislo- 
cations, sometimes with trailing APBs  [similar to Fig. 2(e) and (f)], have 

bean shown to be responsible for  the deformation." 

levels, deformation is thought to occur by APB-coupled dislocations." 

The change i n  dislocation character r e su l t s  from a change in APB energy. 

As the aluminum content increases, the energy of the DO, A P B  (NNNAPB) 

decreases and the  B2 APB (NNAPB) e n e r g y  increasex,2Q~21 resulting in 

twofold supcrdislocations as shown in Fig. 2(h). Thcre is onc report of 

t h e  existence of fourfold superlattice dislocations [Fig. 2(61)] at com- 

positions from 25-30% AB (ref. 22). 

At higher aluminum 

Although iron-aluminum alloys have been studied since the early 

19OOs, relatively little information on the effect of ternary additions on 

the mechanical and physical properties of Fe3Al is available. Because of 

the brittleness o f  alloys with higher aluminum levels,23s2b early studies 

concentrated on alloys with less than 20% Al. Recently, more interest has 



centered on the Fe3A1- and FeAl-based ternary alloys because of the 

improved corrosion resistance at high temperatures that the higher 

aluminum levels provide. Justusson et al." reported a slight 

strengthening, accompanied by a loss of room-temperstwe ductility, for 

small additions of titanium to Fe3A1. Athanassiadis et a1.26 and 

Mendiral La and Eipsitt' used transmission electron microscopy ( E M )  to 

study the effect of ternary- additions on the DO3 t o  B% Lransfnsmation tern- 

peraturt?. 

the ductility and fracture mode of Fe,A1 azd t h a t  additions of silicon 

and copper sevnrely enrbrittled the alloy by a prnccss of second--phase 

prthcipitation. They also reported t h a t  nickel. additions resulted in 

alloy4 t,hat failed intergranularly, except Cor an alloy of composition 

Horton et al.28 found t h a k  additivns of boron had no effect on 

Fe-4tONi - 2 O A 1 .  

Several r e p o r t s  were written in the 1950s and 1960s dcscrr-ibing the 

properties of an alloy called Thermenol developed by the Naval Ordnance 

Laboratuxy. This alloy contained 28% A1 and -2% 110 p lus  small amounts 

(<1%) of zirconium and carbon. Thermenol was reported tu have excellent 

oxidation and corrosion resistance, good stress-rupture and tensile 

strength at elevated Lempsratures, soft magnetic characteristics similar 

to some nickel-based alloys, and high electrical 

However, no significant commercialization O C C U P ~ Y ? ~ ,  because of low room- 

temperature ductility and difficulties with processing and control of 

microstructure. 

A recent program sponsored by the Materials Laboratory, Wright- 

Patterson Air Force Base, in which the contractor was UnitcA Technologies 

Corporation, Pratt and Whitney Aircraft, Government Products Division, 

addressed the development of iron-aluminide base alloys using rapid 

solidification.33 

RSR (rapid-solidification-rate) process and then consolidated by hot 

extrusion. Following consolidation, specimens for study were produced by 

hot and warm working. One of the most important developments to come from 

this program w a s  the result that Fe,A1 alloys containing TiB2 precipitates 

could achieve room temperature tensile-elongation values in the range 15 

to 20% with tensile strengths of 965 MPa (140 ksi). The creep rupture 

strength at 982OC was about equal to that of Hastelloy X. 

Powders were produced by the Pratt and Whitney-developed 

Variations in 
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consolidation and working conditions and the use of fine vs coarse powder 

caused variations in the microstructure, which were found to be the major 

reason for variations in strength and ductility. In general, the finer 

grain structures produced the best combination of mechanical properties. 

Culbertson and Korto~ich’~ reported the results of their alloy 

development program involving the addition of certain amounts of titanium, 

vanadium, chromium, manganese, nickel, niobium, molybdenum, tantalum, 

copper, or silicon on mechanical properties, workability, and oxidation 

resistance of Fe3A1. Their alloys were prepared by Pratt and Whitney, 

using the RSR process described above, as well as isothermal forging pro- 

cessing procedures. Oxidation tests involved exposures in laboratory air 

at 816OC.  Visual- and weight-change results indicated that only two 

alloys (5% T i  and 10% V) exhibited significant loss of oxidation 

resistance, compared with the Fe,A1 base material. Workability testing, 

involving upset isothermal forging at 3 5 4 O C ,  indicated no adverse eCfects 

in any of the alloys tested. Improvements in room-temperature yield 

strength, as measured by tensile testing, were obtained with additions of 

up to 5% niobium or tantalum. 

strength were produced by additions of silicon, tantalum, molybdenum, 

niobium, or chromium. However, all additions except chromium produced a 

significant drop in room--temperature ductility, compared with the 5% 

ductility of Fe,Al. 

temperatures in an alloy wit.h small additions of rncPlybdenurn and chromium 

was noted. 

At 600”C, significant increases in yield 

A strong solid-solution strengthening effect at high 

Diehm and Mikkola3’ have investigated the effect of the addition af 

1.9% Mo and 3 . 9 %  Ti on the yield strength and work-hardening rate of Fe3Al 

as well as the tcrnperature of the DO3 to B2 transformation. They note that 

the deformation behavior is determined largely by the stability of the DO, 

structure relative to the E 2  structiire and that, by adding elements that 

increase the transformation temperature, the anomalous peak in yield 

strength can be pushed to higher temperatures. 

that room-temperature deformation is by $<111> dislocation pairs, which 

create NNNAPBs. At 65OoC, deformation is by motion of $<Ill> unit 

dislocations and at 8OO0C, by the +<loo> type characteristic of the B2 

Examination by TEM indicated 
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structure. However, the addition of more solute or a change in the  

aluminum concentration can cause the appearance of <llO>-type dislocations 

in the DO, structure. 

An excellent detailed review o f  the research and development of 

iron-aluminum based alloys was recently compiled by R. E .  Kook (ARMCO, 

Pliddleton, Ohio, unpublished data), 

3 .  EXPERIMENTAL PROCEDURES 

All alloys used in this study were prepared by arc-melting under 

argon and drop-casting into water-cooled copper molds. After homogenizing 

for 5 h at 1000°C, the alloys were hot-rolled to a thickness of -0.9 mm, 

starting at 1000°C and finishing at 6 5 O O C .  

mm was done at 60Q°C. 

Final warm rolling to -0.76 

Tensile samples with a gage section of 0 . 7 6  x 3.18 x 12,70 mm were 

punched from the tolled sheet. After a standard heat treatment of 1 h at 

85Q°C (for recrystallization) plus 7 d at 500°C (for DO3 ordering), 

tensile tests were conducted in air on an Instron testing machine at a 

strain rate of 3 . 3  x lo-’ s - ’ .  The creep properties of selected iron- 

aluminide alloys were determined at a stress of 207 MPs (30 ksi) at; 5 9 3 O C  

i.n air. The temperature was monitored by a platinum vs Pt-IOX Rb 

thermocouple located at the center of the gage section, and the creep 

elongation was measured using a dial gage. 

Oxidation studies were performed on rectangular samples measuring 

-10 by -15 mm, cut from the Q.76-mm-thick rolled sheet. The samples were 

prepared for testing by mechanically polishing with 4-8 emery paper, 

followed by anneali.ng in vacuum for 1 h at 800°C. 

were then performed at 800 and 1000°C for a total exposure time of 500 h .  

Measurements of the  weight gain as a function of time hdieated the 

degree of oxidation. 

Air--oxidation tests 

Samples of selected alloys were cut from the rolled sheet in 10- by 

10-mm squares for sulfidation studies. Surfaces were cleaned as noted 

above and annealed for 1 h at 8 O O 0 C  in dry hydrogen. 

were wrapped in platinum foil, sealed in evacuated capsules containing 

CaSO,,, and soaked at 700°C for 168 h. Additional tests were done at 871°C 

to produce a higher sulfur gas pressure. 

The cleaned samples 
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Samples for preliminary welding studies were prepared by mechanically 

polishing as above, then heat treating in vacuum for 1 h at 858OC plus 7 d 

at 500°C. Both autogeneous electron beam (EB) and gas tungsten arc (GTA) 

welding procedures were used. 

Specimens were prepared for  TEM by spark-discharge machining 3-mm 

disks from the 0.76-mm tensile samples, grinding to a thickness of 0.3 mm, 

and electropolishing i n  one part nitric acid to four parts methanol in a 

Struers Tenupol jet polishing unit a t  - 2 8 O C .  

performed in a Philips EM430. 

Electron microscopy was 

Optical metallography was performed on specimens etched in a solution 

of 40 ml HNO,, 60 ml CH,COO€I, and 20 ml HC1. Grain sizes were determined 

by the method of linear intercepts. 

4 .  STUDIES ON BINARY ALLOYS 

4.1 GENERAL CHARACTERIZATION 

In previous we have presented results of our  studies of 

the fabricability, microstructures, mechanical properties, oxidation and 

sulfidation resistance, and weldability of several binary alloys near the 

Fe3A1 composition. This section summarizes only the results of those 

studies on alloys of 24-30% A1 to which 0.5 wt % TjB, ( ~ 1  at. %) had been 

added for grain refinement. 

Figure 3 shows the tensile properties of iron aluminide as functions 

of aluminum concentration and test temperature. At room temperature, the 

0.2% yield stress was highest for the 24 to 26% A1 alloys ( ~ 7 5 0  MPa) and 

then decreased rapidly to about 350 MPa for the 30% A1 alloy. The same 

trend was observed for samples tested at 200 and 4OO0C, although stress 

levels were lower. The decrease in yield stress with aluminum content 

from 24 to 27% is discussed in the next section, in terms of a change in 

dislocation structnre from unit dislocations to superlattice dislocations. 

At test temperatures of 600 to 8 O O 0 C ,  the opposite trend was observed: 

the lower aluminum-content alloys exhibited a slightly lower yield 

strength. 

The ductility shown in Fig .  3 ( b )  is also dependent on aluminum 

content and test temperature. The 24% alloy exhibited a tensile elonga- 

tion of about -1% at room temperature. With increasing aluminum 
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concentration, the elongation reached -5% for the 30% alloy. A sharp 
increase in ductility was observed with test temperature above 4OO0C, 

reaching 50% at 60OoC. 

is no difficulty in fabricating these alloys above 60OoC. 

Because of the excellent hot ductilities, there 

Preliminary oxidation studies were conducted on several binary iron 

aluminides near the FejAl composition. 

and 1000°C for -500 h. 

compares the oxidation resistance of the iron aluminides with that of type 

316 SS under the same test conditions. 

aluminides had a dull bluish gray color, with no apparent spalling, and 

weight gains <0.5 mgjcm'. 

-1.2 mg/cm2 at 120 h, when it began to spall. 
net weight gain of 0.95 mg/cm2. 

des were still low (<0.6 mg/cm'), while the type 316 SS had begun to spall 
badly. The ability of the iron aluminides to form a protective oxide film 

is quite evident in these studies. 

The tests were performed at 800 

Table 1 presents the results of these tests and 

After 526 h at 8OO0C, all iron 

Type 316 SS, on the other hand, had gained 

After -520 h, it showed a 
At 1000°C, weight gains for the alumini- 

Table 1. Oxidation of iron aluminides 

Weight change after 526-h exposure (mg/cm2) Composition 
(at. % Al) 8OO0C l0OO0C 

Alloy 

FA-36 24 
FA-40 25 
FA-38 26 
FA-41 27 
FA-39 30 

Type 316 SS 

0.45 
0.46 
0.45 
0.43 
0.14 
0.95 

0.45 
0.54 
0.45 
0.54 
0.47 

-151.68 

Sulfidation tests were conducted on alloys of 24 to 27% A1 at 700 

and 871OC for 168 h. 

oxide scale on all alloys being in the interference color range (Fig. 4). 

At 871°C, all alloys were covered with a uniform gray coating of oxide and 

weight gains were 0.22 to 0.27 mg/cm'. 

that iron aluminides near FeJAl are very resistant to sulfur-containing 

environments. 

Attack at 7OO0C was minimal (CO.05 mg/cm2), the 

These results clearly indicate 
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Preliminary weldability results indicated that the alloys with the 

highest aluminum content had the best weldability. 

cracks occasionally formed in the fusion and heat-affected zones, 

especially in alloys with lower aluminum content. 

Transverse or crater 

The results of phase 1 indicated that alloys of 24 to 30% A1 with 

small additions of TiBi could be fabricated by routine, low-cost melting, 

casting, and rolling procedures. A self-protecting oxide layer, which 
forms during annealing under low oxygen pressures, provided excellent 

oxidation and sulfidation resistance. 

than those for type 316 SS at temperatures below 76OoC and for modified 
9Cr- 1Mo steel at temperatures above 550°C. 

increased with the addition of aluminum. 

studies indicated that the alloys with higher aluminum content had fewer 

cracks in the fusion and heat-affected zones. On the bases of fabric- 

ability, strength, ductility, corrosion resistance, and weldability con- 

siderations, the Fe-28% A1 alloy was chosen as the base alloy for further 

development. 

The tensile strengths were higher 

The room-temperature ductility 

Our preliminary weldability 

4.2 EFFECT OF STOICHIOMETRY ON MECHANICAL PROPERTIES 

Figure 5 shows the room-temperature tensile properties as a function 
of stoichiometry near Fe3A1. The 0.2% yield strength (ay) was highest for 
the 24-26% A1 alloys (=750 MPa) and then decreased rapidly to -350 MPa for 

the 30% A1 alloy. 

around 26% A1 coincides with the boundary between the a+D03 and DO3 phase 
fields (see Fig. 1) at =500°C (the temperature used for our ordering heat 

treatment). Previous studies have shown that, at this temperature, com- 

positions near 24% can be age-hardened by precipitation of disordered a 

from the ordered DO3 phase.36 
sufficient to cause this reaction to occur, as indicated by the presence 

of the disordered a phase between ordered thermal DO3 domains in the T E M  

micrograph shown in Fig. 6. 

diffraction vectors show the dark regions to be disordered and the bright 

regions ordered. Alloys of 26% A1 and higher do not age-harden at 500°C, 

because they lie outside the a+D03 phase field at that temperat~re.~~ 

This transition from high cy values to lower values 

Our heat treatment at 500°C €or 7 d was 

Dark-field images using <111> and <002> 
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Fig. 6. A <111> dark-field transmission electron 
micrograph of Fe-24X A 1  showing its two-phase nature: 
bright regions are ordered DO3 phase; dark regions are 
disordered a phase. 
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The higher room temperature strength of alloys near 24% A1 may therefore 

be related to the presence of both disordered and ordered phases (i.e., a 

precipitation hardening effect). 

Figure 5 also shows that the ductility exhibited a fourfold 

increase from 1% at 24% A1 to 5% at 30% Al. This increased ductility 

corresponds to the decreased yield stress with increasing aluminum 

content. Note that all the alloys in this study exhibited essentially 

intergranular fracture,3 and this behavior was not affected by the 

increase in aluminum content. 

In terms of dislocation structures, the studies of Stoloff and 

Davies, l o  Morgand et al. , l 3  Saburi et al. , ' I  and Mendiratta et al. 37 show 

that the 24-26% A1 composition is in the range where the dislocation mode 

changes from the glide of single ~ao'<lll> dislocations (where a,' is the 

lattice parameter for the DO3 structure) associated with the a phase to 
glide of aao'<lll> dislocation pairs in the DO3 superlattice. However, 

any possible fault contrast associated with slip dislocations in the 24 

and 25% A1 samples of this study were obscured by the small scale of the 

ordered and disordered regions. 

aluminum above 26% is due to the formation of paired dislocations (i.e. , 
superlattice dislocations [as in Fig. 2(d)]) which glide easily in the 

ordered DO3 lattice. * 

The sharp decrease in cry with increasing 

Dislocation and APB types were studied by TEM as a function of 
composition. 

guished in TEM by using the appropriate diffraction conditions. 
with a <111> superlattice diffraction vector will give rise to contrast 

from both the NNAPB and NNNAPB trails, while a superlattice diffraction 
vector of <002> or <222> will give rise to contrast only from NNAPB 

trails. Also, it has been shown by Crawford and Rayt2 that, as the 

aluminum content increases, the APE energy associated with the DO3 order 

(NNNAPB) decreases, while the APB energy associated with the B2 order 
(NNAPB) increases. Therefore, the number of superlattice dislocations 

which trail <111> APE faults are expected to decrease with an increase in 

aluminum level, while those which trail <loo> faults should increase. 

The different types of dislocations and APES can be distin- 

Imaging 
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As noted above, the 24% A1 alloy exhibited a two-phase structure 
and the dislocations were obscured by the scale of the APBs (Fig. 6 ) .  At 

26% Al, which was single phase (DO3), thermal APBs of both B2 and 
DO3 ordering were observed [Fig. 7(a and b)]. 
tions were coupled with a <111> fault with dislocation separation 

generally greater than 0 . 5  pm [Fig. 7 ( c ) ] .  Some of the curved <loo> 

faults, which were originally thought to be thermally produced, were seen 

to terminate in dislocations [Fig. 7 ( d ) ] ,  suggesting they were deformation 

induced. The presence of both kinds of deformation-induced faults was 

expected, because it has been shown that the energies of the two types of 

APB are about equal at this composition.22 

Most of the slip disloca- 

Thermal APBs with a fault vector of <loo>, which results from the DO3 
order, were present in the 28-30% aluminum alloys, but no <111> thermal 

faults were seen. 

generally not resolvable, in agreement with the expected higher APB energy 
of the <111> fault. 

instead of two aao'<lll> types. 

<loo> type were present. 

they should not impede the slip of dislocations, so no coupling of their 

dislocations was observed. 

Any coupling of dislocations by a <111> fault was 

Movement is, therefore, by one &ao'<lll> dislocation 

Also, many long, straight faults of the 

The energy of these APB faults is so low that 

The high yield stress of the 24% A1 alloy is caused by the two-phase 

nature of the material as well as by a low mobility of dislocations 

coupled loosely with APBs, the glide of which is expected to be subjected 

to a high lattice frictional stress. ' Above 26% Al, the APB energy of 
the <111> fault vector increases substantially with increasing aluminum 

content. The continuous drop in yield stress with aluminum concentration 

above 26% in Fig. 5 is thereby attributed to tightly coupled superlattice 

dislocations (paired fao'<lll> type), behaving like single $ao'<lll> 

dislocations. 

function of composition is continuing, and the results of this study will 

be provided in a separate report. 

Our study of dislocation structures and APB types as a 

Figure 8 shows the 0.2% yield strength as a function of temperature 

For clarity, only the data for for several of the compositions studied. 

the 24 and 28% A1 alloys are included. 

similar to that for the 24%; the curves of the 26 ,  27 ,  and 30% A1 alloys 

were similar to that of 28%. 

The curve for the 25% A1 alloy was 

Other researchers have shown that by near 

c 
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Fig. 7. Transmission electron micrographs of Fe-26% A l .  

( a )  <11P dark field showing both DO3 and B 2  A P B s .  
field showing only B 2  A P B s .  
faults between dislocations. (d )  Bright field showing curved APB 
ending in a dislocation. 

(b) <222> dark 
(c) <ZOO> dark field showing <111> 
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Fig. 8. Yield stress of iron aluminides vs test 
temperature and comparison to modified 9Cr-1Mo and 
type 316 SS. 

the Fe3A1 composition increases with temperature above 3OO0C to a maximum 

value near 55OoC and then decreases sharply. 3 I s This temperature 

corresponds to the second-order phase transformation temperature between 

the DO3 and the B2 ordered structures.',' 
this peak in 
coincides with the composition range of the DO3 phase. 
this type of yield behavior has been observed in many other ordered 

systems and several different mechanisms have been proposed to explain its 

presence as a function of temperature. 

mechanisms appears to be entirely applicable to the Fe3A1 system. 

seen from Fig. 8 that, under the conditions of our test, the alloys 

containing 24 and 25% A1 did not show the same yield behavior as the 
26-30% A1 alloys. 

25% A1 are age-hardenable above 4OO0C, because of the precipitation of a 

from the ordered DO3 phase. 

ambient temperatures is a consequence of that age-hardening reaction 

Morgand et a1.13 showed that 
occurs clearly at compositions from -23 to -32% AI, which 

As noted earlier, 

However, none of the proposed 

It is 

As noted above, 1n0uye~~ reported that alloys of 24 and 

The higher yield strength of these alloys at 
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produced by our ordering heat treatment of 7 d at 50OoC. 

showed that by slow cooling from above 55OoC, with no aging, the anomalous 

yield stress peak could be produced at these compositions. Our data for 

the 26-30% A1 alloys showed the expected anomalous yield behavior with a 

maximum between 550 and 60OoC. 

the presence of the DO3 phase field, as evidenced by the phase 

diagram (Fig. 1). 

Inouye also 

This composition range coincides with 

Figure 8 also presents a comparison of the yield strength of the 

iron aluminides near the 28% A1 composition with that of type 316 SS and 

modified 9Cr-1Mo alloy. 

iron aluminides is better than that of type 316 SS up to 76OoC and better 

than that of modified 9Cr-1Mo steel above 55OoC. 

at temperatures below 4OO0C (Fig. 9) needs to be improved. 

It can be seen that the yield strength of the 

However, the ductility 

5. DEVELOPMENT OF ALUMINIDE ALLOYS 

The binary alloy Fe-28% Al, with and without TiB,, was chosen as the 

base alloy for further study. Table 2 lists the elements that have been 

added as alloying agents and the composition ranges that have been used. 
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Fig. 9. Ductility vs temperature for Fe-28% A1 
compared with modified 9Cr-1Mo and type 316 SS. 
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Amounts added 
(at. %) Additive 

TiB 1 
Mo 0.5-2.0 
Mn 4-6 
Cr 2-6 
Nb 0.5-2.0 

Table 2. Alloying agents currently being studied 

~ ~~ 

Additive Amounts added 

Ti 2 
Zr 0.1-2.0 
B 0.1-0.2 
Ce 0.01-0.03 
Y 0.01-0.03 

(at. %) 

These elements were added to the Fe-28 % A1 base composition singly to 

produce ternary alloys or in combinations of two or more. 

TiB2 precipitates were added for grain refinement. 

discussed, these precipitates seemed to cause cracks during welding of the 

alloys. 

could be produced by the addition of certain other elements, the addition 

of TiBL was halted. A total of 45 alloys, listed in Table 3, have been 

prepared by standard arc-melting, drop-casting, and hot-rolling proce- 

dures, as explained above. For the purposes of this report, they have 

been designated as ternary or multicomponent alloys. 

Initially, the 

However, as will be 

Because of this cracking problem and because grain refinement 

Table 3. Alloys currently being studied 

designation TiB2 addeda Alloying element FA- 

37, 61  
52, 53, 56 
62 
69, 70 
71 
63, 64, 65 
77, 72, 78 
59, 66 
79 
57, 58 
67, 68 
60 
5 1  
55 
73-75 
$0-98 

y ,  N 
Y 
N 
Y 
N 
Y 
N 
Y 
N 
Y 
Y 
Y 
Y 
Y 
N 
N 

Baae alloys 
lh 
no 
k 
h 

. Cr 
Cr 
Nb 
Nb 
C. 

Y 
B 
Zr 
Ti 

Cambinationa of 
the ab- 

*iB2 vas added to SLOIW alloys aa precipi- 
tates to refine grain si- (Y = yes, N = no). 
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5.1 FABRICABILITY 

Specimens for this study were prepared by hot rolling at tem- 

peratures from 1000 to 65OoC, followed by a final warm rolling at 6OO0C to 

produce a cold-worked structure. Only alloy FA-54, containing 2% Zr, 

experienced difficulty during the rolling procedure. That alloy was very 

brittle and cracked excessively during rolling at temperatures lower than 

80OoC. 

treatment of 1 h at 85OoC plus 7 d at 5OO0C, showed many large zirconium- 

based precipitates. 

degree of cracking during the final rolling at 60OoC. 

Its microstructure, both as rolled and after a standard heat 

A few of the multicomponent alloys experienced some 
However, the 

cracking cannot be simply correlated with alloy composition and 

microstructure. 

5.2 MICROSTRUCTURES 

Figure 10 shows the as-rolled microstructures of alloys FA-37, -72, 

-84, and -91, which are typical of those produced in this study. All 

alloys that contained TiB2 (except alloy FA-54 with zirconium) exhibited 

a rolled structure similar to that of FA-37 [Fig. lO(a)] with elongated 

grains of <50-p width. Binary alloys without TiB2 had somewhat larger 

elongated grains of up to 150-pm width, as shown by FA-72 [Fig. 10(b)]. 

All the multicomponent alloys, except FA-84, -85, and -86, exhibited 
grains of -10-3O-pm width [Fig. lO(c)], probably due to the precipitates 

produced by alloying. Alloys FA-84, -85, and -86 had grains of up to 

50-pm width and showed fewer precipitates than the other multicomponent 

alloys [Fig. 10(d)]. 

The microstructures of all alloys were studied after the standard 

anneal of 1 h at 85OoC (for recrystallization) and 7 d at 5OO0C (for 

producing the DO3 ordered structure). In the following discussion, the 

ternary alloys (with and without TiB,) and the multicomponent alloys will 

be considered separately. 

5.2.1 Ternary Alloys 

Figures 11 and 12 show recrystallized microstructures for several of 

the alloys studied. The alloys in Fig. ll(8)-(c) and in Fig. 12 contain 

TiBL and had grain sizes of no larger than -60 pm (Table 4). Additions 

of molybdenum, niobium, titanium, boron, and zirconium reduced the grain 
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Y209604 

, 200pm I 

Y209631 Y209633 

d 

, 200ym , 

Fig. 10. As-rolled microstructures of several iron-aluminum alloys. 
(a) FA-37 base alloy, (b) FA-72, (c )  FA-91, urd (a) FA-84. All 
micrographs are lOOX . 



Y209607 Y205687 Y209610 

Pg11430 YE13632 9' 

Fig. 11. Microstructures of binary and ternary alloys with and without TiB2 
after recrystallization at 85OoC and an ordering heat treatment at 50OoC. 
alloy FA-37, Fe-28% A1 with TiB2. 
4% Mn and TiB2. ( d )  FA-61, base alloy without TiB2. 
TiB2. 

( a )  Base 
(c) FA-69, with (b) FA-64, with 4% Cr and TiB2. 

(e) FA-72, with 4% Cr and no 
All micrographs are 1OOX. (f) FA-71, with 4% Mn and no TiB2. 



24 

YE13571 
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Y209616 
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Fig. 12. Microstructures of several ternary alloys (all with 
TiB2) after recrystallization at 850°C and an ordering heat treatment 
at SOOOC. (a) FA-56, with 2% Mo. (b) FA-59, with 1% Nb. (c) FA-54, 
with 2% Zr. (d) FA-58, with 0.03% Ce. All micrographs are 1OOX. 
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Table 4. Effect of alloying additions on grain size 
of FeJAl with and without TiB2 

Without TiB2 With TiB2 

Alloy Grain 
designation size 

FA- (w) 

Alloy 
addition 
(at. %) 

Alloy Grain 
designation size 

FA- (vm) 

37 50 61 118 Base 
Mo 

0.5 
1.0 
2.0 

1.0 
2.0 

4.0 
6.0 

2.0 
4.0 
6.0 

2.0 

0.01 
0.03 

0.01 
0.03 

1.0 

2.0 

Nb 

Mn 

Cr 

Ti 

Ce 

Y 

B 

Zr 

52 
53 
56 

25 
25 
25 62 

79 

87 

6Sa 59 
66 

30 
15 

71 167 69 
70 

50 
40 

77 
72 
78 
C 

105 
112 
129 

60 
50 
50 

63 
64 
65 

55 30 
C 

57 
58 

50 
50 

C 

67 
68 

50 
50 

C 

60 25 
C 

54 3ob 

All values in this table are from samples 
recrystallized at 85OoC, except FA-79 which had not 
recrystallized at that temperature. Instead, a 
temperature of 95OoC was used. 

'Approximate value. 
precipitates prevented an accurate measurement. 

No alloys with this element were prepared 

a 

The great number of 

C 

without TiBz. 
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size when compared with the 50-um grain size of the base alloy, while 

additions of chromium, manganese, cerium, and yttrium did not seem to have 

much effect. Additions of cerium, yttrium, boron, manganese, zirconium, 

and molybdenum appeared to coarsen the precipitates already present. 

Whether they also added more precipitates will require more study. Most 

elements were added in more than one concentration, but only one element 

exhibited an effect on grain size with increased addition. 

niobium, produced grain sizes of 50, 30, and 15 vm with additions of 0, 1, 

and 2%, respectively. 

That element, 

The micrographs in Fig. ll(d)-(f) show the base alloy and ternary 

alloys containing 4% Cr and 4% Mn without TiB2, respectively. From Fig. 11 

and Table 4 it is seen that the addition of TiB2 produced a decrease in 

grain size of two to three times. 

effect on grain size with the addition of chromium; 105, 112, and 129 pm 

for additions of 2, 4, and 6% Cr, respectively. 

Table 4 also indicates a small reverse 

5.2.2 Multicomponent Alloys 

From the results of our earlier studies on the ternary series of 

alloys, we have chosen chromium, molybdenum, and niobium as important 

elements for improving room-temperature ductility, creep resistance, and 

high-temperature strength. Therefore, the microstructures of the 

multicomponent alloys under study, presented in Figs. 13 through 17, have 

been divided according to the major alloying elements: Fig. 13 contains 

alloys whose major addition is chromium; Fig. 14, molybdenum; Fig. 15, 

chromium and niobium; Fig. 16, chromium and molybdenum; and Fig. 17, 

chromium, molybdenum, and niobium. Again, all these alloys were heat 

treated as described above. 1 

Figure 13 presents alloys of Fe-28% A1 with chromium and small 

amounts of boron, yttrium, and/or zirconium. Boron, in the levels studied 

here, appears to go into solution unless another element such as zirconium 

is present, which tends to form borides. With or without TiB2, zirconium 

forms precipitates even at the 0.1% level. As noted above for niobium 

with and without TiB2, the addition of small amounts of zirconium results 

in an increase in the recrystallization temperature [note the partially 
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Y209629 Y209627 

Y209626 Y209622 

Fig. 13. Microstructures of several multicomponent alloys with 
chromium as the major alloying addition, after recrystallization at 85OoC 
and an ordering heat treatment at 50OoC. 
(c) FA-90. ( d )  FA-98. All micrographs are 1OOX. 

( a )  FA-84. (b)  FA-89. 
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YE13634 Y209624 

. 

Y20961 

Fig. 14. Microstructures of multicomponent alloys with 
molybdenum as the major alloying addition, after recrystallization at 
85OoC and an ordering heat treatment at 500°C. 
(c) FA-92. All micrographs are 1OOX. 

( a )  FA-73. (b) FA-91. 
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Y209615 

Y209618 

, 200ym , (b) 

Fig. 15. Microstructures of multicomponent alloys with chromium 
and niobium as the major alloying additions, after recrustallization 
at 85OoC and an ordering heat treatment at 50OoC. 
All micrographs are 1OOX. 

( a )  FA-81. (b) FA-93. 
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recrystallized microstructure in Fig. 13(c)] unless boron is also present, 

in which case the grain size is refined but recrystallization is complete 

[Fig. 13(d)]. 

Figure 14 shows alloys with molybdenum and small amounts of boron 

and/or zirconium. 

molybdenum appears to form precipitates easily when boron is present. 

However, the alloy with only zirconium added Fig. 14(6) contains much 

coarser precipitates than those that also contain boron. 

molybdenum increased the recrystallization temperature, 

other figures in this series indicate that even small amounts of zirco- 

nium can also increase the recrystallization temperature in these alloys. 

The two alloys shown in Fig. 15 contain the same amounts of chromium 

All three alloys contain precipitates because 

Although 

this figure and 

and niobium, but only 26% A1 and small amounts of either boron 

[Fig. l5(a)] or zirconium [Fig. 15(b)]. Both alloys appear to be less 

than 100% recrystallized. The smaller average grain size of the alloy 

containing zirconium is also noted. 

Figures 16 and 17 show the microstructures of alloys containing 

chromium and molybdenum and alloys containing chromium, molybdenum, and 

niobium, respectively, with small additions of boron and/or zirconium. 

The effect of zirconium on recrystallization temperature, grain size, 

and the presence of precipitates, as discussed above for Figs. 13 to 14, 

is noted. 

All these results suggest that the formation of fine, second-phase 
particles (e.g., TiB2, zirconium, or niobium precipitates) is more effec- 

tive in refining grain size and increasing the recrystallization tempera- 

ture than is alloying with elements that form solid solutions. 

conclusion was also  reached by Mendiratta et al.,"' who found that the 

addition of 1-2% zirconium or niobium produced second-phase particles 

that seemed to strengthen Fe3A1 at higher temperatures. 

This 

t 

5.3 TENSILE PROPERTIES 

5.3.1 Ternary Alloys 

Figures 18 and 19 show the room-temperature yield strength and 

ductility for the ternary iron-aluminum alloys tested. 

desfgnated FA-37 is the base alloy of Fe-28% A1 with 1% TiBI (0.5 wt %). 
Compared with this alloy, improvements in room-temperature yield strength 

The alloy 
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FA-37 and ternary iron aluminides, with and without TiB2. 
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were seen in alloys FA-56, -59, -66, -79, -60, and -54. Alloys FA-66, 

-79, and -54 reached yield strengths of above 550 MPa, making them com- 

parable or stronger than modified 9Cr-1Mo alloy. 

temperature ductility, only alloys FA-77, -72, and -78 containing chromium 

showed real promise, reaching elongations of more than 7%. 

different heat-treating condition, the elongations of alloys FA-77 and -72 

were recently increased to above 10%. Several other alloys had elonga- 

tions greater than the base alloy, but the slight improvement they pro- 

duced was not deemed adequate for further study. 

In terms of room- 

With a 

Figure 20 shows the yield strength for alloys tested at 60OoC. 

Values in excess of 300 MPa were seen for all alloys tested, with a maxi- 

mum of 516 MPa for an alloy containing TiB2 and niobium (FA-66). These 

strengths are much higher than either the modified 9Cr-1Mo alloy or 

type 316 SS. 

all alloys tested, except FA-62 which was 15%. 

Elongations at this temperature were in excess of 30% for 

From these results, it was determined that chromium is needed for 

better room-temperature ductility. 

and/or enhance grain boundary cohesive strength, resulting in improved 

room-temperature ductility. Detailed microstructural analysis is needed 

to characterize its beneficial effects. The elements niobium and 

molybdenum improve the strength, especially at higher temperatures. 

This element may modify slip behavior 

5.3.2 Multicomponent Alloys 

Room-temperature tensile properties of the multicomponent alloys are 

presented in Figs. 21 and 22. Only alloys FA-80, -81, and -82 have higher 

yield strengths than the base alloy. 

Fig. 21 have higher or comparable yield strengths when compared to 

type 316 SS. 

by alloying with multiple elements. 

chromium as one of the alloying elements, produced elongations of 

-9% (Fig. 22), compared with almost 10% for the ternary alloys containing 

chromium. 

improvement in ductility. 

However, all the alloys charted in 

The room-temperature ductility has not been further improved 

Alloys FA-81 and -83, which contain 

Alloys FA-90 and -73 also show promise for giving some 

Figure 23 shows the yield strength at 6OO0C of the multicomponent 

alloys. 

temperature. 

All alloys had yield strengths greater than type 316 SS at this 
Elongations were in excess of 20%. 
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5.4 FRACTURE SURFACES 

The fracture surfaces of most of the alloys studied are characterized 

by a mixed intergranular-transgranular cleavage mode of failure, as shown 

in Fig. 24(a)  and (b). These fractographs, showing the tensile fracture 

surfaces of FA-37 (base alloy) and FA-56 (2% Mo), show numerous TiB2 

precipitates and many cracks along the grain boundaries. 

without TiB2, showed almost completely transgranular cleavage, in 

agreement with Horton et al. 2* [Fig. 24(c) and ( d ) ]  . 
TiB2 precipitates had the same mixed-mode fracture surface as alloys FA-37 

and -56, except alloy FA-60 (Fig. 25) which contained excess boron. The 

addition of boron to binary alloys containing TiBz appears to facilitate a 

change in fracture mode from intergranular to transgranular cleavage. 

Also, comparison of the tensile properties of FA-37 and -62 vs FA-60 

and -73 (in the last section of this report) shows a slight improvement with 

the addition of boron. 

The same alloys, 

All alloys containing 

This effect certainly requires more study. 

The fracture surfaces of the multicomponent alloys were characterized 

by smaller grains, many precipitates, and more transgranular cleavage than 

the ternary alloys. 

highest number of precipitates, as seen in Fig. 26 for alloy FA-94. All 

but one of the multicomponent alloys contained zirconium and/or boron. 

Alloys containing zirconium seemed to contain the 

5 . 5  CREEP PROPERTIES 

Table 5 summarizes the creep results obtained for several alloys 

after a heat treatment of 1 h at 85OoC plus 7 d at 500°C. 

FA-61 (Fe-28% Al, no TiB2) is weak in creep resistance. The creep proper- 

ties of the iron aluminides can be improved by alloying with chromium, 

niobium, and molybdenum. Although niobium is most effective in increasing 

tensile strength at elevated temperatures, Table 5 indicates that 

molybdenum is most beneficial in improving creep resistance. 

properties of FA-73, containing molybdenum, are comparable to type 304 

austenitic SS at the same test condition. Alloys FA-91 and -92 also 

contain molybdenum and exhibited creep resistance comparable to many 

stainless steel and nickel-based alloys. All the alloys showed excellent 

ductilities (>20%) in creep. No substantial difference in creep 

resistance was noted for specimens in the as-wrought condition. 

The base alloy 

The creep 
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Table 5. Creep properties of iron 
aluminide alloys a 

Alloy Major Rupture Creep 
designation alloying life duct i 1 it y 

FA- element (h) (%I 

61 
77 
81 
73 
88 
91 
92 

1.6 33.6 
Cr 3.6 29.2 
Cr 18.8 64.5 
Mo 57.4 24.9 
Mo 15.9 45.0 
Mo 204.2 20.6 
Mo 128.1 66.7 

aTested at 207 MPa (30 k s i )  and 593'C 
in air. 

5.6 OXIDATION RESISTANCE 

Preliminary oxidation tests have been conducted on alloys FA-72, -77, 

-78, -79, -81, and -83. These alloys were tested in air at temperatures 

of 800 and 1000°C, with periodic weight measurements being used as a 

measure of the oxidation resistance. 

showed excellent resistance to oxidation, with weight gains of <1 mg/cm2. 

The data for alloys FA-78, -79, and -81 are presented in Fig. 27, along 

with the data collected previously for alloy FA-41 (Fe-27% Al) and type 
316 SS. 

just as good at this higher temperature; all alloys studied showed weight 

changes of less than 4 mg/cm2. At both temperatures, alloy FA-81 appears 

to exhibit the best oxidation resistance (<1 mg/cm2 weight change at both 

800 and 1000°C). 

After 500 h at 8OO0C, all alloys 

Our tests at lO0O'C indicate that oxidation resistance may be 

Several of our original binary alloys (Fe-24 to 30% Al) plus the 
ternary alloys FA-72, -77, and -78 are currently being tested statically 

in distilled water. 

treatment of 1 h at 8OO0C, followed by polishing with 320-grit emery 

paper to remove any surface flaws. To date, the binary alloys have sur- 

vived one year without measurable weight gain (weight changes are 

measurable to +,0.00005 g) and still show the original shiny polished 

surface. 

no weight change and remain shiny after approximately nine months. 

These samples were given a recrystallization heat 

The ternary alloys being tested in this manner have also shown 

Q 
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Fig. 27. Oxidation resistance of several iron-aluminum-based 
alloys at 8OO0C and comparison with type 316 SS. 

5.7 WELDABILITY 

Table 6 lists some of the alloys whose weldability have been studied. 

Welds were made on 0.8-mm-thick, 5- by 5-cm coupons, with speeds of 25.4 

to 100 cm/min. 

FA-36 through 41) using both EB and GTA welding techniques indicated that 
the TiBI dispersion, which was originally added for grain refinement, is 

deleterious to the weldability, producing hot cracks along the fusion 

line (Fig. 28). Most of the ternary and quaternary alloys tested also 

experienced cracking when TiBz was present, but no cracking otherwise. 

Note that FA-66 containing niobium and TiBL showed no cracks during both 

EB and GTA welding, indicating that niobium is beneficial to the weld- 
ability of iron aluminides, even in the presence of TiBz. 

Tests of several of the Fe-A1 binary alloys (alloys 

Successful 
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Table 6. Weldability of 
iron aluminides 

Alloy Weldabilit? 

FA- EB GTA 
designation r. 

39 
41 
61 
6 4  
66 
69 
72 
79 
83 

C C 
C C 
NC NC 
NC C 
NC NC 
NC C 
NC NC 
NC NC 
NC NC 

aEB = Electron beam. 
GTA = Gas tungsten arc. 

C = Cracked. 
NC = No cracking. 

welds without any cracking or other defects were produced in alloy FA-83. 

Unlike some of the previous alloys, the fusion-zone grain structure of 

this alloy was very fine. 

of the EB weld made at 25.4 cm/min are shown in Fig. 29(a) and (b). 

Further evaluation of the weldability is under way, but these limited 

results indicate that iron aluminides near Fe3A1 are basically weldable. 

Typical surface and transverse microstructures 

6 .  SUMMARY 

The results of phase 1 indicated that alloys of 24 to 30% A1 with 
small additions of TiB, could be fabricated by routine, low-cost melting, 

casting, and rolling procedures. A self-protecting oxide layer, which 
forms at low oxygen pressures, provides excellent oxidation and sulfida- 

tion resistance. The tensile strengths are higher than those for type 316 

SS at temperatures below 76OoC and for modified 9Cr-1Mo steel at tem- 

peratures above 55OoC. 

concentration within this composition range. 

The ductility increases with increasing aluminum 

Our preliminary weldability 

C 

1 

P 

? 
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(8) Hot cracking along the fusion line with weldability of Fe-28% Al. 
addition of TiB2. (b) No cracking when TiB2 is absent. 
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studies indicate that the alloys with higher aluminum content have fewer 

cracks in the fusion and heat-affected zones. On the basis of con- 

siderations of fabricability, strength, ductility, corrosion resistance, 

and weldability, the Fe-28% A1 alloy was chosen as the base alloy for 

further development. 

It has been shown that, for iron aluminides containing 24-30% Al, 

the yield strength increases with temperature above 3OO0C, reaching a 

maximum at -550-600°C. 

the reasons for its occurrence are not fully understood. The presence of 

the yield stress maximum can be obscured by precipitation reactions at 

compositions of 24-25% A1 and by effects of grain size (such as were noted 

for an alloy of 35% A ~ ) . ~ O , ~ *  

the range where the dislocation mode changes from the glide of single 

iao'<lll> dislocations associated with the a phase to the glide of 

iao'<lll> pairs in the DO3 superlattice. 

temperature yield stress peak with increasing aluminum concentration is 

due to precipitation hardening and low mobility of either single disloca- 

tions or paired superlattice dislocations at compositions below 26% Al. 

Alloys of 26% A1 and above, which are single-phase DO3 and therefore do not 
precipitation harden, exhibit a yield stress peak due to the low mobility 

of superlattice dislocations coupling <loo> faults. 

This peak is characteristic of FeJAl alloys, and 

It was noted that 24-26% A1 composition is 

The occurrence of the room- 

Minor additions of certain elements have been shown to improve 

properties of iron aluminides. Of the elements listed in Table 2 ,  chromium 

is most effective in increasing room-temperature ductility, niobium is 

most beneficial in improving the strength at elevated temperatures, and 

molybdenum appears to be best in improving creep resistance. The addition 

of TiBz to binary alloys produced a decrease in grain size of two to three 

times. However, preliminary studies indicate that these precipitates are 

deleterious to weldability. All the binary alloys and several of the 

ternary alloys experienced cracking in EB or GTA welds or both when 

TiB2 was present. Many of these alloys prepared without TiBz did not have 

cracks. All alloys containing TiB2 also had a mixed intergranular/ 

transgranular cleavage fracture mode, but only transgranular cleavage when 

TiB2 was not added. Because of these findings and the finding that grain 

refinement could be produced by minor additions of other elements (such as 

zirconium and niobium) that produce precipitates, the addition of TiB2 as a 

grain-refinement technique has been halted. 
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Of the elements used for alloying studies, chromium appears to be the 

only one that can effectively improve the room-temperature ductility. 

Additions of 2 4 %  chromium produced ductilities of 7-10%, compared with 4% 

for the binary alloy. This improvement is decreased slightly, however, by 

further alloying with other elements. Further improvement in rgom- 

temperature ductility may result from controlling the microstructure 

through the rolling procedure and heat treatment. 

Our work and that of other researchers indicate that there is good 

potential for both precipitation strengthening and solid-solution 

strengthening in iron aluminides.35,41 

zirconium and niobium, which produces a precipitation-strengthening or 

dispersion-strengthening effect, was shown in our study to produce 

strengthening at temperatures near 60OoC. 

elements such as molybdenum and titanium provide significant solid- 

solution strengthening up to 7OO0C by stabilizing the DO3 structure with 

respect to the B2 structure.35,42 

The addition of elements such as 

Other studies have shown that 

In terms of creep resistance, molybdenum appears to be the best 

addition. The base binary alloy Fe-28% A1 had a rupture life of less than 

2 h at 207 MPa and 593OC in air, while additions of molybdenum produced 

improvements, with alloy FA-91 exhibiting the longest life (204  h). 

Alloys based on Fe3A1 have excellent oxidation properties. The 

testing of alloys containing niobium and chromium at temperatures to 

1000°C reveals no serious problems due to the addition of these elements. 

Also, static aqueous corrosion tests of annealed samples of chromium- 

containing alloys indicate that these alloys are highly resistant to 

corrosion in atmospheres with high moisture content. 

The most promising alloys for future study appear to be those con- 

taining chromium, niobium, molybdenum, and boron. Our plans for this 

program involve selecting two multicomponent alloys for further com- 

position refinement and properties studies. 

Fe-27fl% A1 and will involve small additions of chromium, niobium, 

molybdenum, boron, and zirconium. The proper rolling and heat-treating 

schedule for optimizing the room-temperature ductility must be determined, 

and several heats will be prepared of each selected alloy to determine any 

heat-to-heat property variations. 

These alloys will be based on 
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