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FABRICATION AND MECHANICAL,PROPERTIES OF'
E.g3AI-BAbED IRON /_LUMiNIDES* ' "

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

ABSTRACT

Iron aluminides based on Fe3A1 are ordered intermetallic alloys that offer
good oxidation resistance, excellent sulfidation resistance, and lower material
cost than many stainlesssteels, These materials also conserve strategic
tAements such as chromium and have a lower density than stainless steels.
However, limited ductility at ambient temperature and a sharp drop in strengttl
have been major deterrents to their acceptance for structural applications. This
report presents results on iron aluminides with room-temperature elongatiorls o1'

, 15 to 20%, Ductility values were improved by a combination of
them aomechanical processing and heat-treatment control, This method of
ductility improvement has been demonstrated for a range of compositions.
Melting, casting, and processing of 7-kg (15-1b) heats produced at the Oak
Ridge National Laboratory (ORNL) and 70-kg (150-1b) commercial heats are
described, Vacuum melting and other refining processes such as electroslag
remelting are recommended for commercial heats,

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

The data presented in this report suggest that the Fe3Al-bas_
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 increas!ng ductility. A speci',d treatment
serves as an addition,d improvement in ductility.

*Research sponsored by the U.S. Department of Energy, Fossil Energy AR&TD
Materials Program under contract DE-AC05-84OR21400 with Martin Marietta Energy
Systems, Inc.
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1. INTRODUCTION

Iron alunainides based on Fe3A1 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 su'ength-to-weight ratio.

However, limited ductility at mnbient temperature and a sharp drop in su'ength above 6(X)°C

have been major deterrents to their acceptance for structural applications. Previous

publications have described the initial development 1"3and sulfidation-oxidation properties 4

of iron _duminides. The purpose of this repor_ is to present the most recent infonnation 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. BACKGR_)UND

Research on iron aluminides began in 1934. A critical review of the key work on
4 i "]mechanical properties as published in both open literature and limited dxsmbutlo_ reports

has been prepared by Hook et al.5 Because ductility is the key to the successful develop-

ment of iron aluminides, maximum ductility values reported by various investigators 5 are

presented in Table 1. Over a period of 50 yearsthe ductility had only been increased from

() tO9%. In the work described here, ductility values of 15 to 20% have been observed for

Fe3Al-based alloys developed at ORNL.

3. METAL PREPARATION PROCEDURES

Heats of 5 () ( I) g (1 Ib) were arc melted in water-cooled copper crucibles in a chamber

backt'illed with argon. Buttons were meltM six times for homogeneity, The buttons were

then drop cast through a copper crucible with a bottom hole into a split copper mold to-:ast

25 × 12 × 125 mm (1 x 0.5 x 5 in.) ingots, The ingots were cut into halves fox' stlbscqucnt

processing, Cutting was performed either using a band saw without a coolant or a high-

speed cutoff wheel using a water soluble oil (Buehler No. 1()-333()-()32), Both culling

procedures produced surfaces free of any cracks. The pieces were then hot forged 5()% at
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Table 1. Literature on chronological progress in the improvement of
room-temperature ductility of Fe3Al-based iron aluminides

Maximum
Date Reference ductility

,(%)

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

1950s Nachman & Buehler (Naval Ordnance Labs.) 1 to 2

1957 Kayser (Ford Motor Company) ~ 1

1957 Justusson, Zackay, & Morgan (Ford Motor Company) 2 to 5

1963 Davies & Stoloff (Ford Motor Company) None

1964 Stoloff & Davies (Ford Motor Company) None

1967 Leamy (Iowa State University) 2 to 5

1969 I,eamy & Kayser (Iowa State University) Compression

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

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

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

'1 ¢ "r_: 1982-84 Mendiratta, Mah, & Ehlers (Maten, Is Lab., 8
Wright-Patterson AFB)

1984 Inouye (ORNL) None

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

1986 Hook, Johnson, & Effort (Armco) 6 to 9
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procedures producedsurfaces free of any cracks. The pieces were then hot forged 50% at

1000°C, hot rolled 50% at 800°C, and wama rolled 70% at 650*C to a finish thickness of

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

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

discussed later) are alsoshown in Fig: 1. Sheets were sheared into pieces approximately
100 nam (4 in.) in length for preparation of the specimens. Each sheet was stress relieved,

by heating irl air for 1 h ata given temperature followed by cooling either in air or mineral

oil. The stress-relieved sheets Were die punched into tensile specimens of 13-mm (0.5-in.)

gage lengths with pin holes added in the grip sections for applying the load, Each

specimen was (typically) given an anneal.ing treatment by heating irt air for 1 h at a given

temperature followed by cooling either in 'airor mineral oil. The oil-cooled specimens

were cleaned by repeated wiping with a dry rag, and the prepared specimens were

measured and tensile tested in air at various strain rates and test temperatures. The most

common sn-ain rate used was 0.2/min. Specimens tested were measured to calculate the

plastic elongation and reduction of area values.

4. IMPROVEMENTS IN STRENGTtl AND DUCTILITY AT ORNL

Results of chemical analyses of the experimental hen::, ,,,,,,_0for ductility improvement

are listed in Table 2. Room-temperature (RT) tensile ductilities of an alloy identified as

FAL (Heat 13(X)8)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 ali specimens; the only variation was the annealing treatment. Both

treatments were for 1-h duration; the standard treatment us_ earlier 3 consisted of heating in

air for 1 h at 8,50°C plus. 5 to 7 d at 500°C followed by cool!ng in air. This heat treatment

is refemM 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 RT tensile ductility of

Fe3Al-based iron aluminide can be increased to approximately 20%. This value is

dependent on the annealing temperature and is a maximum for an annealing temperature of

700°C (Fig. 2). ttigher annealing temperatures resulted in somewhat lower ductility.

However, the ductility values were higher than the standard ta,eatment in ali 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





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

Alloy designation (wt %)
Element

FALa FALMb FA- 129" FAS d

AI 15,88 15,88 15,9 15,93

Cr 5,46 5,46 5,5 2,19

Zr 0.19

Nb (],20 1.0

B 0.01 0,011'

C 0,04 0,05

Fe Bal. e Bal,e Bal'e ' Bal'e

aAIloy for low-temperature (.<;6(X}*C)use with nu_xlmum r(Km_-temperatttre
ductility.

/'Mt_llfication of FAL for low-temperature u_.

eAIIoy for high-tenlperature (_600'C) use with _mewhat iower r_ma-temperature
ductility.

dAlloy for u_ in sulfur-containing environments.

eBalance (I(X) minus total of ali other elements),
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Fig. 2. Effect of annealing temperature on
room-temperature tensile elongation of h'on-
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.





annealing treatment significantly enhanced both ductility and sla'ength properties. The heat

treatment was then extended to ali of tile compositions listed iraTable 2. Figure 5 i;howS

that treatment B produced over 15% ductility for ali 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 ,'tsa function of total

elongation for heat treatmer,_ 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

tre,',mnent B over A are shown in Figs. 7 and 8.

Once it was established that treatment B produced a factor of 2 higher ductilities than

treatment A, additional work was conducted to detenniile the ranges that could be tolerated

for this treatment. Ttie first variable examined was the annealing temperature, lt was varied

systematically for alloy FA-129 from 650 to 900°C for a fixed time of 1 h and followed by

cooling in oil. The RT elongation data from this study are plotted in Fig. 9 and show that

the ductility of FA-129 is maximized with an annealing temperature of 750°C. The peak

ductility tenlperature is expected to be dit'ferent for different alloy compositions; this is

explained in Sect. 9. Effects of holding time at 750°C for alloy FA- 129 (Fig. 10) show that

annealing time is not as important for ductility ``tsis annealing temperature.

Heat trealment A usext a 5- to 7-d treatment at 5(X)°C to stabilize the De 3 ordered

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

maximum ductility treatment of 750°C for 1 ta. The results of this study showed only

minor effects of ordering treatment (Fig. 11).

5. TEMPERATURE AND STRAIN RATE EFFECTS ON
TENSILE PR()PERT II!',S

The iron-aluminide alloy FAI_,(Heat 13(X)8)that showed the highest RT duclility was

also tested as a function of test teml)erature 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 50()°C and dropsharply al higher temperatures. Tensile ductility ot"this alloy

increases with temperature and reaches SUl_erplasticwtlues of over l(X)% at 8(X)°C.

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

temperature and is shown ill I:;ig. 15, which indicates that RT duclility oi' I:;AI, increased as

strain rate iilcreasedl This effect is central, to many common materials and is explained in
Sect. 9.
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rtsii l'tiilc.'.tioi_t'}t'+trll.ti_ritlt_ Pc)t+h'oll-ttluil+liitldo ttlloy
FAI., (l-lcttt 130()8), Sl)cc;irrions wtBt'otosted in two
he;iii t.rclilmoil i,',;

G, +(,ALLtJ ANl) FAIIIIICATION OF I+AI,t(]iE IlEAl+

After obttthiil_fg rho t'ultttivuty lilgl/cluutilltie.s for suvc_+ratof thc_l_'%Al-L+tiscdalloys, lt

wits ¢t{_chLt+dto sc.'.ttlottl<:soconll'}O,_',it/onHt'rorn 5()()-g (l-lh)lir{.:-rrit.'li llotit+ to 7-kg t lS-lb)

ht:tits til OI_,NL ttncl to litr'gtrr hi,tits I.ll ti comi'n{_rciitl vcildor, A descri[}tiOll of {_tt{.;hof tho

,,,;c,+ttloi.il:}_fol lc}w,,,;,

6,1 <<,4(]AI,EI.JP AT ()RNI,

'l'hc ,_calcup at ORNl+ c{}nHistod of mcltlltg 7-kg (l f-Lh) hctit,,; using tiir-lntluutit+l+

il_c,ltii_g', 7+i'(}2was us{_{ttimthu.c;ruciblo il_;itt_t'itll, The, molt ,,,;tc+kc'.oilsisto{:l{:_t'ulo{.'.trt}iyiic

ii'{}ll illtit w_ts hyclrc:}gorl-.[4il:;t'irc_d+.trI(X)()"{7 tin{I st{+irc'(:liii {losic+',{.'.titc:}rs,'l'hu ttltii'iiiiluiil wits

l}urt.' ingc}t .,;i{+k thlti wtls t'orgccl ltil{t r{}llu{:l it_}l}latc ltri{.i thci_ ulic)l}pu{.l litR} me.li !;tc)uk, 'l'llc'

liltlillintii]l {:.hil.+Swore {:.lctin+Dd(usin{4 {til I IC.I ,,,;{.]ltitiotl),wttshud, drlc'.{I, rind si{:}r¢.¢liii tt

{Ic,slc:c:tttt>ruiitil t'oittly t'cirine.lting, Wtion ilPl}rt}l}riitio, oluinoriittl ilcicliti{}ll,_ Silo.li iis NI}, IX,Ii};
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Zt', B, Or, and C were made using high-purity stock, The melt was normally held at

1650°C for 2 to 5 rain and top-poured into gq'aphtte molds to make 72-mm-dtatn (2,85-1n,)

Ingots with an extrusion nose on one end, The graphite mold was preheated to 5(X)°C,and

a 100-mna-diarrl (4-in,)hot-top was used to minimize solidification shrinkage, No

,sh_t"'nkage,in the ingot was found, even very, close to the hot-tcp, Typical ingots produced

by this rnefl_od are shown in Ftg, 1, Note the surfitces were smooth and essentially no

oxiclatiorl was observed, One heat of iron alumlnide was also cast into a shtb, 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 ft'ore the solid ingot, and

the resulting hollow ingot is shown in Fig, 1,

6,2 FABRICATION OF ORNL INGOTS

The two primm7 methods used for fabrication of ORNL, ingots were extrusion and

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

Extrusion temperattlres ranged from 850 to 1100*C, and the reduction ratios wtrted from

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

;rod 119 MPa (35, 20, and 19 rsi) for tetnperatures of 850, 1000, and ll00°C, respectively,

Extrusions of round-to-rotmd and tube bhmks were of excellent quality (Fig. 1),

Forgings were done at temperatures in the range of 850 to 11(X)'C and were

successfully completed otacold platens, The reduction per forging pass was up to 50%

without reheatlng, Ali ORNL forgings were conducted ona very slow speed

500-ten press. The forging was normally conducmd at or below the extrusion tenaperature,

and was generally stopped at a flat thickness of 6 mm (0,25 in,), These 6-rnna-thick

(0,25-in,) flat sheets were nomaally hot rolled at 8(R)*Cto a 2,5-Into (0,10-in,) thickness,

q'he sheet was then typically hot rolled at 650°C to a finished thickness of (),76 mrn

(0,03 in.). Ali of the rolling was conducted without a cover gas, The 0,76-,mm-thick

' ((),03-in,) sheet was used for tensile and creep property evaluation,

6.3 SCAI, EI.IP A'F COMMI.i',RCIAL VENDORS

'l'hc first scaleup of iron aluminides by a commercial vendor was conducted at

C,ombustion Enginecrh_g, Chattanooga, Tennessee, The analyses of three iron-alunainide

lacats are presented in Table 3, The initial plan was to melt ali 230-kg (5()0-1b) heats by air-

induction melting and cast them into 150-rnm-ctiam (6-in,) ingots, However, the first cast

iI_gotshowed bulging of lhc 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, it

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

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

2Al + 3H20 _ A120 3 + 6H,
,,

The free energy for this reaction is -896.6 kJ/mol. Such a process could produce copious

anaounts of hydrogen. Once the hydrogen,.gas entrapment was suspected, it was decided

that the iron and aluminum for the melt stock should be baked to remove any moisture,

This practice was tried in the induction furnace with an argon cover gas for 70-kg (150-1b)

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

230-kg (500-1b) heat and one each of the 70-kg (150-1b) heats for all of the compositions.

Figure 16 is a photograph showing all of the ingots received by ORNL. All of the ingots

were cast in sand molds and, thus, had rough surfaces.

The 100-mm-diam (4-in.) ingots from eachheat Were cut into pieces 150 nam (6 in.)

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

10(X)°Cto round bar and rectangular bar. The rectangular bar was hot forged and hot

rolled to 0.76-mm (0.030-in.) thick, using the same procedme as for the ORNL ingots.

The billet, extruded products, and finished sheets from the Combustion Engineering ingots

are shown in Fig. 17. Mechanical properties of material from these heats are presented in

Sect. 7.

The next scaleup was performed by The Timken Company, Canton, Ohio. The first

trial involved air-induction melting a 230-kg (500-lb) heat. The entire heat was cast into a

200-mm 2 (8-in. 2) ingot. The ingot was found to be riddled with holes, similar to those

: observed for the 230-kg (500-1b) heat melted by Combustion Engineering. At this point, it

was decided to melt these alloys by vacuum-induction melting. One 45-kg (l(X)-lb) heat of

FA- 129 was vacuum-induction melted and cast into 100-mm-diam (4-in.) tapered molds.

. These ingots were of excellent quality and did not show any visible porosity. In vacuumJ

melting, the elimination of porosity related to hydrogen was probably caused by a

combination of two factors: (1) no moisture ca_ne in contact with the melt, and (2) any

trapped gas that might have been produced by the reaction shown in the equation was

pumped out as the melting proceeded. Thus, from experience at both Combustion

Engineering and The Timken Company, it is recommended that Fe3Al-based iron

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

vacuum-arc remelting or by electroslag remelting.

_llr II .... I]ql ,_ ',
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YP7104.,

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

YP9578

Fig. 17. Photograph of billet, extruded bars, and
rolled sheet prepm'ed at ORNL fi'om ingots of iron-aluminide
alloys received from Combustion Engineering.
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Tile chemical analyses of the Combustion Engineering heats (Table 3) showed that the

major alloying element target concentrations could be met very well by air-induction

melting. The nitrogen and oxygen contents were extremely low. Carbon of 0.05 wt %

was present in ali of the heats. The carbon in the alloys came from the melt stock, and

because air-induction melting pr- ,nitted rio opporttlnity 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 vaiious elements using pure melt stock and air-induction melting at ORNL tire

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

6.4 MELTING OF ItEATS AT ORNL USING COMMERCIAL
MELT STOCK

A scaleup to 7-kg (15-1b) heats was also conducted at ORNL using commercial

melt stock. The melt stock consisted of scrap iron, aluminum shot, ferroclaromium, and

ferroboron. This melt stock contained impurity elements such as Mn, Si, C, ,'rod Mg. A

72-mm-diam (2.85-in,) ingot made from this melt stock had the same surface appearance

as an ingot made from the pure elernerital melt stock. The ingot was cut, forged, and rolled

into a sheet 0.76-mm (0.030-in.) thick. The forging and rolling temperatures required for

this ingot were at least 100°C higher than those required for the ingots made frorn elemental

melt stock. The mechanical properties valuation of this material are discussed in Sect. 7.

Because of its importance in commercml practice, it is recomrnended that chemical analysis

of this ingot be done and that the elements cre'tied over from the melt stock be identified, lt

is further recomrnended tMt the effect of detrimental elements be deten-nined by preparation

of drop castings with varying amounts of those elements.

6.5 POWDER PREPARATION BY A COMMERCIAl., VENDOR ANl) ITS
CONSOLIDATION AND PROCFA;SING AT ORNl.,

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

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

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

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

conaposition (FAS) was nitrogen-gas atomized tit Ametek Specialty Metal Pi'txtucts

Division, Eighty Four, Pennsylvania, a commercial vendor. The melt was prepared by air-

• induction melting with tin inert gas cover. No problems were encountered in the melting or

atomization processes. "I"hevendor's chemical analysis of the powder is compared with
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the t!u'get chemistry in Table 5 and shows close agreement, Optical micrographs of tile

Figs, 18 and 19, The powder particles were mostly spherical andpowder are shown in '

showed very fine tntraparttcle structure, indicative of extremely fast cooling rates

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

A 76-mm-diam (3-in.) mild steel ctm was filled with powder from Ametek, The can

was ew_cuated, sealed, heated for 1.5 h at 10(X)°C,and extruded through a 25-mm (1-in,)

die to obtain _marea-reduction ratio of 9:1. Optical microst_'ucture of the as-extruded b_u'

(Fig. 20)showed full consolidation from the surface to the center of the bar. The grain size

was very fine (20 mm) and uniform acrossthe bar,

The steel can was removed by dissolving in al0% HNO3 solutior_. Two

76-mm'long (3-in.) sections of the bar were forged 50% at !000°C, rolled 50% at 850°C,

and finish rolled 50% at 650°C to a Sheet 0.76-mm (0,030-in.) thick. The sheet was then

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

processing steps.

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

Element Target Vendor analysis
(wt %) (wt %)

A1 15.93 15,9

Cr 2.19 2.2

B 0.011 0,01

Fe Bal,a Bal,a

S 0,(.)07

N 0,003

02 0.013
aBalance (100 minus total of ali other elements).

7. MECItANICAL PROPERTIES OF SCAI, ED-UP ItEATS

The scaled-up heats produced at ORNL, Combustion Engineering, and The 'l'iillkcll

Colnpany were primarily tested for tensile properties and heat-treatment effects on tctasile

and creep properties.

i
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7,1 TENSII+,E i'I_OI'i!+'I.rl'IES

Most of the, testing oll ORNl+,sculcd_up hcttts concentrated on dctcrn_lnatlo'n of tilt.',

appropriate, bent trcattncnts for nmxirniztng RT ductility, Alloy I;AI+ (I lettt 13(X.)8),for

which the RT ductility value of 2()% h/td [x'+cnacilicved, was tested tbr clTects of tt_st

tcrnperttture atld strain rtttc, These dntn f'or ttlloy FAI+are presented in lqgs, 2-5 ttnd

12-t5,

The el'forts of cex)ling seqttcnce ttnd (:,t_ling mcdiurrt on the RT tensile l+roperttes of

stress-relieved ttnd ttnncttlcd FAI., (t Icttt 13(X)8)are presented in Figs, 21-23, 'l'hc stress-

relief tc,rnperaturc was 7(X)oCfor I h, ttnd the anr_callng tcmpcrttturc was vttricd ['rr+m'l7(X)to

9(X)°C, Oil quenching after Ix+lhstress relief and nnnealing gave the highest ductility for ali

ttnne,aling temperatures, The finnl step of cooling in air gttve lower ductility values t'ornii

ttlltle+.tLlillg ternpertttures regardless of the stress-relieving step, Figure 21 includes tlm

') 1 '" +cotnrnortly (+I served values of the bir_ttrycornposittor_ (ttppr(_xtrnntcly 4% for Fe3AI) ttnd

ibr tt corrLpositiorl-mcmlil]edI te3AI (9%), both in the heat trctttment ,Acondlticm, Compnred

to those values, the hmtt trettttnents used irt this study gave irnproved elongtttton vttlues of

15 to 2()%, q'he results tn Fig, 21 also imply that hnproved ductility is obtttirted by control

(:ffboth hetlt-treatmet_t tcmperattn'e ttnclcoolit_g rneditn'n, When botlt nrc used together, the

¢ltlctility values are maximized, 'l'he yield-strength values of 1:"AI+,(lqg, 22) ttre llOt ttlTceted

by the cooling rate sequence, The tet_sile-.strength values (l;ig, 23) R)llowed the ductility

trend beettusc they are intcrrclntud,

' The effect (>ftLcooling rl+c(liurnon tcllsile properties was also investignted for the FAS

(I lrtlt 13()17) ttiioy contninir_g 2% C'r, In this situ]y, the sheets were stress relieved at

7()OOCfor 1 h t'ollowed I+yoil (ltienctling, The pur_ched tensile speeirnens were ttnrmaled at

variou:,; teml+erttturcs, and one specimen each was eoolc(I in air ttn(l ()ii, respectively, The

R'I' tensile (Iittuon these specimens are pl(_tted in lqgs. 24-26. 'l'hcsc figures sllow the

results similar to th()se observed for alloy I;'AII.,Jt1 l:igs, 21-23, The total el()rlgntion nnd

ultimate tensile strength were consistently higher t'_)roil-qtlellched specirr_ens thnn for nit+..

qtlenched st)ecin'Jens, The yield strength was not sigrlificnntly affected,

'lL'heeffect of stress.+reliel'trcatmerlt on the slleet prior t(>pt.trlchirlg lensile specirnerls

was also investigtlted t'or tlll(_yFAI., (I ieut 13(1()8). The stress-relief tetnperaturt:,s used

were 7()()and 75()"C ['or I h followed I)y (',iiquenching, F'unclJed specimens were tested

after vttri()us heat treattnents fi_ll()wedby oil quer_ching. Total elorlgaliorl, yich.t strength,

and ultimttte tensile strength at R'I' t'or the two dil't'erent stress-relief c(m(litiolts are

....... : ......................................... i ................................. ........................................................ . .......... 7.......
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t_clmr_ttredIrl l:,'lgs,27-29, '['h¢ ttttnl el_<lngutlunvttltlt's tk_rthe 75()"C strcss-r_.;llel'

te_l_l_ertittiz't.'rerntdned hlgll twur tt wider rttnge cii'iint.ienlin__:,, ,f_eratiH'cstiron the stress-

rclle[' terril_et'tttureo1'7(X)"(),suggesting lhttt tile 75()°C t.retlttnerltsllould he l'tlvt)i'e(I(wel'
cril-I,,,;ervcd7(1()"C, 'lTle lt_w¢l'y,leld-,strei.igthvttluu lhr tin ttnnettllng Icllil_erliltirlzof 7()()"C',

arid tt stress-relief tcrrll_ei'attn'eo1'75()"C Is ext_ectett ttcutitise the tirlnc'.tlltrigtc,trll)erllture Is

lower ttlttn the slress-rc,llel' tC,ml'Jeriltttre, 1lighc',rttlllrritlte tcnslle..strc,ngth vlllues were

t_bserved over tl wider ttnnetillllg terrll_t.',rtlitn'et'arlge tbr ti stress-rcll0f' tetui;lcrltt_lreo1'75()"CI,

'l'l'llsob,,lervtittcm Is consistent with the toltd elongtttltm tltltii Iri Fig, 27,

The lO()-rr'irn,dltui'l (4-Irl,)Ingot t't'tmaii,70..kg (15()-lh)hetit ol'tllloy FAL (X390X)

t't'otilCorr_bttstkin Erlgitleerirlg wtt,!,_tensile tested at RT, 'l'llc results oi' this tietlt tu'e

cc_lrlpttredwith llettt 13()()8of' the stilllc corrll:_OsttlonIn lqgs, 3()-32, Thest.' l'lgtlrus show

thtit the to,tillc,lclng_ltlon ttncl,,.;treng[llvalues of the.ctwnrriercliil lieat tire gcnei'tdly

signll'iuarltly lower thnn eXl_ei'lrrlcnttllhctits,

The l()()-rnrr_-.dlam(4-irl,) rind reutangttllu' ingots ['rein 70-kg (15()-lh) beets of tllloy

f;A-129 (X39()4 li,hd X3905) t'rorriConlbustlun l!rlgiriec.rlng were tensile tested at R'I' tirld

its a t'unctlon of test tetrlperatttre, The RT tensile drtta for air-indttctk)n-rnelted Ingots

(X3904 rind X39()5) tire cc)rrip_ircdin lqgs, 33-35, Both lt.igt)ts showed ,,,iillall_lrvltlttcs {)1'

till lgropcrllcs except tbr tin tirirlenling tt_mpertiltn'eof 7()()°CI, Nr)tc, however, that the

clttctility rind str_+rlgthvtilue rt+rcotnrncrc'ittl he.titswere lower thttrl those ob.,,;crvcdlhr

, lill_wtitory lietlts, l_'tirtlicrrnfwe,the c(_rnla_t.'.rcitlllrlgots tc.rlde(t to show nl(wc',sctlttcr l'rorrl

sl)ccililen to sl_cclrnen tllttrlstrlall ltll:w_t'iit(wyhetlts,

'l'he llrlncillirlg tretitil3entI7()()°C"/Ih/()Q/t4(X)*C/Ih/OQ (OQ = (_ilquenched)l thtit

t_rotluccd tlie highest P,'I'e long_ltic_i.iwiis u,',;ec:licitesi Sl)ec.'irrlen,',;t'roiri t.,otti ingots (X39()4

and X?,9()5)it,',;ii function (_1'terrllwrllturc, 'l't'lcsc results were pl_)ttud, lind they show thitt

the,1_rol_lcrtic,'.;of two ingots t'roni tl 7()-.kg (I 5()-lh) tiir-irltltlction-nleltc,d hcnt wcrc',

ussurltltllly itlcrltictil (l::igs, 3f_-3bl),S_)lile srn_lllditTerences inliy he ciitl,',;c;dby slight

dit'l'ur0rices tn l_rtlco.',;singlii,'.;t(_ry,li't_rc,xlli'rlllle, ingot X39()4 wtl,',;t'(_l'gcdlirld rolled

v,'llcr'c.tisirlg_t X39()5 wus h_,tc×irtidcd, t'(_rgcd, lind rl_llt_d,

Spccin-lelas from llllt_yI;A-12!,1,ing(_t X39()5, were _ll,'.;(_tustccl lit vllriou,',;tcrr_l_ernlurc,',;

t'_.lrl'(:_urdilTercrlt Ilnrlcilling trctitrrlcrlt.,.;,'l'hc results of this study show rnirlirn_ilvtlrilitimris

iii the prt)l:_crtic.'.;for tirlllcalir_gtcllil_crattlres iii the r_lngeof 7()() tc_850"(7 (1;igs, 39--42),

'l'llc R'I' yield xtrcrlgtl'isilk,wed the tritest vtlritltion, whicll is c_lisistcilt with tlilneillirig

telrll_tsrtiturc,na_llely,higher yield strc'.ngthl'(_rl_:_wcstn.llnc.lliingtcrlil_cr_llurotll/(_lluwc_t

yit.'.lll slrc.;ilglli l'(_i'il_chit_ht.'.,'.;t_.lrint_lilii_gIcqlillt.'l'llltii't.;, "l'(linl t.,ltmg_liiclilvilli.lCS i'llllgt_(.l l'rtlil-i

1()i_l 12% _il14"1'liil_.l_()Iii 12()%Iii bl()()"(?,'l'tic. tilliill_ltc iUlisilc ,',;ircllgltitil" illg_ls X?,9():I
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and X3905 did not show a monotonic ctecrease from RT as was observed for FAI., (I leat

13(X)8)because the eommerchtlly melted ingots did not acht¢_vetheir full dur-tillty potentlnl

nt RT (Fig, 13).

In addition to the air-induction-melted Ingots, one vacuum-tnduction-naelted heat

(Heat 35 of FA-129) was also tested, The Initial results on the vacuuna-n_elted herlt tu'e

compared with those of the air-melted heat clatztin Figs. 43-45, The most importnnt

property of interest, the RT ductility, is better for the vncuum-naelteat rnaterhd thnn nif

melted material tbr most of the annealing temperatures used, Ultimttte tensile su'ength

showed corresponding improvement. The yield strength of the vacuuna-meltcd 'mnterlal is

similar to the air-melted material, Additional testing of the vncuuna-naelted nmterlal is

currently under way.

Alloy FA-123, a highly alloyed version of I,A-129 (Table 3), is being developed for

taigh-temperuture service. This alloy was ttlso melted in a 70-kg (150-1b)trent nt

Combustion Engineering, Only linaited processing and testing of this alloy has been

completed. The results of the study show that RT ductility values of 10% cnn be obtnined

{'orthis alloy (Table 6). Note, however, that only one set of heat trentments was tried.

Other treatments may result in even tyetter ductility values,

7.2 CREEP PI,,OPERTIES

' A limited number of _:reep tests were conducted on alloys FAL (I-lent 13008), FA- 129

(Heat X3904), FAS (Heat 13345), FA-123 (Heat X3906), _.ndan experimental version of

FAI_,containing tungsten (FAL-W). On tdloy FAS, the test tempernture rnnged from 450 to

700°C, and the test times ranged from 7 to 250 ta(Table 7), Creep-rupture data ota vnrious

iron aluminides are plotted ,'rodcompared with the average curve fox'type 304 su_inless steel

in Fig. 46. The test temperature and rupture time were combii_ed through the Lnrson-Miller

parameter with a vtdue of the constant of 20, Figure 46 shows (1) alloy FAS with 2% Gr

has the lowest creep strength; (2) _lloy FAL with 5% Cr has higher strength than the 2% Cr

nlloy FAS; (3) alloy FAL with tungsten hns somewhnt higher creep strength than FAL,

reflecting the solid-solution strengthening cttused by the nddition of 1% W; (4) _tlloy

FA129 (X3904), which contains 5% Cr, 1% Nb, _tnd0,05% (2, is slightly stronger than

FAI.,-W, probably _cause of strengthening ft'ore Nb and NbC; and (5)nlloy FA-123,

which contains 5% Cr plus Nb, Mo, C, und B, has the highest rupture strengttl,

npproaching thnt of type 304 stainless steel, The increased strength of FA-.123 wits

probably caused by the solid-solution effects of Mo nnd Nb and the precipitation of NbC,
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P = (T . 400) (20 + IOgtr)'lO"3

Fig, 46, LtLrson-Miller p!ot showing comparison
of creep rupture strength of various iron aiuminides to
the average wdue curve for type 304 stainless steel,

Total creep elongation data for alloy FAS are plotted as a function of tile l.,ar_)n-Mtller

pm'ameter (Fig, 47), These results showed that FAS was very ductile in creep and the

cre(,_pelongation increased with increasing test temperature, Creep elongation tests

conducted from 450 to 7(R)*Cvaried from 20 to 120%, The creep reduction of area wtrled

from 22 to 78% for the same temperature range, Data lhr other alloys are still being

analyzed,

8, MICROSTRU(_TURAL ANALYSIS

Microstructural examination in this study was limited to optical microscopy for

general structure, scanning electron microscopy of' frac.ture surfaces,, and X-ray diffraction

for structtrrc determinaticm,

8,1 ()I_TICAI, MI(_R()STRU(Yi'UI{E

The microstrLlctureof a 76-mm.-.diarn(3-in.) ingot from an airinclucti°n"rncltcd

7-kg (15-lh) heat of iron-altlrninicle alloy FAL (Heat 13259) is shown in Fig. 48, 'l'hi,,;heat

was made using remelt stock typical of that ttsed by commercial l)rodticers and was



44



45



46

supplied by The Timken Company. The cast structure is very coarse and shows the typical

variation of columnar grains near the ingot edge to equiaxed grains at one-half radius and

ingot center location. No porosity was observed in the cast ingot; however, some

inclusions were :,oticed near the ingot edge [Fig. 48(a)]. The 75-mm-diam (3-in.) air-

melted ingots were hot extruded to various reduction ratios over a range of temperatures

from 850 to 1100°C. The as_-extruded microstructures of alloy FA-117, extruded at

1100°C to an area reduction ratio of 9:1, are presented in Fig. 49. Compared to the as-cast

microstructure in 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 study. The

microstructure of alloy FAL (Heat 13008) after a typical stress-relief treatment of 700°C tbr

1 h followed by oil quenching is shown in Fig. 50. The microstructure consisted of

highly elongated grains in the rolling direction with essentially no recrystallization. This

treatment produced sufficient ductility in the sheet to produce test specimens free of any

edge cracks.

TO mininaize the die-punching strains at the specimen edges and to investigate the

effect of percent recrystallization, various annealing temperatures were used on the

specimens prior to testing. Optical microstructures of alloy FAL (Heat 13008) are shown

in Figs. 51-53. These figure s showed that

1. An annealing temperature of 700°C for lh produced some recrystallization at the

specimen edge.

2. An _mnealing temperature of 750°C produced slightly more recrystallization at the

specimen edge.

3. An annealing temperature of 8000C 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, Hne porosity, ancl

precipitates that were are probably ZrB2 in the FAL alloy.

5 oThe microstructures with minimum recrystalhzaflon (700 and 7.0 C) were associated with

RT elongation values of 15 to 20%, The fully recrystalltzed structure produced ductility

values of approximately 10%,

Microstructur'es of atr-Induction melted alloy FA 129 (ingot X3904) are shown irl

Fig, 54, 'I'he stress-relief treatment was 700"C for 1 h followed by oil quenching, The

annealing treatments were 750, 800, 850, and 900'C for 1 h followed by oil quenching,

The higher magnification optical micrographs of the set shown in Fig, 54 are presented in

Fig, 55, Microstructures in Fig, 54 show that only partial recrystallization occurred after

an annealing tetr_perature of 750°C, whereas recrystallizaitlon was essentially complete _lt

8(X)°Cand higher temperatures. Surprisingly, the recrystalliz_ltion temperature of FA- 129

containing niobium and carlx_n was similar to that observed for FAL, which contained only

small amounts of zirconium and t_ron. 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 X3.cX)4)in the air-melted

and wlcuum-melted (Heat 35) conditions is shown in Fig. 56. Both s_maplesreceived the

same combination of stress-relief _uldannealing treatments of 1 h at 7(X)°C,and [x_thwere

followed by oil quenching, The figure shows that vacuum-melted material recrystallized

much more at 700°C than air-melted material, and both materials showed a significant

amount of precipitates, The air-melted material appeared to contain more porosity than the

vacuum-melted material,

8.2 SCANNING ELECTRON MICROGRAPHS

The scanning electron micrographs* of the specimens ft'ore the air- and wlcuuna-

melted materials of alloy FA-129 (X3905 and 35) are shown in Fig, 57_ Both materials

h_d undergone similar fabrication schedules and the same stress and annealing treatments

and both showed large amounts of elongated precipitates IFigs, 57(a) and (d)], More

details about the particle shape and number density are awtilable from Figs, 57(b), (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 fdr.induction-melted
ingot (X3_)4)_md vacuum-induction-melted iron _fluminide[FA-129 (Heat 35)1, In tx)th
cases a 76-rnm-thick (0,030-in,) sheet was stress relieved ttr7(X)°Cfor 1h followed by oil
quenching prior to die punching the tensile specimens, The specimens were given a fin_tl
annealing treatment for 1 h _tt700°C followed by oil quenching, (a) through (c) Air melted,
and (d) through (f) vacuum melted,
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trod (/), 'l"l'_eertex'gydlSl_et'slveX,.rlty (liiDX) an_dysls (l;lg, 58) of the l'_rec,lpttiite,s sht_wod

them to [_ highly erlt'lched In niobium, 'l'tle,EDX spoct|'lt were tht_slime fox'botlt lth'- trod

vltcutm_,.melted mltterhds, Tile prectplttttes wc,x'ettssumed to be,niobium c:ttt'blc;le,

Fritctux'esurf_toes of the,tot_sllest)ecimet_s of alloy FAL (l-Iettt 13008) with RT

ductility values of 15,4 to 19,8% m'c presented tri Figs, 59 lind 60, Those figures showed

thltt the fl'ttcltlre wits by clettvltge with some (.h,ltztll¢tetU'lllg, The t'rilcttll'OStll'i'll0es

lllso showed long tetlrs along t11elottgituclirtal tx)lindttries, The reltsot_ for these tClll'S iS

difficult to e×l)laln becmlse tlddition_d testing is needed to determine the llitltlI'e C)['the

i)roduct on these stir['aces,

8,3 X-RAY I)IFFIIACTI()N

Tensile Sl._e,_lmensof {tlloy FAL, (ltettt 13(X)8)with vm'lOLlShellt tvelttme,vlt,,.;Lind

clt_c'tllityvalties were suizje¢:tedto X-rlty dilTrliction for phllsc iclcntificlttion, Table 8 shows

the results, lind in ldl crises the I32 structure, rltthcr than the expected I)O 3, wits detected,

In earlier studies lit OI_,NL,the heat trelttment c('_nsisted' of air cooling from 85()0C rind

l)erf'orrning a DO3-ordering treatment lit5()0°C for 7 d, Figure 6 showed the rlltto of total
¢

elongation o1_setvect ff)r st)ecmaens with the B2 structttre to that of, prestmailbly tile I)O 3

structtlre that w,tts produced by 5(X)'C treatment ibr 7 d, Ttle dttcttlity of the B2 structure

material was lllw(tys higher thlm the DO 3 structt|re, lt wits/'ccogllized that the hetlt

treiltments producing I32 tli_dI)1[)3 structt_rcs ltlso yielded signific_ntly difft;rerlt

1nic/'ostructtVes and grail1 sizes, Additiolml work is needed to determine the role of

microstructure, grain size, [rod crystal structure in lml9'eying tile RT ductility of iron

ldur|ainide, This type of cfi'ort is currently under way tit Idalao Natior_al Et_gineering

I_,a|;oratory,

9, I)IS(;USSI()N

The most imt)ortimt ['indit_gc)fthe investigation was ttlltt of RT ductility villtles of 15

to 2()% ca|_ [_ achieved for l;c3Al-based iron itlttminides, 'I'hesc tire the highest values ever

reported for lhi_,;class of materillls tested in air ('l'able 1), From results ot' tests on r|atmy

cornt)ositi()llS, inciting l)racticcs, l)roccssir_g steps, heat trclttmcnts, [tnd tc,sl cond',tions

used, several conditions for obtltinir_g high ductility values life identified:

¢
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Fig, 581 Qualitative ekm_(zntalanalys(_soi' rnatr!cesand precipitates in air-
meltc_d ingot material (X3904) and vacuunvme, lted material (tleat 35), (a)and
(c.')Matrices and (b) and (d) pr(_cipitates.
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Table 8. X-ray diffraction results of high-ductility
specimens of iron-aluminide (Heat 130<)8)FAL

Heat Ductility
treatment (%) Structure a

(°c)

700/A C/7OO/ACb 15.4 132

750/OQ/7(X)/OC& 19,8 B2

750/OQ/750/f_ 17.1 B2

aNo DO3 peak was identified in these specimens.

bAC = air cool,

cOQ = oil quench.

t

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

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

treatment.

. 3. Higher test strain rates produce higher ductility.

4. Alloys "leaner" in alloying elements produce higher ductility,

5. Vacuum melting produces higher ductility material than air melting.

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

(low-purity) melt stock.

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

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

decreasing temperature above room temperature6, 7'suggested the possibility for hydrogen

embrittlement for these alloys, ttydrogen embrittlement requires (1) a source of the

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

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

process, and (4) susceptible material and/or microstructure.

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

exposed to water vapor, hydrogen interaction with deformation requires appropriate

hydrogen diffusion kinetic:; and a susceptible allc_y. Some in:stances of indirect evidences
I •

: for nyurogc_ """ " ....... ': ............:...... ;'_- '_.... _,,c........ ,;,.-,,,;,,-,_,o,-.,.,, ;,ro.(..IIIILINIUII l:llltl.lllt_,2.1_l.k..,tl_lll _'ltll LII_... ta_.'l,,.,Al*ltCL, lv.*,, ..,,_ ......... u-_,
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Table 9, Effect Of environments on tensile properties of
iron-aluminide alloy (FAL) a,t)

Test environment Elongation Yield strength Ultimate strength
(gas pressure) (%) (MPa) (MPa)

Air 9.4 296 654

O2c 23.8 304 957

Ar + H2c 14,6 315 785

t--I20v_por 8.1 296 630

aAll were tested at room temperature, 0,2/rain,

/q'his alloy contained 0.04 wt % B, as compared to 0.01 wt % B in stand_trd FAL
alloy.

c0.0667 MPa (5(X)torr).

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

aluminum atoms and the moisture trod leads to high RT ductilities (Table 10). Fol some

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

hydrogen generation and diffusion into the specimen.

2. Testing in 0.0667-MPa (5(X)-torr)dry oxygen produced twice the ductility than in

air containing water vapor (Table 9). The same material tested in water wtpor produced

lower ductility than that observed in laboratory air. Tensile testing in 0,0667-MPa

(5(X)-torr) molecular hydrogen in an argon environment produced higher ductilities than in

air, suggesting that molecular hydrogen is not as detrimental as atomic hydrogen produced =

by the reaction with moisture during testing (Table 9). The lower ductilities in molectdar

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

3. The unrecrystallized microstructure, which c0ntain_t extremely few tnmsverse

grain boundaries, produced the highest ductility values. This suggested that the hydrogen

produced at the metalsurface was not able to diffuse into the specimen in the absence ot"

these grain boundaries. When the microstructure was recrystallized, the large number ot"

grain boundaries provided a path for easy diffusion of hydrogen and reduced the observed

ductility.
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Table 10, Effect of quenching and heat treatment oil mechanical properties of an
experimental iron-ahmainide alloy (FA- 124)

-, ,, ,, ,,,

Heat treatment Cooling Test Yield Ulthnate Elongation
(°C) treatment conditions a strength strength (%)

(MPa) (MPa)

1 h/850 + 5 d/5(X)/air Air/air Air 256 564 7.6

1 h/750/air Oilb Air 367 724 13,2

1 h/750/air Oilc Air 342 509 4.5

1 h/750 + 4 d/5(X)/air Oilc/air Air 269 512 6.2

"Strain rate is 0,2 in./in./min.

l'Not cleaned.

cCleaned.

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 opet_ in a

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

dissolving in the metal by the reactions described previously. During air meltirlg,

additiomd 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 lm'ge to produce a

bulge in the ingot hot-top instead of the conventional shrinkage, Initial 230-kg (500-1b) air-

induction-melted heats at Combustion Engineering showed bulging and large gas-related

porosity in the ingot. However, when moisture in the melt stock was baked out and small-

size [70-kg (150-1b)] heats were melted, the gas-related porosity was minimized. A 230-kg

(5()0-1b) heat, when melted at "I'heTimken Company and cast into a 250-rana (10-in.) mold,

produced material that was similar in appearance to that of Swiss cheese. The ORNI_,-

melted 7-kg (15-1b) air-induction heats did not have any gas-related porosity or bulging of

the hot-top, lt is believed that the ()RNL heats are better because the melt stock was kept in

, desiccators prior to melting.
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Vncuuna-inductlon-melted heats using the same melt stock that produced the Swiss-

cheese type structure were fi'ee of tiny gelsporosily. Vactluln melting he,lps in two ways:

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

with aluminunl and iron, nnd (2) it helps to pump out any hydrogen ttlat might huve been

dissolved in the melt sleek,

Based on the _tt.xgveresults and those of Liu, McKtmley, nnd Lee, 6 it appears that

iron-aluminide alloys aresusceptible to hydrogen embrittlement through a chemical reaction

of aluminum and h'on with moisture in air, The results in this report have presented some

means for reducing the effect and it_iproving the ductility, Whereas a highly elongated

grain structure can improve ductility, this microstructural !tpproach is limited to sheet and

plate applications; it ctmnot be used for castings and forgings or after high-tempernttlre

_lging. Oil quenching provides _tdditionnl inaprovement in ductility and may be useful in

some cases, The ideal methcx.lof addressing the environmental problem is to add alloying

elements that will permit quick surface passivation, Such alloy additions _u'ecurrei_tly

under investigation.

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

the ductility of Fe3Al-based iron aluminides, Table 11 shows the data on el5()0-g (1-1b)

drop casting of alloy FA-129 to which 0,20 wt % Mn ancl 0,40 wt % Si were intentionally

ndcted, The presence of these impurities pemlitted only a maximuna ductility of 9% as

compared to 15 to 17% observed for some alloys without these impurities, Another example

of impurity effect is shown in Table 12, Data in this table are for alloy la'Al.,that was
,.

melted using the commercial melt stock, which was supplied by The Timken Comparly,

This melt-stock analysis should have resulted in residual amounts of Mn, Si, and Mg,

(Magnesium comes from impurities in the alunainuna.) Once again, the best RT ductility for

this alloy was 12% etsopposed to 20%, which was observed for the same alloy using pure

melt stock _t ORNl.,. The impurity content of these heats also required higher tk_rgingand

rolling temperatures.

The air-induction-naelted ingot (X3908 of FAL) resulted in maximum RT elongation

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

0,2 wt % Mn __nd0.50 wt % Si, Based on the results in Table 11 for 0.2() wt % Mn and

0.40 wt % Si addition, it is believed that the lower ductility v_tluesobserved for ingot

X3908 were caused by its high manganese emd silicon contents,

=
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10, API_LICATI()NS

Iron aluminldes can replace cartxm steels for some applications and, In other

instances, stainless steels, Tlm advantages of iron aluminkles include (1) oxidation

resistance as good or better than ali steels (carbon, low alloy, and stainless); (2) sulfidatlol_

resistance better than tdl steels; (3) resistance to stress corrosion cracking compm'able to

carbon and low-alloy steels; (4) good corrosion resistance tn molten nitrates as compared to

all steels; (5) resistance to atmospheric corrosion (rusting) at RT iraa humid environment

which helps eliminate specM handling procedures during shop fabrication; (6) liT tensile

strength superior to carbon and stainless steels; (7_ high-temperature strength superior to

carbon, low-alloy steels, and stainless sleds up to 600*C; (8) creep strength better than

carbon and low-alloy steels tlp to 6(X)*C;and (9) lower cost than many adwmced 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 potenti_d applications which include (1) hot-gas filters,

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

11. FUTI.JRI_ WORK

. 1. We are striving to develop compositions that will be free from, or minimize,

environmental effects on mechanical properties.

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

and electroslag remelting on mechanical properties will be determined.

3, Alloy compositions with minimum environmental effects will be scaled up and

tested for tensile and creep properties.

12. SUMMARY ANl) C()NCI.,USIONS

Iron aluminides based on Fe3Al are ordered intermetallic alloys that offer goc_

oxidation resistance, excellent sulfidation resistance, and relatively low material cost,

These materials also conserve strategic elements such as chromium and have a lower

density than stainless steels. However, limited ductility at ambient temperature and a sharp

drop in su'ength alx)ve 5()0°C have been major deten'ents to their acceptance for structural

applications. This report presents the most recent improvements in RT ductility of these

aluminides, effects of con_l)osition on ductility, effects of test temperature and strain rate on



tensile properties, scaleup and t'nbrlcation ot"selected compositions, mechnnicnlproperties

of sc'nled-up heats, envtrc)mnentnl effects, potential ltt_pltc:_ttlons,nnd t'Ultlrepl(ms, The

l:ollowing statements sumnmrize the present work:

1, Iron alun,ainlde,s based on I'_e-28ht, % A1 hnve been ductiltzed toRT tensile elongations
of 15 to 20% tbr _he first time,

2, Ductility improvemerlts hnve been achieved through therrnomechttrllcttl processing ttnd

heat-treatment control, This rnethod of' ductility impmvenlent Ims rx:endemonstrnted

for a range of compositions,

3, Melting, casting, and pr(u:esstrlg of 7-kg (15-1b) hents nt ORNl_.,nnd 70-kg (150..lb)

hents at a commercial vendor were described, Considering the tI_tkwmntiolaavnilnble,

vnc,uum melting is recommc,nded for these materinlsl Other refining processes such ns

electroslag remelting hre nlso desirable,

4, The Fe3Al-based iron nluminides nrc ensily hot worked by forging or extrudir_g nt

temperatures in the rlmge of 850 to 1I(X)°C. Rolling is usually recommended at 8(X)°C

with the t'in_ll50% reduction _tt6500C. Bnsed on the dnta presented, these alloys

sl_ould t._.readily hot workable, Some care will t.mrequired in prtmesstng at RT

because of limited ductility nt this tempernture.

5. Tensile and creep properties ot"7-and 70-kg (15- and 15()-lh)heats were presented,

The RT tensile elc,ngation madrelated ultimate tensile strength values were most

different between ORNl., and commerci_tlly melted material, l,ower values for

commercinlly melted material were explained in terms of irnptJrity effects, especially

manganese and silic,on, Creep prol3er'tit.'sof the alloys thltt hre the most ductile nt RT

nrc significantly lower than those observed for type 304 stainless steel, At least one

cc)mposition suggests that creep l)roperties equal to type 304 stainless steel may be

possible.

6. Data presented in this report suggest that the Fe3Al-based compositions tested so far nrc

sensitive to environmental effects, The environment of concern is water vapor, which

reacts with alurr_irlum and iron to form hydrogen at the metal surface, 'l'he hydrogen

produced is adsorbed and absurbe(t in the specimen during testing nnd results in low

RT ductilities, The use of highly elongated grains with essentially no trnnsverse

boundtll'ies is Olle way of reducing the hydroger_ diffusiorl nnd thereby increasing thr.:

ductility, An oil treatment provides additional improvement in ductility by providiIig n

barrier for interaction of the metal surt'nce with naoistttre, l lowever, nlloy

rncudifications, which can provide rapid pnssivation of the surface at R'I' and thus
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prevent hydrogen from diffusing Into tl_ost)ochlacn, are the best solution to minimizing

file (.:ilvlronmenlal elTc_ts, Work Is currently under way oi) such alloy modlficaltons,
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