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The Strength Properties of Iron 
Aluminides 
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Author's Note: All composztions are provzded in mole per- 
cent. 

For the development of Fe-Al alloys as 
structural materials, a deep understanding 
of slip and deformation properties is neces- 
sary. In particular, since mechanical proper- 
ties of the iron aluminides are affected by 
excess vacancy strengthening as well as the 
positive-temperature dependence of yield 
stress, controlling these strength features is 
essential. In this article, the strength proper- 
ties of iron aluminides are reviewed. 

I N T R O D U C T I O N  

Iron alloyed with a luminum forms 
ordered phases based on body-centered 
cubic (bcc)-derivative superlattices des- 
ignated as D03 and B2 structure over a 
wide range of aluminum content (23- 
50 percent). 1 These iron aluminides (i.e., 
D03 Fe3A1 and B2 FeA1) exhibit a positive 
temperature dependence of yield stress 
over the aluminum concentration range, 
irrespective of the ordering state. This is 
very attractive for h igh- tempera ture  
structural application. 

These aluminides deform by slip be- 
low a moderate temperature along the 
close-packed direction <111> on the 
close-packed plane {110} in the same 
manner as bcc metals. 2-4 A superdis-  
location having the Burgers vector of 
a<111> dissociates into a four- fo ld  
superlattice dislocation in Fe3A1 and a 

two-fold superlattice dislocation in FeA1 
to reduce self-energy of the dislocation, 
where a is the lattice constant. Dissoci- 
ated superpartial dislocations having 
b = a/4<111> of Fe3A1 and b = a/2<111> 
of FeA1 are bound with antiphase bound- 
aries (APBs).2-1~ Above the moderate tem- 
perature, the slip transition occurs from 
<111> to <100>. ~-~4 In some  B2 
aluminides such as NiA1 and CoAl) 5-~7 
<100> dislocations are activated instead 
of <111> because their APB energy is 
high, and, thereby, the dissociation is 
not energetically preferable. However, 
it is unlikely that APB energy increases 
with increasing temperature in Fe-AI. 
Indeed, the APB energies have been 
found to decrease at elevated tempera- 
tures? 8 The slip transition is governed 
by the increase in the glide resistance of 
<111> dislocations. Therefore, the de- 
tailed knowledge of <111> slip is neces- 
sary for unders tanding the strength 
properties of iron aluminides. 

E X C E S S  V A C A N C Y  
S T R E N G T H E N I N G  

Iron aluminides inherently contain a 
high concentration of thermal vacancies 
at high temperatures, and the concentra- 
tion increases with increasing aluminum 
content. ~9-23 Their vacancy-formation 
enthalpies are 0.9-1.2 eV, which are simi- 
lar to those of pure metals, whereas their 
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Figure 1. Resolved shear stress-shear strain curves of single crystals in tension at room 
temperature and an initial strain rate of 1.6 x 10 -~ s -1 (a constant cross-head speed) in a vacuum 
of better than 4 x 10 ~ Pa for (a) Fe-33AI and (b) Fe-44AI. 

vacancy-formation entropy is extremely 
high (S = 6k 6, where k B is the Boltzmann's 
constant).2*~ This is the reason why the 
vacancy concentration in Fe-A1 alloys is 
enormous at high temperatures. Further- 
more, iron aluminides have greater va- 
cancy-migra t ion  en tha lp ies  of 1.5- 
1.8 eV. 24,25 Thus, most thermal vacancies 
are easily retained by rapid cooling. This 
is in contrast to pure metals, whose for- 
mation enthalpy is greater or equal to 
the migration enthalpy. Consequently, 
the concentration of excess vacancies ex- 
hibits the same aluminum-concentration 
dependence as that of thermal vacan- 
cies. 19,26 Vacancies in B2 FeA1 have been 
reported to be predominantly formed 
on the iron sublattice, together with an 
even higher concentration of antisite at- 
oms on either sublattice. 23,27-30 Also, 
divacancy formation was pointed out 
due to a relatively high divacancy-bind- 
ing energy of 0.57 eV. v 

Excess vacancy strengthening is sig- 
nificant at low temperatures in Fe-A1 
alloys, particularly in B2 FeA1. Special 
attention has been paid to this phenom- 
enon since Nagpal  and Baker reported 
the composition and cooling-rate depen- 
dence of hardness in B2 FeA1. 31 This phe- 
nomenon was first reported by Rieu and 
Goux. 32 They revealed that B2 FeAI 
quenched rapidly from elevated tem- 
peratures retains a high concentration of 
thermal vacancies, and retained excess 
vacancies in B2 FeA1 enhance hardness. 
Since the excess vacancy concentration 
increases with increasing aluminum con- 
tent, the strength propert ies  of iron 
aluminides exhibit strong composition 
dependence if samples were subjected 
to the same thermal histories. ~9~1~3 In 
addition, there is a linear relationship 
between the hardness and the square 
root of excess vacancy concentration. ~9 
The increase in hardness leads to the 
increase in yield stress and critical-re- 
solved shear stress. 34-37 

Figure 1 shows resolved shear stress- 
shear strain curves of Fe-33 and 44A1 
single crystals deformed at room tem- 
perature in tension. ~ These single crys- 
tals were homogenized at 1,373 K for 48 
hours and slowly cooled to room tem- 
pera ture  at the cooling rate of 5 x 
10 -3 K.  s -~ (as-homogenized specimen). 
After homogenization, the crystals were 
kept at 1,173 K for one hour and air- 
cooled to introduce excess vacancies (air- 
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Figure 2. A clark-field electron micrograph 
taken using the 200 superlattice reflection in 
DO 3 superlattice. 

cooled specimen). Furthermore, the air- 
cooled specimens were annealed at 698 
K for 100 hours to eliminate excess va- 
cancies (vacancy-eliminated specimen). 
In both alloys, the critical-resolved shear 
stress is raised, and elongation is re- 
duced by air-cooling. The air-cooled 
single crystals show L~iders yielding. 
Slip becomes inhomogeneous by the 
excess vacancy strengthening. 

The effect of cooling rate on hardness 
was not as marked at a luminum concen- 
trations less than 35%. 31 The results of 
the single crystals' tensile properties in 
Figure I demonstrate a marked effect of 
the cooling rate, even for Fe-33A1. On the 
other hand, the vacancy-el iminated 
single crystals are relatively ductile. Elon- 
gation of more than 30% was observed at 
room temperature in B2 FeAI single crys- 
tal, 39 but, such a large elongation has 
never been obtained in polycrystals. 

S E C O N D A R Y  D E F E C T  
S T R E N G T H E N I N G  

While the concentration of retained 
excess vacancies is reduced by interme- 
diate-temperature annealing, 3L32'4~ sev- 
eral types of defect clusters result from 
the condensation of those vacancies. 
There are roughly four kinds of second- 
ary extended defects: complex planar 
fault (CPF) on {100} plane, APB on {111} 
plane, <111> superdislocation,  and 
<100> dislocation. CPFs are a planar 
fault having both APB and stacking fault 
(SF) character and have been observed 
only in boron-added Fe-35Al. 4~ Unfortu- 
nately, the atomistic structure and the 
formation mechanism of CPFs are not 
understood. APBs on {111} have been 
observed in alloys containing 35-42% 
aluminum? 3,n43 

Figure 2 shows a typical APB struc- 
ture in Fe-35A1 annealed at 698 K for 120 
hours after air-cooling from 1,273 K. 4~ 
All end-on APBs are parallel to the [ 211] 
or [ 211] direction, indicati~_g that these 
APBs are on (111) or (111). The APB 
formation is interpreted as a result of the 
collapse of the lattice owing to vacancy 
condensation on triple layers of {111} 
planes during the intermediate-tempera- 

ture heat treatment. 4~ Such APB forma- 
tion implies that APB energy is lower on 
the {111} plane than on other planes. 
This imphcation is in good agreement 
with the result of Flinn's calculation? 
The size, distribution, and planarity of 
APBs are affected by alloying elements. 4~ 

In Fe-40A142 and Fe-42A1, 33,~3 <111> 
superdislocations have been observed, 
but CPFs have not. Voids, probably 
formed by vacancy agglomeration, have 
been found as well as <111> or <100> 
dislocations in Fe-43AP 4 and Fe-45Al- 
0.1Ni. 4s At near-stoichiometric com- 
position, <100> dislocations are pre- 
dominant. 

These observations indicate that the 
types of defect clusters formed by va- 
cancy condensation are dependent on 
aluminum concentration as well as heat- 
treatment histories. The increase in the 
density of the secondary defects leads to 
the increase of internal stress. Hence, 
yield stress is also increased by these 
factors, but is more sensitive to excess 
vacancy strengthening than to second- 
ary defect strengthening (Figure 3). a6 

T H I R D  E L E M E N T S  E F F E C T S  

The fracture mode of polycrystalline 
Fe-A1 alloys is dependent on aluminum 
concentration. In general, F%A1 and iron- 
rich FeA1 (containing less than 40% alu- 
minum) fracture transgranularly. Fe~A1 
has good ductility by nature and shows 
elongation of about 12% at room tem- 
perature in vacuum, but is embrittled by 
an external factor (i.e., environmental 
embrittlement). 47,*s In Fe-A1, cleavage 
strength is reduced by hydrogen, there- 
by promoting transgranular fracture. 
McKamey et al. found that environmen- 
tal embrittlement is improved to some 
extent by chromium addition, ag~~ 

FeAl containing more than 40% alu- 
minum fractures intergranularly and is 
less ductile than Fe3A1. Also, polycrys- 
talline FeA1 is less sensitive to the envi- 
ronmental effect owing to intrinsically 
weak cohesive strength of grain bound- 
aries? ~ However, FeA1 exhibits relatively 
good ductility at a high strain rate of 
10 q to 100 s q in spite of intergranular 
fracture, 52 suggesting that polycrystal- 
line FeAI is also embrittled by the envi- 
ronmental effect. Correspondingly, en- 
vironmental embrittlement in FeAl has 
been confirmed using single crystals. 53 
Also, the increase m the lattice resistance 
due to the excess vacancy strengthening 
leads to drastic embrittlement. 34-37 To 
improve the excess vacancy embrit- 
tlement, the effect of third elements (Cu, 
Ni, Co, Mn, Cr, V, and Ti) on hardening 
has been investigated, s4,Ss Although the 
addition of the third elements alleviates 
the excess vacancy strengthening accom- 
panied with solid-solution strengthen- 
ing, it reduces elongation even if the 
fracture mode is changed from inter- 
granular to transgranular, s~ 

W O R K  H A R D E N I N G  

High work-hardening rates of 1- 
10 GPa have been reported for iron 
aluminides? 6,574'~ Ordered alloys gener- 
ally have a higher work-hardening rate 
than disordered alloys due to the dislo- 
cation-APB interaction, s,61 Leamy and 
Kayser 6 schematically described the dis- 
location-APB interaction process in the 
D03 superlattice and discussed the con- 
tribution of antiphase domains to the 
flow stress of Fe3AI. Later, the work hard- 
ening of Fe3A1 was interpreted in terms 
of APB energies. 7 Based on recent trans- 
mission electron microscopy observa- 
tions, APB blocking ~~ and APB tube for- 
mation 62 are considered to further en- 
hance the work hardening in Fe-A1. By 
contrast, excess vacancies reduce the 
work-hardening rate (Figure 3). 

P O S I T I V E - T E M P E R A T U R E  
D E P E N D E N C E  O F  Y I E L D  

S T R E S S  

Positive-temperature dependences 
have been observed in several interme- 
tallics since the 1950s. For iron alu- 
minides, it has been well known that DO 3 
F%AI has a yield-stress anomaly related 
to the D03-B2 phase transformation 63 On 
the other hand, the yield-stress anomaly 
of B2 FeA1 was not revealed until re- 
cently because excess vacancy strength- 
ening obscured the appearance of it. s4 
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Figure 3. The resolved shear stress-strain 
curves of Fe-39AI single crystals subjected to 
four kinds of heat treatment in compression. 
Homogenization was performed at 1,373 K 
for 48 hours, followed by slowly cooling to 
room temperature at the cooling rate of 5 • 
10 -3 K �9 s-L Dislocation density after homog- 
enization is about 10 ~2 m -2. ITA means the 
intermediate temperature annealing at 698 K 
for 120 hours followed by furnace-cooling to 
room temperature at the rate of about 3 x 
10 -2 K �9 s -1. Dislocation density after homog- 
enization + ITA is about 10 TM m-L AWQ means 
the annealing at 1,173 K for 24 hours followed 
by water-quenching in a silica tube. Disloca- 
tion density after homogenization + AWQ + 
ITA is about 1013 m -2 
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The first sign for the yield-stress anomaly 
of FeAt was found in Fe-37A1-2Ni in 
198725 Later, an anomalous peak was 
detected in polycrystalline Fe-40AI+B. "6 
Also, a distinct peak was observed in 
large-grained, directionally solidified Fe- 
40A1. 67 

Since the works of J. Guo et al. and 
K.-M. Chang ,66.67 this unusual yield be- 
havior has become one of the hottest 
topics in B2 FeAI. Figure 4 shows the 
temperature dependence of yield stress 
of D 0  3 Fe-25.8A1 ~ and B2 Fe-39.5AP 9 
single crystals. As seen, the positive- 
temperature dependence of yield stress 
in Fe-A1 does not appear at the lower- 
temperature range, but  only appears at 
the intermediate-temperature range. The 
yield stresses of Fe-39.5A1 exhibit a single 
peak for all of the orientations exam- 
ined. In our studies 39,69 the observed on- 
set temperatures (T~) where yield stress 
begins to increase with increasing tem- 
perature lie between 0.37 T (0.35 Tin) and 
0.44 T~ (0.41 T ) ,  and the peak tempera- 
tures (T) lie between 0.51 T (0.47 Tin) 
and 0.59"T~ (0.55 Tin) near 40% aluminum 
concentration, where T is the B2/A2 
transformation temperature and T m the 
melting point from the phase diagram7 ~ 
The yield stresses of Fe-25.8A1 also ex- 
hibit a single peak. However, the peak 
temperatures lie above T ,  and shoul- 
ders appear just below T~ in the curves 
for all the orientations examined. This 
suggests that the yield-stress anomaly is 
induced not only by the phase transfor- 
mation but other physical sources. 

Peak temperatures in the Fe-A1 sys- 
tem that were reported by many re- 
searchers t4̀ ~s,39,6~9,n4~ are summarized in 
Figure 5. The yield-stress anomaly can 
be observed within the entire aluminum- 
concentration range of the aluminides. 
At aluminum concentrations less than 
about 30%, the Tp data are located around 
800 K with a small scatter. The role of 

first-order and second-order (D03/B2) 
phase transformations is certainly rec- 
ognized as one of the possible causes for 
the good reproducibility of the peak tem- 
peratures at lower aluminum concen- 
trations. However, a few binary data lie 
above the t ransformat ion  tempera-  
ture? s,~,79 At aluminum concentrations 
greater than 30%, the observed peak tem- 
peratures are much more scattered. These 
anomalous peaks are not associated with 
any phase transformation. In studies 
using single crystals? 9 it was found that 
Tp is associated with the slip-transition 
temperatures. Moreover, <111> slip is 
predominantly activated at the early 
stage of plastic deformation correspond- 
ing to a yield strain even at T ,  and the 
slip direction changes to <10(~> during 
deformation with strain at T s2 

These results indicate thai  the yield- 
stress anomaly is induced by the in- 
crease in the glide resistance to <111> 
superdislocations as temperature in- 
creases. Therefore, a common strength- 
ening mechanism other than the phase 
transformations operat ing on <111> 
superdislocations is expected in the wide 
composition range, irrespective of the 
ordered states. Since the yield stress 
above T is governed by the critical- p 
resolved shear stress of <100> slip, Tp is 
determined as the intersection between 
the yield stress versus  tempera ture  
curves for the <111> slip and the <100> 
slip. The yield stresses above T drop 
quite rapidly, indicating that  the c~ecline 
of glide stress of <100> slip is drastic. 
Accordingly, enhancing the glide resis- 
tance for <100> slip should be more ef- 
fective in improving high-temperature 
strength. For the D03-ordered phase, el- 
evating the D03/B2 transformation tem- 
perature also would be available. Tita- 
nium and molybdenum additions are 
effective in modifying the high-tempera- 
ture strength performance in Fe3Al.S3 
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Figure 4, The temperature dependence of yield stress of (a) Fe-25.8AI single crystal in 
compression and (b) Fe-39.5AI single crystal in compression. 

1 2 0 0  , . , 

O q �9 

~ ~ i 
�9 �9 �9 

o o 

Oo3 
4OQ 

i J i f 

20 25 30 35 40 45 50 

AI content / tool.% 

Figure 5. The peak temperature reported m 
the references as a function of aluminum 
concentration. --binarysinglecrystals, _ - -  
binary polycrystals, and @--polycrystals modi- 
fied by added elements. Broken and dotted 
lines indicate the phase transformation and 
the Curie temperature reported. 7~ 

To explain the yield-stress anomaly of 
Fe-A1, a cross-slip pinning (CSP) modeU s 
a local climb locking (LCL) model, s4,~ 
and a vacancy-strengthening model  s6 
were presented. In both the CSP and 
LCL models, energetic preferences due 
to the anisotropy of APB energy have 
been pointed out. Recovery becomes 
active gradually as temperature increases 
above T v meaning the acceleration of 
atomic diffusion at the temperature  
range. 82 In any case, the change in the 
c ore structure of < 111 > superdislocation, 
including the interaction between the 
dislocation and vacancies, seems to gen- 
erate pinning force against dislocation 
motion. A conclusive mechanism of the 
anomaly has not been established. 

C O N C L U S I O N S  

Excess vacancy strengthening is an 
intrinsic property in iron aluminides, 
thereby reducing their ductility, espe- 
cially in B2 FeAt. No expedient method 
that  a l l ev ia tes  the excess vacancy  
embrittlement in ductile Fe-A1 has been 
proposed. Also, there has been no plau- 
sible interpretation for the excess va- 
cancy strengthening in the iron alu- 
minides. Fe3A1 is more beneficial than 
FeAI because of weak excess vacancy 
strengthening, although the lower den- 
sitv of FeA1 is very attractive for struc- 
tural material applications. 

Iron aluminides exhibit positive-tem- 
perature dependence  of yield stress 
through the entire aluminum concentra- 
tion, irrespective of the ordered state. 
The definite physical source(s) inducing 
this phenomenon has not been revealed, 
but the glide resistance for <111> slip 
increases as temperature increases. Thus, 
enhancing the glide resistance for <100> 
slip should be considered in improving 
the high- temperature strength of the iron 
aluminides. 
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