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ABSTRACT

HIGH RESOLUTION ELECTRON MICROSCOPY
EXAMINATION OF DISLOCATION CORE
STRUCTURES IN B2 Fe-Al ALLOYS

Doug Sharrott

Stoichiometric Fe-50at%Al and iron rich Fe-40at%Al B2 ordered intermetallic
single crystals (oriented near [001] ) have been deformed in compression to
approximately 5% plastic strain at 873K. Optical slip trace and conventional phase
contrast electron microscopy has been used to characterize slip and the dislocation
structure in these materials. The observed dislocations (for both alloys) were
predominantly <100>(001) prismatic edge dislocations. Very limited observations of
<111> screw dislocations were observed in Fe-50Al as well. Following substructural
characterization, high resolution electron microscopy (HREM) was used to image core
structures of the dislocations observed. HREM studies revealed predominately
<100>{001} dislocation cores. Surprisingly, a <110> core was observed as well. Fe-

40Al edge dislocation cores were found to be compact with little or no evidence of
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spreading. A number of differently arranged <100>(001) edge dislocation cores were
found in Fe-50Al. These structures contained varying elements of glide and climb.
Comparison with theoretical structures revealed significant differences between the
modeled and experimentally observed structures. Differences in the mechanical
properties of the two FeAl alloys are discussed with respect to the differences observed in
their core structures. These core structures are compared to similar cores found in NiAl
and CoAl as well. The effect of thermal history on the mechanical properties and

dislocation structure of FeAl is also discussed.
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1. Introduction

B2 intermetallic aluminides, such as FeAl, NiAl and CoAl, possess many
properties which make them potentially competitive with ceramics and superalloys in
moderate to high temperature structural applications. These materials have several
advantages including: maintaining crystal order over a wide composition range;
remaining ordered up to their melting points; having excellent oxidation resistance; low
density; high strength and consist of low cost; composed of readily available materials.
However, due to the structure of B2 FeAl (directional bonding and thermally influenced
physical and mechanical properties) this alloy poses several barriers which must be
overcome in order to make it competitive with currently used high temperature materials.
The main disadvantages include: generally poor ductility at low temperatures (when
using conventional fabrication processes); low toughness at ambient temperatures; highly
anisotropic moduli; high vacancy concentrations; high thermal expansion coefficient
(FeAl only) and low creep strength (FeAl only).

As an introduction to this investigation, the basic information concerning FeAl
will be discussed and compared with the B2 alloys NiAl and CoAl. The previously
mentioned advantages and disadvantages will be covered. Then, a review of the
mechanical behavior of bcc materials will be presented. Following this, the review will
be expanded to include the B2 structure. In addition, influences of temperature,
stoichiometry, orientation (single crystals), thermal history (annealing/vacancy
concentration) and testing environment will be discussed with respect to the mechanical
properties of B2 FeAl. Finally, the objectives of this work will be elaborated on, based
on the review and current work on B2 materials.

Intermetallic B2 aluminides consist of an ordered lattice that has strong bonding
between the constituent atoms. The B2 (CsCl) structure is the simplest of the

intermetallic structures, consisting of two interpenetrating simple cubic cells (see



figure
(Fe-34

a]lo_\m

elung

temper:

contain
themsel
engines
for Fe-5
centrifu,
0% to ¢
in weigh
itis kno
aloys (s
blades ¢4
efﬁciencj
fa"Orable
Performgy
and high
has the 4
Materia],
Calc“latim

E"Perime,



figure 1). An advantage of B2 FeAl is that it can exist over a wide range of composition
(Fe-34to 51 at% Al). This implies large solubilities for third element substitutional
alloying additions [1]. Figure 2 displays the binary phase diagram for FeAl [2].

In addition, the B2 aluminides, CoAl, NiAl and FeAl remain ordered up to their
melting points (~ 1900K for NiAl and CoAl and 1500K for FeAl). Current service
temperatures for superalloys top out at around 1300K [3].

Excellent oxidation resistance is expected, due to the large amount of aluminum
contained in these alloys. In fact, protective "aluminide" coatings have already proven
themselves on a large number of high pressure turbine blades and vanes of aircraft
engines [4]. Another advantage is the fact that these alloys are 1/3 less dense (5.59 g/cm3
for Fe-50Al) than their nickel based superalloy counterparts (6-7 g/cm3). When
centrifugal forces are taken into consideration, a potential weight savings on the order of
40% to 50% would be seen for a jet aircraft. The savings would be due to the reduction
in weight of the jet engine components and the external engine housing [S]. Additionally,
it is known that B2 NiAl possesses higher thermal conductivity than nickel based super
alloys (see figure 3). Due to the higher thermal conductivity of B2 NiAl, jet engine
blades can reduce their hot spot temperature by as much as SOK [4]. This implies gréatcr
efficiency, due to the ability to operate engines at higher temperatures. All of these
favorable properties combine to create a potential for a longer lasting, higher
performance, lighter (higher thrust to weight ratio) jet engines for future military aircraft
and high speed civil transports. Additionally, the large aluminum content of these alloys
has the added advantage of creating a high strength alloy with readily available low cost
materials. The theoretical room temperature moduli (determined by first principles
calculations) for FeAl, NiAl and CoAl are 347GPa, 247GPa and 296GPa respectively [6].

Experimental values determined by the piezoelectric ultrasonic composite oscillator
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technique for 50 at%Al FeAl, NiAl and CoAl are 163-256GPa, 232GPa and 296GPa
respectively [7,8]. These values are comparable to the upper value of 206.8GPa for
nickel based superalloys [9].

Although the advantages of B2 FeAl are numerous, this material generally lacks
extensive ductility and toughness at ambient temperatures, especially for the
stoichiometric (Fe-50Al) composition. First, the binding force, (ordering energy)
between the different atomic species in the B2 alloys has a directional character and is
stronger than regular metallic bonding [6]. It is believed that this type of bonding
decreases ductility by making dislocation motion more difficult. In addition, this bonding
causes this class of materials to have very anisotropic moduli [6]. Table 1 shows the first
principles calculations of the elastic constants for Fe-50 at.% Al (hereafter referred to as
Fe-xx.xAl) [6] and experimentally observed values for Fe-40Al at 298K [8]. (Cy; - C12)
corresponds to the [110] shear on the (110) plane, and C44 corresponds to the [110] shear
on the (001) plane. Eis Young's modulus, G is the shear modulus and R represents the
shear elastic anisotropy factor. When designing single crystal structural components that
would use this type of material, elastic anisotropy may be a hindrance. The stresses on
the part would have to be analyzed and the part would then have to be
crystallographically oriented in order to provide the best response to the applied
load/loads. Low ductility, low toughness and elastic anisotropy are complications that
make fabrication of these materials difficult with respect to conventional methods, such
as casting and machining. However, methods such as powder processing, extrusion and
directional solidification have been successfully employed to varying degrees [4].

A very important factor which should not be forgotten, is the propensity for these
alloys to have high vacancy concentrations. High vacancy concentrations have been
observed following both quenching and less severe cooling rates. The first studies of

quenched in vacancies in FeAl were carried out using resistivity,






Table 1. Elastic Constants of FeAl at room temperature
(in_units of GPa)[6.8].

Type of data
First Principles [6] Fe-
50Al

Experimental values [8] Fe-
40Al

Ci2 Cq4
130 165
114 127
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dilatometry and field ion microscopy [10-13]). These studies revealed vacancy
concentrations as high as 1.4 x 10-2 and 2.2 x 10-2 (as quenched from 1323K (.86T)) for
Fe-46Al and Fe-51Al respectively. Typical metals have vacancy concentrations on the
order of 1073 to 1074 near their melting points [14]. From the vacancy studies, it can be
seen that vacancy concentration decreases with increasing iron rich deviations from
stoichiometry. This decrease in vacancy concentration may be a direct result of
increasing melting temperature with decreasing aluminum content. Figure 4 illustrates
vacancy concentration as function of aluminum concentration [15].

Rieu and Goux [10] and Weber et. al. [16] were the first to attribute increases in
hardness to increases in the number of retained vacancies following quenching. More
recently, this phenomenon has been attributed to large increases in yield strength (along
with corresponding decreases in ductility) as a function of cooling rate [17,18]. Table 2
illustrates the change in critical resolved shear stress (CRSS) for B2 FeAl single crystals
which have been slow cooled and oil quenched, following a 24 hour anneal in argon at
1273K [19]. Figure 5 illustrates engineering stress-strain curves for extruded
polycrystalline Fe-40Al samples subjected to various post-homogenization quenching
rates [18].

FeAl has a larger thermal expansion coefficient than NiAl, CoAl, nickel and
nickel-based alloys. This may be related to the large thermal vacancy concentrations in
these alloys. Figure 6 displays plots of Al/l versus temperature for FeAl, NiAl,CoAl,
several common alloys and alumina [1]. The large thermal vacancy concentrations may
also be related to the relatively poor creep strength reported for FeAl [20]. Whittenberger
et al. [21] determined the work hardening coefficient to be 0.0015E for polycrystalline
Fe-39.8A1 compression tested at 1200K.



pyeeen et
L
)

(=]

—

(oD ‘UOREBNUIIUOD Aoueoep) 3of

8

7. X 104



10*

5 900°C
g

g 850°C
g

7y

g 800°C
2

g

2x10° 46 41 48 49 50 51

Atomic % Aluminum

Figure 4
Vacancy concentration vs. at. % Al for FeAl. Adapted from [15]



Fe
F¢
F

F



10

Table 2. Values of critical resolved shear stress[20].

Alloy
Fe-39.2 at%Al

Fe-39.2 at%Al
Fe-48.8 at%Al

Fe-48.8 at%Al

Heat treatment
Slowly cooled
Oil quenched
Slowly cooled
Oil quenched

CRSS (MPa)
97 +/- 13
304 +/- 16
202 +/- 17
318 +/- 16
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Figure 5
Engineering stress-strain curves for extruded polycrystalline
Fe-40Al which has been quenched at different rates. Adapted
from [18]
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Figure 6
Thermal expansion plots of B2 FeAl, NiAl, CoAl, several common
alloys and alumina. Adapted from [1]
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In addition, they determined the elastic modulus to be 93GPa for the alloy at 1200K.
Recall that the room temperature modulus for Fe50-Al ranged from 163 to 265GPa.
Figure 7 illustrates the approximate creep strengths of Ni, Fe, FeAl, NiAl, CoAl and
nickel-based superalloys.

The potential benefits for using FeAl are numerous. However, more information
is needed before this material can be made commercially useful. Hopefully, further study
of this material will benefit attempts to improve the properties of all B2 aluminides.

1.1 Background

In order to gain a better understanding of B2 FeAl (a bce based intermetallic
alloy), it is helpful to compare the mechanical behavior and deformation mechanisms of
this alloy to that of standard bcc metals. The information gathered from this avenue of
investigation is believed to be beneficial in understanding and hopefully in finding new
ways to improve the flow and fracture behavior of this material.

The deformation of bcc metal is controlled primarily by the motion of <111>
screw dislocations. It is known that the core structure of the screw dislocation produces
an intrinsic lattice friction mechanism, thereby controling dislocation motion [22]. For
example, depending on the direction and sense of an applied stress on a single crystal (see
figure 1), screw dislocations may move on different glide planes and in different
directions in the bcc unit cell. This type of deformation behavior allows the material to
satisfy Von Mise's criterion for 5 independent slip systems. Yamaguchi [22] conducted
atomistic studies of the core structures of 1/2 <111> screw dislocations, 1/2<111> non-
screw dislocations on {110} and {100} planes, and twinning dislocations on {112} twin
boundaries in the bcc structure. These studies revealed that the Peierls stress for screw

dislocations are at least three times higher
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Appoximate creep strengths of several high
Temperature materials.

T =1125°C

Figure 7

Approximate creep strengths of several intermettalics in comparison
to superalloys, iron and nickel. Adapted from [20]



15

than that of non-screw dislocations, implying that the screw dislocation is of primary
importance for understanding the plastic behavior of bcc metals and alloys.

The increase in the resistance that the crystal line lattice offers to the movement of
a <111> screw dislocation is a direct result of the difference in the structure of the screw's
core when compared to that of edge-type dislocations. The core structure of the <111>
screw dislocation is non planar and possesses a 3-fold symmetry, which is illustrated in
figure 8. These images correspond to viewing the core end-on (down the line direction).
Figures 8(a) and (b) display computer models of relaxed 1/2<111> screw dislocation
cores. The small circles represent atom positions projected on the (111) plane. The
arrows represent the [111] disregistry of pairs of atoms in the core and display the relative
displacement in the direction of the Burgers vector (i.e. into the plane of the paper). The
relative magnitude of the displacements are represented by the relative magnitudes of the
arrows. Figure 8(c) provides an illustration of the orientations of the traces for the planes
of relaxation in the [111] zone [23]. For the isotropically elastic models shown, the
displacements are concentrated on the three intersecting {110} planes. Each {110} plane
contains an unstable fault caused by a 1/6[111] partial dislocation which (unlike
Schockley partials) does not bound a stable stacking fault [23]. These fractional cores are
also spread asymmetrically on three {112} planes in a given twinning sense.

The screw dislocation core is immobile in the relaxed configuration and must
become planar prior to motion. This can be described as a widening and flattening of the
core, which enables the atomic displacements to be constricted onto a single glide plane.
This in turn causes the critical resolved shear stress (CRSS) to be dependent on stress
orientation. In fact, the glide plane may vary with the orientation and sense of the applied
stress. In contrast, non-screw (i.e. edge) dislocations are planar and their cores do not

have to be compressed onto their slip plane prior to motion.
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Figure 8

(a) and (b) Computer models of two possible <111> screw
dislocation cores predicted for bcc metals. (c) Orientations
of relaxation planes for the cores. Adapted from [23]
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1.2 B2 vs. bee Dislocation Behavior

Considering a binary system with type A and B atoms, an ordered lattice is
formed when A-B type bonds are energetically preferred. Since the B2 structure is
simply an ordered version of the bce structure, it is believed that the mechanical behavior
of this material is governed by 1/2<111> screw dislocations as well. Takeuchi [24] has
performed atomistic studies showing that the core structure and core transformations of
an a,/2<111> screw dislocation in a "model" B2 lattice are analogous to those of a
1/2<111> screw dislocation in the bce structure. However, there is an important
distinction between bcc and B2 alloys which must be discussed.

The ordered arrangement of atoms in the B2 lattice is affected by dislocation
movement. For instance, when a 1/2<111> dislocation passes through an ordered lattice
on certain planes it alters the structure, causing like atoms (which want to repel one
another), to be nearest neighbors. This mismatching of atoms is described as an
antiphase boundary (APB). In order to reorder the crystal lattice, a second dislocation
must follow the path of the first dislocation. The arrangement of two dislocations (each
referred to as a partial or superpartial) separated by an APB in this way, is called a
superdislocation. A superdislocation exists as a balance between the repulsive force of
the partials and the formation energy of the APB lying between them (see figure 9 for an
illustration).

It is important to note that the superpartial dislocations need not move together as
closely spaced pairs. In ordered metals, the spacing of the partial dislocations is inversely
proportional to the formation energy of the APB. The restriction on the arrangement of
the superpartials is analogous to that for the spacing of Schockley partials in fcc metals.
In other words, if the APB energy is low enough (weak repulsive force between like
atoms) the partials may move separately, leaving APB trails in their wake. Table 3

illustrates the dislocation configurations possible for B2 FeAl [25].
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Figure 9

B2 superdislocation schematic displaying two super patials
seperated by an APB. Adapted from [48]
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Table 3 Possible B2 Dislocation configurations [25].

Dislocation type

Superdislocation

Ordinary with ABP

Ordinary

Burgers vector

2x a/2<111>

al2<111>

a<100>

Illystration

L xxxxxx L
NNA?B

xxxxxxx 1
NNAPB
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Yamaguchi [22] and Fu and Yoo [6] have used pair potential models and first
principles calculations to empirically determine that the a,/2<111> type APBs are most
energetically favorable on the {110} and {112} planes in the B2 structure. Yamaguchi
[22] calculated that <111> dislocations with higher APB energies should slip on {110}
planes, while <111> dislocations with lower APB energies should slip on {112} planes.
It should be noted that pair potential modeling is based strictly on unlike nearest neighbor
bonds having lower energy than like nearest neighbor bonds. This type of modeling does
not take into account the differences in bond energies and APB energies of specific B2
alloys [5].

1.3 Dislocation Behavior of B2 Aluminides With Respect to Temperature

Experimental studies of single and polycrystalline B2 FeAl have shown that the
predominant slip mode (at ambient temperatures) is <111>{110} [26-30]. Yamagata and
Yoshida [26] found that FeAl single crystals, deformed in compression, typically had slip
systems of <111>{112} at low temperatures (77K) and slip systems of <111>{110} at
higher temperatures (300-473K). In addition, at higher temperatures, more cross slip
from {112} to {110} was found to occur. These results were observed to be strongly
dependent on orientation and temperature. Similarly, a small amount of cross slip from
{110} to {112} was observed by Yamaguchi et. al. [28] near 623K for an Fe-47.2Al
sample deformed in compression and oriented close to the [011]-[111] border of the unit
triangle (see figure 10).

Although room temperature compressive deformation of FeAl is found to be
controlled primairly by <111> screw dislocations with <111>{110} as the dominant slip
mode, NiAl and CoAl deform primairly by <100> edge dislocations. The predominant
slip modes in NiAl are <100> {001} and <100>{011} [S5, 31-36]. However, <111> slip
has been activated in B2 NiAl at low temperatures [37,41] (from 4.2K to 100K) and by
orienting single crystals to hard orientations (near <001>) [36-41]. In addition, <111>

dislocations have been activated in NiAl by
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Figure 10

Experimental image of cross slip from {110} to {112} for Fe-47.2Al
deformed near the [011]-[111] border at 673K. Adapted from [28]
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alloying additions [42,43]. It is interesting to note that the activation of <111> slip in
NiAl has not been observed to improve the mechanical properties of this particular alloy.

In a manner similar to NiAl, CoAl deforms primairly by <100> edge dislocations
(over a wide temperature range) on {001} and {011} planes [20,44-46]. However, some
<111> and <110> dislocations have also been observed [45]. Although CoAl has the
highest modulus of the three B2 aluminides discussed, attempts to improve its ductility
have failed and it is extremely brittle, even at relatively high temperatures.

At elevated temperatures, NiAl and CoAl tend to show little deviation in their slip
direction or slip systems. However, FeAl exhibits a transition temperature range in which
the slip direction changes from <111> to <100>. This behavior has been shown to be
influenced by orientation and stoichiometry [28-30]. Interestingly, [001](100)
dislocations have been observed in single crystal FeAl compressed within 15° of [001] at
873K [47]. This is surprising, due to the low Schmid factor expected for <001>{100}
dislocation slip in this orientation and the fact that optical slip trace analysis revealed
{110} to be the active slip planes [47].

A study on polycrystalline samples by Mendiratta et al. [30] found that the
transition temperature was around .4 -.5Ty,. They found the transition temperature
increased with increasing iron content. Figure 11 illustrates the change in slip direction
for atomic percent aluminum versus tempreature [30].

Studies by Umakoshi and Yamaguchi [28,29] found the transition in slip direction
occured near .4-.5Tm for single crystal B2 FeAl specimens. Contrary to Mendiratta et al.
[30], they observed that the transition temperature increased with increasing aluminum
content. Figure 12 shows at.% Al versus transition temperature for single crystals
oriented near the [111] portion of the unit triangle [29]. The lower ends of the error bars

in figure 12 correspond to the temperature up
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Change in slip direction for polycrystalline and single crystal B2 FeAl
as a function of at.% Al vs. temperature. Adapted from [30]
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to which <111> slip is dominant and the upper ends correspond to the temperature above
which <001> slip is preferred. Figure 13 shows the dependence of the transiton
temperature with respect to orientation for Fe-49.2Al single crystals [29]. Figure 14
shows the results of the orientation and temperature dependence for the Fe-47.2Al alloy.
The main features of the results in the figure are: The transition in slip occurs at around
670K (~ .44Tp) for crystals oriented near the right hand portion of the unit triangle. As
the deformation temperature is increased, the area in the unit triangle showing the <100>
type slip becomes larger. There is a tendency for the <100>-type slip to be along the
[010] for crystals having stress axes located near the center of the unit triangle. However,
for crystals with stress axes located in the upper right area of the unit triangle, the primary
slip direction for the <001>-type slip is [001]. Single slip along the primary [001]
direction is limited to crystals having orientations in the [111]-side of a narrow band in
the unit triangle (dashed line) along the [001]-[111] boundary. However, for most
orientations in the region showing the <001>-type slip, except for those in the narrow
band, either duplex slip of [001] and [010] or single slip along [010] takes place [28].
Figure 15 indicates that the transition in slip occurs somewhere between 773K and 873K
for an Fe-49.2Al alloy [29]. This data verifies the increase in the <111> to <100>
transition temperature with increasing aluminum content in single crystals (670K for Fe-
47.2Al1 versus 773-873K for Fe-49.2Al).

Optical slip line examinations of single crystal Fe-47.2Al samples (deformed in
different crystallographic orientations at 773K) are displayed in figure 16 [28]. Figure 16
(a) illustrates [001] (110) slip, (refer to figure 14(c) for the corresponding deformation
axes). Figures 16(b) and (c) illustrate [010]J(001) and duplex [010](001)-[001](110)
respectively. Inspection of the figures, shows that [010](001) slip and duplex slip of
[010](001)-[001](110) are wavier than [001](110) slip. Referring back
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Indication that the <111> - <100> slip transition occurs somewhere around
773K - 873K for an Fe-49.2Al alloy. Adapted from [29]
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Figure 16

Slip lines corresponding to (a) [001](110) (b) [010](001) and (c) [010]
(001) in combination with [001](110) slip. Adapted from [28]
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to figure 10, one sees that <111> type slip is the finest and most homogenous of them all.
1.4 Properties of B2 FeAl

The properties of B2 FeAl have been shown to be dependent on a number of
factors including: deformation temperature, testing environment, alloying additions,
stoichiometry and thermal history (annealing and cooling rate). These effects will be
reviewed in an attempt to gain as complete an understanding of the complex behavior of
this material as possible.

1.4.1 Effects of Temperature, Test Environment and Alloying Additons

Tensile studies on polycrystalline Fe-40Al have shown increases in ductility from
approximately 5% at room temperature to 81% at 1073K [48,49]. In addition, the yield
strength has been found to remain constant up to 673K, reach a maximum value at 873K
and then decrease rapidly [49]. Figure 17(a) illustrates yield strength versus temperature
for directionally solidified Fe-40Al. Figure 17(b) shows percent elongation versus
temperature for the same alloy.

With respect to testing environment, FeAl has been shown to be susceptible to
water vapor induced embrittlement [50]. However, microalloying FeAl with boron and
testing the material in an oxygen environment has been found to improve the ductility of
the material [17,51,52,53]. It has been hypothesized that boron reduces water vapor
embrittilement by strengthening grain boundaries [17,51,52]. Table 4 illustrates the
observed effect of testing environment on the room temperature tensile properties of Fe-
40Al with and without boron. Speculation as to why oxygen improves the ductility of
FeAl are oxygen competes with water for reaction with the crack tip atoms, oxygen acts
as a "getter" of atomic hydrogen (forms stable OH species) and/or oxygen physically
shields the crack tips from water [53]. Figure 18 displays observed percent elongations
versus water content for Fe-35A1 in oxygen and Fe-33Al in argon. Figure 19 displays the

results of an additional alloying
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(a) Yield strength vs. temperature for directionally solidified Fe-40Al
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Table 4

Effect of Test Environment on Room Temperature Tensile Properties
of FeAl (40 at. % Al), With and Without Boron [51].

Test Environment  Strength (MPa) Ductility (%) Fracture Mode?

Yield Ultimate

Air (no Boron) 390 405 1.2 GBF
02 (no Boron)® 402 537 3.2 GBF
Air (Boron) 391 577 43 TF
02 (Boron)® 392 923 16.8 TF

4GBF = grain-boundary Fracture; TF = mainly transgranular
fracture.
b02 Pressure: 6.7 x 104 Pa.
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Percent elongation of Fe-35Al in oxygen and Fe-33Al in argon. Adapted from [53]
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investigation [52]. This investigation concentrated on elements traditionally known to
strengthen grain boundaries (i.e. C, Zr and Hf added with and without boron). Additions
of C and Zr were found to generally reduce ductility. However, the addition of boron to
C and Zr alloys restored ductility to approximately 5%.
1.4.2 Mechanical Properties As a Function of Stiochiometry and Thermal History

Additional factors that appear to have a signifigant effect on the tensile behavior
of FeAl are alloy stoichiometry and thermal history. With respect to the issue of
stoichiometry, room temperature tensile studies [18, 19, 25] show that Fe-50Al always
fails in a brittle manner, while Fe-40Al displays some ductility. Concurrently, FeAl has
been shown to have the highest hardness near stoichiometry, followed by decreasing
hardness with increasing iron rich deviations from stoichiometry [53]. Conversely, a
study by Westbrook [53] found B2 NiAl and CoAl had their lowest hardnesses at
stoichiometry and that both alloys increased in hardness above and below stoichiometry.
Hardness behaviors of FeAl, NiAl and CoAl can be seen in figure 20(a) and 20(b) for
25°C and 500°C respectively.
Although all of these materials generally weaken with temperature, the hardness versus
stoichiometry behaviors hold true from 25°C to 600°C for FeAl and to 800°C for NiAl
and CoAl.
1.4.3 Thermal History and Vacancy Concentration Effects

Recall that FeAl has been shown to have high quenched-in vacancy
concentrations [10-13]. Corresponding increases in hardness with increasing cooling rate
have been attributed to the number of retained vacancies [10, 16]. For example, studies
on polycrystalline FeAl [10, 16-19, 25] have provided sufficient evidence to conclude
that there is a strong relationship between increases in hardness, increases in yield
strength and decreases in tensile elongation with increasing vacancy concentration.

Figure 21 displays the effect of cooling rate [19] on the tensile stress-
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strain behavior of polycrystalline Fe-40Al (with and without the addition of 0.2 wt%
boron). Similarly, compression tests of single crystal samples [17] have displayed
similar increases in yield strength with increasing cooling rate, following
homogenization.

Complementing these studies, Nagpal and Baker [54] studied the effect of cooling
rate on the hardness of FeAl. They annealed microhardness discs (of 34, 40, 45, 50 and
51 at.% Al) and then air-cooled, furnace-cooled and water-quenched the disks. Their
findings include: (1) A 673K anneal of samples slow cooled (SOK/hr) from 1273K
reduced their hardness even further. For example, the hardness of water cooled Fe-45Al
was reduced 80% after annealing at 673K. (2) Air cooled samples of all compositions
(except for Fe-51Al) had similar hardness values to water-quenched counterparts. (3)
Alloys having increasing aluminum contents (up to 50 at.% Al) showed increasing
differences in hardness between furnace-cooled and air-cooled counterparts. This is
consistent with earlier work which found that vacancies increase with increasing
aluminum content [13,25]. (4) Microhardness data shows that (in the annealed samples
where non-equilibrium vacancies have presumably been removed) increasing aluminum
content from 34% to 45 at.% Al produced little increase in strength.

1.4.4 Combined Effects of Thermal History and Testing Environment

Gaydosh et al. [55] studied the effects of combining different testing
environments (air, oxygen, nitrogen and vacuum) with different quenching rates on Fe-
40Al, Fe-40A1-0.5B and Fe-50Al samples. Gaydosh et al. [55] tensile tested the as
extruded material (cooled from 1250K at a rate of 600K/hr) and a heat treated version
which was annealed at 1100K for 2 hours and then slow cooled. They found that (1) the
as-extruded material had higher strength and lower ductility than the annealed material;
(2) slow cooling of the boron-doped alloy lowered its yield strength signifigantly but did

not appreciably increase its ductility; and (3) the



39

brittleness of Fe-50Al in the inert environments indicated that other intrinsic factors were
responsible for its lack of ductility.

. Further studies focused on testing atmosphere and optimization of annealing
temperatures and annealing times. Studies by Lynch et al. [S6] examined polycrystalline
Fe-36Al specimens which were heat treated at 1073K for 1 hour. It was believed that the
cooling rate from the annealing temperature was fast enough to quench in most of the
excess thermal vacancies. The specimens were then annealed at various temperatures and
times. Testing took place in oxygen and air atmospheres at 298K. There was no mention
of moisture content. Table 5 illustrates the results of their tests. Observing table 5, one
sees that the best elongations were obtained by the 873K anneals. Figure 22 illustrates
the corresponding precent elongation versus annealing temperature for oxygen and air
environments. Corresponding tensile tests of yield strength and hardness (shown in
figures 23 and 24 respectively) increased with increasing annealing temperature, while
the strain hardening coefficient decreased (see figure 25).

Based on the aforementioned research, it is clear that the mechanical properties of
B2 FeAl are strongly dependent on annealing temperature and vacancy concentration.
Lynch and Heldt's study, [56] observed the yield strength and strain hardening coefficient
to change by factors of two, depending on thermal treatment. Room temperature tensile
ductility increased considerably in dry oxygen and air after annealing at low
temperatures. Also, it should be noted that the ductility in both air and oxygen decreased
with increasing annealing tempreature, [S6] suggesting that excess vacancies affect the
intrinsic ductility of FeAl rather than a susceptibility to environmental embrittiement.

1.5 Vacancy Behavior in B2 FeAl
Although vacancies are known to be responsible for hardening and strengthening

in B2 FeAl, the exact mechanisms by which they accomplish this



Table 5. Mechanical Properties of Fe-36Al
after annealing at Various Temperatures [56].

Annealing* Testing Yield UTS
Treatment Environ % Elongation = Strength (MPa)
(MPa)
673K-2hr oxygen 12.1 390 796
673K-60hr oxygen 13.0 257 700
673K-100hr oxygen 13.2 243 701
673K-100hr air 3.1 243 369
873K-1hr oxygen 14.8 282 742
873K-1hr air 3.0 279 401
873K-19hr oxygen 14.5 290 751
973K-1hr oxygen 12.0 345 740
973K-1hr air 1.3 378 427
1073K-1hr oxygen 9.5 436 765
1073K-1hr air 0.86 481 519
1273K-1hr oxygen 10.2 500 825

* All specimens were heat treated at 1073K for 1 hour prior to annealing.
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Percent elongation vs. annealing temperature for Fe-36Al samples heat
treated at 1073K prior to annealing and then tested in oxygen and air.

Adapted from [56]



Yield Strength (MPa)

42

Figure 23
Yield strength vs. annealing temperature for polycrystalline Fe-36Al
heat treated at 1073K prior to annealing. Adapted from [56]
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Hardness vs. annealing temperature for polycrystalline Fe-36Al
heat treated at 1073K prior to annealing. Adapted from [56]
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Strain hardening coefficient vs. annealing temperature for polycrystalline
Fe-36Al heat treated at 1073K prior to annealing. Adapted from [56]
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remain unclear. It has been hypothesized that vacancies may act as point defect
strengtheners (pin dislocations), change the degree of long range order (APB energy)
and/or coalesce to form material strengthening jogs on existing dislocations [57-59].
Chang et al. [57] correlated vacancy changes in FeAl with hardness changes in a manner
similar to point-defect strengthening. Analogous with point defect strengthening models
(i.e. solid-solution strengthening), it was found that hardness increased with the square
root of the vacancy concentration. Stoloff et al. [58] found that vacancies changed the
degree of long range order (APB energy) in intermetallic FeCo-V and Fe3;Al alloys. They
found that variations in the degree of long range order caused large changes in yield
stress for the alloys tested. Kimura et al. [S9] proposed that vacancies annihilate and/or
form clusters on existing dislocations, which in turn result in material strengthening jogs.

In-situ annealing studies, using transmission electron microscopy, have shown that
excess vacancies in B2 FeAl anneal out into dislocation loops, helices, super-structure
dislocation loops and paired helices bounding APBs [60-62]. Fordeux et al. [61]
concluded that these vacancy/dislocation products form because homogeneous vacancy
coalescence into voids is difficult in materials which posess a strong tendency for
ordering. TEM (g®b = () analyses determined that the vacancy formed dislocation
configurations had Burgers vectors of <111> (scarce observation) or <100> [60,61].
Junqua et al. observed that the dislocation loops nucleated on "grown in" dislocation lines
within 45 minutes at 673K [60]. Interestingly, it was observed that a [010] dislocation
which was encumbered with a vacancy formed helix, dissociated into two 1/2<111>
partials [61]. These vacancy produ<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>