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Abstract—At the peak temperature, 823 K, of the yield strength anomaly of B2 FeAl, slip band propa-
gation and slip vector transition were investigated using Fe—39 mol% Al single crystals. The single crystal
oriented along a compression axis close to the [123] direction showed serrated flow during work-hardening
at small strains (<2%). Coarse slip bands propagate in the single crystal specimens, like Liiders band
propagation in polycrystals, in the initial strain range. The slip vector was identified by TEM to be parallel
to (111) in the early stage of strain corresponding to yielding. Beyond plastic strains of about 3%, serra-
tions disappeared and significant work-softening occurred. The slip vector responsible for the later stage of
deformation was observed to be (100). That is, the slip vector changes from (111) to (100) as the plastic
strain increases. Because the density of (111) superdislocations is found to be very low after the slip tran-
sition, glide decomposition of (111) superdislocations is believed to the primary source mechanism for
(100) dislocations. The slip band propagation in B2 single crystals is discussed in comparison with that of
other intermetallic single-crystalline materials. © 1998 Acta Metallurgica Inc. Published by Elsevier Science

Ltd. All rights reserved.

1. INTRODUCTION

The slip system at room temperature of B2 FeAl is
the same as that of b.c.c. metals and alloys, i.e. on
the closed-packed plane, {101}, and along the
closed-packed direction, (111). As the test tempera-
ture is raised, the slip vector abruptly changes from
(I11) to (100) at a moderate temperature. This
phenomenon is designated as ‘‘slip vector tran-
sition”, which was first revealed by Umakoshi and
Yamaguchi [1] in this aluminide. Although the Al
composition dependence of the slip vector transition
temperature is still under debate, it has been estab-
lished that this slip vector transition takes place in
the entire B2 compositional range [2-5]. In ad-
dition, this aluminide exhibits the yield stress
anomaly, i.e. a positive temperature dependence of
yield stress [3,6-10]. In our previous work on iron-
rich B2 FeAl [3,11,12], it has been found that the
slip transition is associated with the peak tempera-
ture of positive temperature dependence of yield
stress. Below the peak temperature of 823 K, the
slip vector is (111), and single crystal specimens
deform with serrated flow behavior and work-
harden monotonously. Above the peak temperature,
the slip vector is (100), and single crystal specimens
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deform without serrations and exhibit large work-
softening after yielding (so-called ‘yield drop”).
Around the peak temperature, the appearance of
these deformation features depends sensitively on
strain and load axis, suggesting that complex and
unstable slip vector transition processes occur
during deformation.

The purpose of this paper is to investigate slip
vector transition of B2 FeAl using a single crystal
at the peak temperature. It will be shown that the
slip vector changes from the (111) to (100) direction
as strain increases. Also, serrated flow and discon-
tinuous slip band propagation were observed.

2. EXPERIMENTAL PROCEDURE

A single crystal was grown from FeAl master
ingots by the Bridgman technique. Chemical com-
position of this crystal is Fe:Al = 61:39 in atomic
fraction; in addition, 19 w.p.p.m. Si, 50 w.p.p.m.
Cu, and 270 w.p.p.m. C are present as main impuri-
ties. After homogenizing at 1373 K for 48 h in vac-
uum, the single crystal was slowly cooled to room
temperature at a rate of 5x 107> K/s.

Rectangular specimens of about 2 x 2 x 5 mm? all
having the [123] compression axis were cut out of
the homogenized single crystal by an electro-dis-
charge machine (EDM). All specimen surfaces were
ground up to #4000, and then electro-polished.
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Compression tests were conducted in vacuum of
better than 107> Pa at an initial strain rate of about
1.6 x 10™*/s and temperature of 823 K. (The peak
temperature of the yield stress anomaly of this
single crystal was found to be about 823 K in our
earlier work.) After the compression tests, the speci-
mens were cooled down to room temperature in the
furnace. Slip line characteristics on the surfaces
were observed with an optical microscope using
Nomarski interference contrast, and operative slip
planes were determined by the two-surface trace
analysis method. Disks were sectioned from the
deformed specimens by EDM. Thin foils were made
by electropolishing in a Struers Tenupol-3 and a
33% nitric acid—methanol solution at a voltage of
4V and temperature of 248 K. The thin foils were
examined in a Hitachi H-8100D electron micro-
scope at 200 kV.

3. RESULTS

Stress—strain curves of the single crystal at 8§23 K
are shown in Fig. 1. The compression axis is shown
in the unit triangle inserted in this figure. As men-
tioned in the preceding section, the peak tempera-
ture of the yield stress anomaly of this specimen
lies around this temperature. Interestingly, the
deforming crystal exhibited serrated flow within
some initial strain (curves a and b). In this early
stage, slip traces show a very inhomogeneous distri-
bution. On the two perpendicular specimen sur-
faces, as shown in Figs 2(a) and (b), only a few
coarse slip bands parallel to the primary slip plane,
(101), are observed after the plastic strain of
& = 0.5%. With increasing strain, the slip bands
propagated over the entire length of the specimen
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Fig. 1. Nominal stress—strain curves of three specimens
deformed at 823 K and to the three different strain levels.
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like the propagation of Liiders bands. Beyond a
certain strain (& > 3%), serrations disappeared, and
instead remarkable work-softening occurred (curve
¢). Two surfaces of the specimen corresponding to
curve ¢ are shown in Figs 2(c) and (d). Slip bands
have already propagated throughout the entire spe-
cimen, and slip traces other than the (101) planes
are also detected on the surfaces in a small amount.
The corresponding slip planes are non-crystallo-
graphic ones, slightly deviating from the (101)
plane toward the (211) twinning plane for the [111]
slip.

The change of flow behavior, depending on the
strains mentioned above, might be associated with
a change of dislocation microstructure. To investi-
gate this possibility, deformation microstructures
at various strains were observed in transmission
electron microscope (TEM). One disk was sec-
tioned from a thick slip band of specimen a
[Fig. 2(a)], and one thin foil was prepared from it.
A few foils parallel to the (101) plane were also
obtained from specimens b and ¢ within their
deformed sections.

The dislocation substructure observed in the foil
of specimen «a is shown in Fig. 3. The length of dis-
locations is relatively short, although the foil was
cut almost parallel to the slip bands. And, many
dislocation lines are sharply bent. In order to deter-
mine the Burgers vector of the dislocations, a typi-
cal dislocation substructure was observed under
various g vectors, as shown in Fig. 4 for instance.
Almost all the dislocations are in contrast when g =
10T [Fig. 4(b)], whereas, they show some residual
contrast when g = 121 and 011 [Figs 4(a) and (c)].
This analysis gives that the Burgers vector of those
dislocations is parallel to [111]. It should be noted
that (111) slip is activated predominantly at the
early stage of deformation at the peak temperature.
However, the glide decomposition of [111]-type dis-
locations into [101]- and [010]-type dislocations was
not directly observed.

Figure 5 shows two weak-beam micrographs of a
dislocation line taken by tilting around the [121]
edge orientation in the foil of specimen a. Although
the dissociation of the superdislocation could not
be discerned in the [101] projection, it can be clearly
seen at the portion nearly parallel to the edge orien-
tation, [121], marked by arrows in the [311] and the
[T13] projections [Figs S5(a) and (b), respectively].
This evidence shows that this portion is climb-disso-
ciated onto the (111) plane. At the corner of this
dislocation configuration, marked by arrows in
Fig. 5(a), the superpartial pair can be clearly
resolved, but the image of the superpartials is over-
lapped in Fig. 5(b). This dislocation morphology in-
dicates that the climb-dissociation around this
corner occurs on a plane different from the (111)
plane. Many (111)-type dislocations activated at the
early stage of deformation at the peak temperature
are climb-dissociated.
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Fig. 2. Slip band observation in optical microscopy: (a) and (b) show two surfaces of the specimen
designated as a, and (c) and (d) show the specimen designated as c.

Figure 6 is a bright-field micrograph showing a
dislocation substructure of specimen b (Fig. 1),
which was strained less than 3% before the strain-
softening. Most of the dislocations are out of con-
trast or in weak residual contrast when g = 020
[Fig. 6(a)], whereas others exhibit a weak, dotted,
residual contrast when g = 101 [Fig. 6(b)]. These
results of the contrast analysis indicate that the dis-
locations are of (100)-type. We deduce from this
evidence that slip direction changes during defor-
mation with increasing strain. However, no evidence
of the glide decomposition of (111)-type dislo-
cations was found in this microstructure.

4. DISCUSSION

Yoshimi and Hanada [11] observed the decom-
posed configuration of [111]-type dislocations into
[010]- and [101]-type dislocations in the specimen
deformed just below the peak temperature. On the
basis of this observation, we suggested that the
glide decomposition may play a role as a major
cause of the strength anomaly in B2 FeAl. Morris
et al. [2,13] also observed such a decomposition in
polycrystalline iron aluminides strained around the
peak temperature. In this work, however, glide de-
composition was hardly observed even in the speci-
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Fig. 3. Bright field electron micrograph taken in specimen a. B = [101], g = 020.

men deformed at the peak temperature in spite of
still significant (111) slip activity. This suggests
that such a decomposition may not be a major
source for the anomaly. On the other hand, it is
found in this work that the slip vector changes
from (111) to (100) with increasing strain at the
peak temperature. This suggests that the decompo-
sition still occurs during work hardening and it
may act as the primary source mechanism for
(100)-type ordinary dislocations. Indeed, the den-
sity of (111)-type superdislocations is much lower
after the transition (¢~ 3%) than before. If the
sources of (100)-type ordinary dislocations were
activated independently of the decomposition, e.g.
surface sources, there would have been more
(111)-type superdislocations left in the sample. In
p-CuZn, which has the same B2 structure and the
same slip system below the peak temperature as
FeAl, slip transition from (111) to (100) directions
similar to that observed in our earlier work [11]
had been observed in single crystals by Saka and
Kawase [14]. Furthermore, they demonstrated that
the density of [010] and [101] ordinary dislocations
increased while the density of [111] superdisloca-
tions decreased around the peak temperature.
Their observation also indicates that the glide de-
composition may be the main source for (100)
ordinary dislocations. As observed in the present
work, slip bands propagate inhomogeneously like
a Liuders band in single crystal specimens. This
means that the amount of plastic strain and work-
hardening differs locally from one location to
others within a specimen. Although it has not

been revealed how the glide decomposition occurs,
it is unlikely that the glide decomposition occurs
simultaneously over the entire specimen because of
its strain-inhomogeneity. This would be the reason
why the glide decomposition could not be
observed by TEM in the present work.

The work-softening beyond the peak stress
shown in curve ¢ of Fig. 1 is one of the intrinsic de-
formation properties of B2 FeAl around the peak
temperature. In our earlier work [12], similar beha-
vior was often observed even in the tensile defor-
mation. In addition, after a drastic yield drop, the
specimens work-hardened again in the compression
deformation [3]. These indicate that the work-soft-
ening observed was not caused by any experimental
inaccuracy such as a buckling of specimens.
Though slightly different orientation, in the similar
Fe-39.5A1 single crystals under the same strain
rate, the amount of stress-drop was obtained by the
stress-relaxation experiment to be Ao ~ 30 [MPa] at
773 K and Ao ~ 120 [MPa] at 823 K, according to
Fig. 3 of Ref. [15]. This indicates that the larger
stress-drop around the peak temperature is due to
the (111)—(100) slip transition in association with
the work-softening.

To our knowledge, the formation of “slip band
bundles” [16] or ‘“Luders-like slip” [17] has been
observed, for the first time, in single crystals of B2-
type intermetallic compounds. There are a couple
of distinct differences between the present exper-
imental result and other results of single crystals
reported in the literature. For instance, under ten-
sile deformation, copper-based alloys [18], 70-30 a-
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Fig. 4. Bright field electron micrographs taken in the same
foil observed in Fig. 3: (a) B=[101], g=121; (b)
B=[101], g=101; (c) B=[111], g=011.

brass [19], and nickel-based superalloys [20], all
exhibited the yield point and subsequent Luders
band propagation during essentially no work-hard-
ening. Whereas, under compression at 823 K, Fe—
39Al single crystals showed the formation of a
Liiders-like slip band after the plastic strain of
e~0.5% and its propagation throughout the
sample up to &~ 3%, exhibiting serrated flow and
work-hardening. In addition, the Burgers vector of
active dislocations changes from (111) to (100) at
the end of the Liuders band propagation, beyond
which work-softening commences.

SLIP BAND PROPAGATION

5773

A Liders band is a dislocation avalanche moving
into unyielded material, where the coupled
dynamics of different dislocation species (if necess-
ary, point defects) is of importance [17]. For f-
CuZn alloys, Brindley et al. [18] proposed that the
model of propagation of coarse slip bands associ-
ated with Liiders band extension is related to the
extent of dislocation locking by solute atoms. On
the other hand, in «-CuZn, the successive, extensive,
double cross-slip is believed to play an important
role in controlling the slip band propagation [19].
In the present case of Fe—39Al, both mechanisms
appear to be involved in the Liiders-like slip band
propagation. Optical microscopic observations of
slip traces reported earlier [3] indicate ample evi-
dence of cross slip of [111](101) superdislocations
onto other planes such as (110) and (211). Since the
equilibrium concentration of thermal vacancies in
the unyielded part of a sample at 823 K is estimated
to be ~1 x 107* with the vacancy formation energy
of 0.98 eV [21], dislocation—vacancy interaction may
also play some role in the yield stress anomaly [22]
even at this transition temperature.

TEM results of dislocation substructure are con-
sistent with the above interpretations. In Figs 3 and
4, after ¢ = 2.2%, dislocation microstructure con-
sists of nearly equal numbers of edge segments and
screw dislocations. If all of these dislocation seg-
ments were parts of glide loops, i.e. they all lie on
the (101) slip plane without any jogs, the angular
range of line tension instability with respect to
b = [111] is ¢ = 38-57° in Fe—40Al at 300 K [23]
and ¢ = 37-60° in Fe-30Al at 1173 K [24]. Some
of the sharp corners of the dislocation configuration
are consistent with this instability range, e.g. arrows
marked in Fig. 3. Many edge and near-edge seg-
ments of (I111)-type superdislocations are expected
to be climb-dissociated at 823 K as shown by Fig. 5,
and an increase in number of jogs acquired along
the dislocations due to vacancy—dislocation inter-
action would further influence the dislocation
microstructure as shown in Figs 3 and 4.

5. CONCLUSIONS

In this work, slip band propagation and slip vec-
tor transition in B2 FeAl were investigated at the
peak temperature of the yield stress anomaly. The
conclusions are as follows:

1. In single crystals under compression, slip bands
resembling Liders bands propagate, and work-
hardening results. The stress—strain curves as-
sociated with this behavior are distinctly different
from those observed in other single crystalline
intermetallics.

2. (111) slip is activated at the early stage of defor-
mation at the peak temperature. The contri-
bution of glide decomposition of (111)-type
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Fig. 5. Weak-beam electron micrographs taken by tilting experiments in the same foil observed in Fig. 3
with g—4g condition: (a) B = [311], g = 011; (b) B=[113], g = 110.
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dislocations to the yield strength anomaly could
not be confirmed.

3. Slip vector changes from (111) to (100) direction
with increasing strain. The slip vector that is re-
sponsible for the work-softening is (100).
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