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Abstract

The e�ect of environment on the yield strength of boron-free and boron-doped Fe-40Al was considered. Special attention was

given to the role of excess thermal vacancies. It was found that samples given a vacancy-relieving heat treatment had a 12% lower
yield strength when tested in air than when tested in vacuum. This was attributed to an environmental softening e�ect. However,
samples with a large amount of quenched-in vacancies exhibited no environmental yield strength dependence. These observations
were found in both the boron-free and boron-doped alloys. # 2000 Elsevier Science Ltd. All rights reserved.

Keywords: A. Iron aluminides, based on FeAl; B. Environmental embrittlement; B. Yield stress; D. Defects: point defects

1. Introduction

Over the past 12 years a signi®cant amount of work
has been done to investigate environmental e�ects on
the ductility of FeAl-based alloys at ambient tempera-
tures [1±8]. However, little e�ort has been spent to con-
sider the e�ect of environment on the yield stress of
these alloys. Studies of environmental e�ects have often
not reported yield stress data [5±7]. In other studies,
secondary e�ects such as excess thermal vacancies
(which we will discuss later), may have obscured the
environmental dependence of the yield stress [1±4].
However, a recent study on strain rate and environ-
mental e�ects on the tensile properties of Fe±40Al did
indeed reveal an environmental yield stress dependence
[8]. In that study, samples subjected to a vacancy
relieving heat treatment were observed to have a 15±
20% lower yield stress when tested in air than when
tested in vacuum. This ``environmental softening'' e�ect
was observed over a strain rate range of 3.3�10ÿ6 to
6.6�10ÿ1 sÿ1. Additionally, the yield stress values of
samples tested in air were found to gradually increase
with increasing strain rate, while those of samples tested
in vacuum remained constant. The purpose of the present
investigation was to clarify the role of excess thermal

vacancies in either revealing or obscuring the environ-
mental yield stress dependence of boron-free as well as
boron-doped Fe±40Al.

2. Experimental

Two FeAl-based alloys were prepared from high-pur-
ity starting elements by arc-melting and drop casting
into a Cu mold. The ®rst alloy was boron-free Fe±40Al
(compositions are in at.% unless otherwise noted). The
second alloy was a boron-doped version of the ®rst
alloy, i.e. Fe±40Al+500 ppm (by weight) B. The as-cast
ingots were clad in mild steel and hot extruded at 850�C
using a 9:1 reduction ratio. Sample blanks from the
extruded rods were given one of two heat treatments: (1)
700�C/72 h/OQ (oil quench), or (2) 700�C/72 h/FC
(furnace cool)+400�C/168 h/OQ. Note that for heat
treatment no.2 the samples were furnace cooled directly
from 700 to 400�C. All heat treatments were done in air.
These heat treatments resulted in fully recrystallized
microstructures with grain sizes of 35 and 15 mm for the
Fe±40Al and Fe±40Al+B alloys, respectively. For both
alloys the grain size was independent of the choice of
the two heat treatments. Round, button-head tensile
samples with a gauge length of 17.8 mm were machined
from the sample blanks. The surfaces of the samples
were prepared by mechanical polishing followed by
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electropolishing. Tensile tests were performed at room
temperature in air or vacuum (�2�10ÿ4 Pa) with an
engineering strain rate of 2.4�10ÿ3 sÿ1. After testing,
the fracture surfaces were examined using a scanning
electron microscope (SEM).

3. Results

The tensile test data and corresponding fracture modes
for all samples in this study are summarized in Table 1.
The yield strength of Fe±40Al is shown in Fig. 1 for
di�erent heat treatments and test environments. The

yield strength of samples quenched from 700�C was sub-
stantially higher than that of samples quenched from
400�C. Furthermore, the yield strength of samples quen-
ched from 400�C was found to be a function of test
environment, being 12% lower when tested in air (380
MPa) than when tested in vacuum (427 MPa). For sam-
ples quenched from 700�C, the yield strength was essen-
tially independent of test environment (487MPa in air vs.
497MPa in vacuum). The experimental uncertainty in the
tensile tests was estimated to be �10 MPa. Therefore, the
47 MPa di�erence in the samples quenched from 400�C
was believed to be meaningful, while the 10 MPa di�er-
ence in the samples quenched from 700�C was not.

Table 1

Room temperature tensile properties of Fe±40Al and Fe±40Al+B

Quench temperature(�C) Test environment Vacancy concentration Yield stress (MPa) UTS (MPa) Elong.(%) Fracture mode

Fe±40Al

400 Air Low 380d 439d 2.5d Pred. TGb

400 Vacuum Low 427d 604d 4.6d Mixedc

700 Air High 487 513 1.2 Pred. IGa

700 Vacuum High 497 613 2.0 Pred. IG

Fe±40Al+B

400 Air Low 373 537 3.9 Pred. TGb

400 Vacuum Low 417 804 7.4 Pred. TGb

700 Air High 511 664 2.5 Mixed

700 Vacuum High 504 856 6.4 Mixed

a Pred. IG=predominantly intergranular fracture (some transgranular also observed).
b Pred. TG=predominantly transgranular fracture (some intergranular also observed).
c Mixed=signi®cant amounts of both transgranular and intergranular fracture.
d Average of two tests.

Fig. 1. The yield strength of Fe±40Al and Fe±40Al+B quenched from both 400 and 700�C tested in both air and vacuum.
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The yield strength of the Fe±40Al+B samples is also
shown in Fig. 1. The trends observed for the boron-free
Fe±40Al alloy were also observed for the boron-doped
alloy. That is, the yield strength of samples quenched
from 400�C was found to be 12% lower in air than in
vacuum. Similarly, no meaningful e�ect of test environ-
ment on yield strength was observed for samples quen-
ched from 700�C.
The measured ductilities (% elongation to fracture) of

Fe±40Al revealed two clear trends. The ®rst was that
samples quenched from 700�C were more brittle than
those quenched from 400�C, presumably due to the
presence of excess thermal vacancies. This was true for
both air and vacuum test environments. A change in
fracture mode from transgranular or mixed mode to
intergranular accompanied this embrittlement. The sec-
ond trend was that samples tested in vacuum exhibited
better ductilities than samples tested in air. Similar
trends were observed in the ductility data for Fe±
40Al+B. Additionally, the increased tendency toward
intergranular fracture in samples containing excess ther-
mal vacancies was also observed in the boron-doped
samples. That is, the fracture mode changed from trans-
granular to a mixed mode with the increased vacancy
concentration. The negative e�ects of excess thermal
vacancies [9±12] and environmental embrittlement (in
air) [1±5,13], as well as the positive e�ect of boron addi-
tions [2,9,13±15] on the ambient temperature ductility of
FeAl-based alloys have been known for some time and
will not be discussed further in this manuscript.

4. Discussion

The two heat treatments used in this study were cho-
sen to produce two di�erent levels of excess thermal
vacancies. The vacancy concentration of Fe±40Al
quenched from 700�C was measured to be 0.19% by
Pike et al. [16]. This is quite close to the value of 0.21%
predicted by the thermodynamic model of Chang et al.
for 700�C [17,18]. No experimental data are available
for Fe±40Al quenched from 400�C, but the thermo-
dynamic model predicts a vacancy concentration of
0.01% at this temperature. The annealing time of 168 h
at 400�C given to the samples in this study may not be
su�cient to fully reach the equilibrium vacancy con-
centration, but a study by Nagpal and Baker (using a
shorter time of 120 h) indicated that this heat treatment
eliminates a substantial amount of excess thermal
vacancies [19]. Based on these comments it is safe to say
that a di�erence in vacancy concentration of approxi-
mately one order of magnitude can be expected between
the two heat treatments employed in this study. It is
unlikely that the boron-doped FeAl alloy would have
signi®cantly di�erent vacancy concentrations than the
boron-free alloy. Indeed, a recent study by Baker et al.

demonstrated that boron additions had little e�ect on
the vacancy concentration of FeAl over a range of
compositions [20].
In both boron-free and boron-doped Fe±40Al the

environmental softening e�ect was observed only in
samples which had been given the vacancy relieving heat
treatment at 400�C. For the samples with a higher
vacancy concentration (quenched from 700�C) no
environmental softening was observed. This is con-
sistent with early work done on both of these alloys by
Liu and George [2]. In that study samples were pulled
out of the hot zone of the furnace from 700�C and
undoubtedly had a signi®cant excess thermal vacancy
concentration. As was the case with the samples quen-
ched from 700�C in present study, no environmental
e�ect on yield strength was observed. The present
results are also consistent with the more recent study by
Pike and Liu where the environmental softening e�ect
of FeAl was ®rst noted [8]. In that study all samples
were given a vacancy relieving heat treatment.
The nature of the environmental softening e�ect

observed in FeAl-based alloys is a matter for more
extensive studies. However, it is likely that the presence
of hydrogen is the key factor. A recent study by Tu et al.
reported that the yield stress of Fe3Al (Fe±28Al) mea-
surably decreased when subjected to hydrogen charging
prior to testing [21]. Recent unpublished work by the
present authors has also determined that the yield
strength of both Fe3Al (Fe±28Al) and FeAl (Fe±40Al)
decreases when given a hydrogen charge prior to tensile
testing [22]. Moreover, the presence of hydrogen has
been shown to enhance dislocation mobility in other
intermetallics such as Ni3Al [23].
At this time many questions exist as to the role of

excess thermal vacancies in obscuring the environmental
yield stress dependence of FeAl-based alloys. For
example, do the vacancies play a direct role in inhibiting
the e�ect (e.g. hydrogen atoms may be attracted by
vacancies rather than dislocations), or do the vacancies
simply raise the yield strength to a point where the
environmental softening contribution is obscured? Fur-
ther work is necessary to address these issues.

5. Conclusions

1. The yield strength of both boron-free and boron-
doped Fe±40Al subjected to a low temperature,
vacancy-relieving heat treatment (400�C) was
found to be around 12% lower when tested in air
than when tested in vacuum. This was attributed
to an environmental softening e�ect.

2. The environmental softening e�ect was not
observed for either alloy when a signi®cant excess
thermal vacancy concentration was present, i.e.
when samples were quenched from 700�C.
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