
J O U R N A L O F M A T E R I A L S S C I E N C E 4 0 (2 0 0 5 ) 5 5 3 7 –5 5 3 9 L E T T E R S

Effect of carbon on mechanical properties of Fe-23 wt% Al alloy
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The ordered intermetallics based on FeAl are being
developed for elevated temperature structural applica-
tions. However, limited ductility at room temperature,
poor strength, and creep properties have been a ma-
jor deterrent to their acceptance for broad-based ap-
plications [1]. Recently, it has been shown that carbon
may be an important alloying addition to Fe3Al-based
alloys as this leads to improved strength, creep resis-
tance, machinability, and resistance to environmental
embrittlement [2–5]. These improvements in the prop-
erties were attributed to the formation of perovskite
based Fe3AlC0.5 precipitates. Here, we report the ef-
fect of carbon addition on the mechanical properties of
Fe-23 wt% Al alloy.

About 35 kg melts of iron aluminides based on FeAl
with the following compositions: Fe-23Al-0.27C and
Fe-23Al-1.3C were prepared by a combination of air
induction-melting with flux cover (AIMFC) and elec-
troslag remelting (ESR) (all compositions are in wt%
unless otherwise specified). The melting practice has
been described in detail elsewhere [5, 6]. Longitudinal
sections of cast ESR ingots were cut using abrasive cut-
off wheel, mechanically polished and etched with an
etchant comprising of 33% HNO3 + 33% CH3COOH
+ 33% H2O + 1% HF by volume for microstruc-
tural examination. The bulk hardness measurements
were made on metallography polished samples using
a Vickers hardness machine with 30 kg load. Lon-
gitudinal ASTM–E 8M tensile specimens of 4.0 mm
gauge diameter and 20 mm gauge length for room and
high temperature tests were machined with length par-
allel to ingot axis and polished using 600 grit abra-
sive. Tensile test were carried out at room temperature
(298 K), 673, 873, 973, and 1073 K on Fe-23Al-1.3C
alloy and at room temperature (298 K) and 873 K on
Fe-23Al-0.27C alloy in 100 kN Instron 1185 Univer-
sal Testing Machine at an initial strain rate of 0.8 ×
10−4 s−1. Standard Charpy V-notch impact specimens
of 10 × 10 mm cross-section and 55 mm length were
used for impact testing. Impact tests were carried out
on Tinius Olsen Instrumented Impact-Testing Machine
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using 30 kg hammer. Selected tensile and impact frac-
ture samples were examined in SEM. Stress rupture
specimens of 5 mm gauge diameter and 25 mm gauge
length were machined and polished using 600 grit abra-
sive. All the creep tests were carried out at 873 K and
140 MPa till the specimen failed. Minimum creep rates
(MCR) were measured as the slope of the linear portion
of the strain versus time curves.

Optical micrographs revealed the presence of two
phase structure in both the Fe-23Al-0.27C (Fig. 1a)
and Fe-23Al-1.3C (Fig. 1b) alloys. These phases were
identified to be FeAl (matrix) and Fe3AlC0.5 (precip-
itates) in Fe-23Al-0.27C alloy and FeAl (matrix) and
graphite (precipitates) in Fe-23Al-1.3C alloy by XRD
and EPMA line scanning in the previous study [7].
These results are also consistent with the Fe-Al-C phase
diagram [8]. The graphite precipitates in the Fe-23Al-
1.3C alloy bear a flake and star shape, which is similar
to one of the several basic shapes of graphite. The
present alloys exhibits better machinability as com-
pared to the binary FeAl alloys [9, 10]. All the samples
studied in the present work were successfully machined
by turning operation on the lathe. This improvement in
machinability has been attributed to the reduced sus-
ceptiblility to the hydrogen embrittlement on account
of blocking of interstitial sites by carbon in the alloys
[11]. Further, machining of Fe-23Al-1.3C alloy is com-
paratively easier than Fe-23Al-0.27C alloy. This may
be attributed to the presence of soft graphite precip-
itates which may help in the formation of small and
uniform size chips during machining.

Table I summarizes the hardness, tensile properties
of as-cast ESR ingots of Fe-23Al-0.27C and Fe-23Al-
1.3 alloy. Each hardness data point reported here repre-
sents an average of five measurements and each tensile
and creep rupture data point reported here represents
an average of two tests. The tensile strength of the
present as-cast ESR ingot of Fe-23Al-0.27C alloy is
superior to that reported for the thermomechanically
processed and heat treated binary Fe-22Al alloy (Ta-
ble I) [12]. This may be attributed to the precipitation
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Figure 1 Optical micrographs of ESR cast samples of (a) Fe-23Al-
0.27C and (b) Fe-23Al-1.3C alloys.

strengthening arising out of precipitation of hard
uniformly distributed Fe3AlC0.5 precipitates as well
as solid solution strengthening by interstitial carbon
present in the alloys. The increase in carbon content
from 0.27 to 1.3 wt% has resulted in the reduction
of hardness from 343 to 301 HV and room temper-
ature strength from 440 to 379 MPa. This reduction
in strength with an increase in carbon addition from
0.27 to 1.3 wt% may be attributed to the precipita-
tion of carbon as soft graphite (Fig. 1b) as against hard
Fe3AlC0.5 precipitates (Fig. 1a) present in the Fe-23Al-
0.27C alloy. A similar reduction in the compressive
yield strength in as-cast ESR Fe-23Al alloys by an in-
crease in the carbon content from 0.27 to 1.3% has been
reported earlier [7].

T AB L E I Room and high temperature mechanical properties of
Fe-23Al

RT tensile properties

Creep
properties
(873 K,

140 MPa)
Alloy
composition
(wt%) Hardness

UTS
(MPa)

YS
(MPa)

EL
(%)

Life
(hr)

MCR
(%/hr)

Fe-23Al-
0.27C (ESR
cast)

343 495 440 0.5 66 0.2

Fe-23Al-1.3C
(ESR cast)

301 418 379 0.6 9.4 0.95

Fe-22Ala (Hot
worked and
heat treated)

– 412 360 2.2 46.4 0.23

aAfter Ref. [12] and [16].

Figure 2 Showing variation of tensile properties of cast ESR Fe-23Al-
1.3C alloy.

The tensile yield strength of ESR cast Fe-23Al-1.3C
alloy gradually drops up to 873 K, beyond which it de-
creases rapidly (Fig. 2). Similar behaviour was also ob-
served in binary Fe-21Al and Fe-24Al alloys by Mendi-
ratta [13] and Gaydosh et al. [14], respectively. The sud-
den drop in the strength is accompanied by a significant
increase in the tensile elongation (Fig. 2). An exami-
nation of fracture surfaces of the alloys tested at room
temperature as well as at 873 K revealed transgranular
cleavage failure mode (Figs. 3a and b). While that tested
at 973 K failed by microvoid coalescence (Fig. 3c). This
indicates the ductile-brittle (tensile) transition temper-
ature (DBTT) is in the vicinity of 873–973 K.

Binary FeAl alloys generally exhibit very poor
toughness. The Charpy impact test results of a boron
modified Fe-22Al alloy with 2–4% ductility showed
3–5 J absorbed energy [15]. In the present work, both
the alloys have exhibited relatively low impact energy
(2 J) as compared to boron modified Fe-22Al alloy
and the impact samples of both the alloys failed by
quasi-cleavage. This clearly indicates that carbon does
not have an effect on either the impact energy or the
fracture mode.

The results on creep and stress-rupture tests of Fe-
23Al–0.27C and Fe-23Al–1.3C alloys are also summa-
rized in Table I. The minimum creep rates and stress-
rupture life reported in the literature for binary Fe-
22Al alloy at 886 K and 138 MPa has been included in
Table I for comparison [16]. It is evident that creep
properties obtained in the present Fe-23Al alloy con-
taining 0.27 wt% C are substantially superior. The im-
proved creep properties could be attributed to the pres-
ence of uniformly distributed Fe3AlC0.5 precipitates
(Fig. 1a) as well as the solid solution strengthening by
interstitial carbon present in the alloys. The increase in
the carbon content from 0.27 to 1.3 wt% has resulted in
poor minimum creep rate and stress-rupture life. This
may be due to the precipitation of carbon as a soft
graphite phase as against hard Fe3AlC0.5 precipitates.

In conclusion, a small amount (0.27 wt%) of
carbon addition to binary Fe-23Al alloy has re-
sulted in improved tensile strength, creep properties,
and machinability. Increases in carbon content from
0.27 to 1.3 wt% produced further improvement in
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Figure 3 SEM photographs showing the change in tensile fracture mode
from transgranular cleavage (a) at room temperature and (b) 873 K to
ductile dimple failure, and (c) at 973 K in cast ESR Fe-23Al-1.3 C alloy.

machinability but resulted in poor tensile strength and
creep properties. The carbon containing ESR cast al-
loys exhibited poor room temperature, tensile ductility,
and toughness as compared to the wrought binary FeAl
alloy. The tensile yield strength of ESR cast Fe-23Al-
1.3C alloy exhibited sudden drop above 873 K and
ductile-brittle (tensile) transition temperature (DBTT)
in the vicinity of 873–973 K.
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