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The compressive yield stress of Fe-26Al with additives Ti (0.5 to 4 at. pct), Cr (0.5 to 8 at. pct),
Mo (0.5 to 4 at. pct), and V (0.5 to 8 at. pct) at 1073 K (800 �C) has been determined. The effect
of the concentration of diverse solutes on the yield stress at 1073 K (800 �C) was compared, and
the additivity of the effects of solutes was tested. The effects in iron aluminides with two solutes
(V and Ti, Ti and Cr, V and Cr) are compared with those of a single solute V, Ti, and Cr. It is
found that the additivity of yield stress increments is valid only for lower solute concentrations.
When the amount of the solute atoms increases, the yield stress increment is substantially higher
than the sum of the yield stress increments of single solutes. This behavior is related to the
high-temperature order in iron aluminides.
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I. INTRODUCTION

ALLOYS based on iron aluminides Fe3Al show
potential for structural applications at high tempera-
tures owing to their excellent oxidation and sulfidation
resistance. They display lower density compared to
other iron-based materials, and their low cost is advan-
tageous as well. Unfortunately, they also show unfa-
vorable lack of room temperature ductility and low
high-temperature strength.[1–5]

During the last decades, research efforts have focused
on enhancing the ductility, strength, and creep resistance
of iron aluminides by alloying. Several approaches have
been explored to improve the high-temperature mechan-
ical properties of these alloys. Basically, solid solution
hardening (SSH), strengthening by coherent and inco-
herent precipitates, and increasing the crystallographic
order were considered for the strengthening of iron
aluminides.[1,6–9] Elements such as Cr, Ti, Mn, Si, Mo,
V, and Ni were added for SSH[2,10–12] and Palm[8]

compared the SSH by Ti, V, Cr, and Mo at 873 K, 973
K, and 1073 K (600�C, 700�C, and 800 �C). Recently,
Kratochvil et al.[12] described the SSH effect of

vanadium in Fe3Al using the SSH theories for binary
alloys of Fleischer[13] and Labusch.[14] It was reported
that the SSH of Fe3Al by vanadium depends mostly on
the elastic modulus misfit, and the atom size misfit plays
a minor role.
In this work, we first describe the SSH of Fe3Al by Ti,

Cr, V, and Mo solutes. This is followed by the study of
the combined effect of two solutes in Fe3Al.

II. EXPERIMENTAL

Iron aluminide alloys were produced by vacuum
induction melting. The cooling took place under argon.
Samples were prepared from the alloys by electrical
discharge machining (EDM). The compressive yield
stress was evaluated using a digitally controlled testing
machine (INSTRON 1186R). Parallelepipeds with
dimensions of 6 9 6 9 10 mm3 were cut by EDM.
The deformation rate was 8 9 10�5 s�1. The tempera-
ture of 1073 K (800 �C) was chosen because this
temperature is well above the yield strength anomaly,
which is an unusual increase of the strength with
increasing temperature, typically observed for Fe-Al-
based alloys with the maximum in the 773 to 873 K (500
to 600 �C) range.[15] Additionally, 1073 K (800 �C) is
high enough for the vacancy concentration to be in
thermal equilibrium. This is noteworthy because at
lower temperatures the strength of Fe-Al-based alloys is
markedly influenced by quenched-in thermal vacan-
cies,[16] i.e., the strength depends on the processing of the
alloys. The investigated alloys are B2-ordered at 1073 K
(800 �C), allowing direct comparison of their yield
strengths.
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To reveal the structure of the investigated materials at
elevated temperatures, X-ray diffraction measurements
at high temperatures were performed. Powdered sam-
ples were placed into an AlN crucible and heated up to
1073 K (800 �C) using a radiant heater in vacuum. A
high-temperature chamber MRI TC-Basics was placed
onto a goniometer of the Panalytical X’Pert MPD
diffractometer in the Bragg-Brentano geometry. CuKa
radiation was used, and diffracted rays were detected
using a gas-filled proportional detector equipped with a
graphite monochromator. A constant irradiated area of
3 9 5 mm2 was held during the measurements using
automatic divergence slits.

The X-ray study of the microstructure was comple-
mented by transmission electron microscope (TEM)
observations. Slices about 0.5 mm thick were cut from
the bulk material (as-cast state). These were further
ground to the thickness of about 0.1 mm and elec-
tro-polished under 15 V at �30 �C (243 K) in 20 pct
solution of nitric acid (HNO3) in methyl alcohol
(CH3OH) to prepare TEM specimens. TEM

observations were performed on JEOL 2000FX working
at 200 kV.

III. RESULTS AND DISCUSSION

A. Experiments with Single Solutes

The compositions of the tested alloys were determined
by wet chemical analysis (Table I). These alloys show
comparable Al content (25.5 ± 0.3 at. pct) and are
denoted FA. The C content (0.03 at. pct) is so low that it
has no noticeable effect on the yield strength. All alloys
are single-phase at room temperature and exhibit a
polygonal grain structure with large grains, with sizes
between 150 and 500 lm.
First, the influence of Mo, Ti, Cr, V solutes on the

increase of the yield stress r0.2 at 1073 K (800 �C) was
determined. The values for these ternary alloys are
summarized in Table II. The dependencies can be
described as functions of cn (Figure 1). In the case of
Cr and Ti, n is equal to 1. For vanadium, n = ½ was
obtained.[12]

B. Experiments with Two Solutes in Fe3Al

The investigation of a combined effect of two solutes
on the hardening of Fe3Al (quaternary alloy) was the
next step. The compositions were determined by wet
chemical analysis of seven tested alloys and are pre-
sented in Table III. The structure of all alloys at 1073 K
(800 �C)—the testing temperature—was determined by
XRD of powder samples (Figure 2). The data for the 3
alloys investigated by Stein et al.[17] are added in
Table V. Nominal compositions are listed for these 3
alloys in Table IV.
It is obvious that the combination of two solutes Ti

and V, and as well of Cr and V, increases the
transformation temperature D03fiB2 to the tempera-
tures higher than 1073 K (800 �C). In addition to X-ray
diffraction, the structure of the Fe3Al-10V-10Cr alloy
was also investigated by TEM (Figure 3). The TEM

Table I. Analyzed Compositions of the Single Solute Alloys (At. Pct)

Ti Cr Mo V

FA-Ti 0.5 0.62 FA-Cr 0.5 0.66 FA-Mo 0.5 0.56 FA-V 0.5[12] 0.61
FA-Ti 1 1.11 FA-Cr 1 2.24 FA-Mo 2 1.87 FA-V 2[12] 2.22
FA-Ti 2 2.17 FA-Cr 2 4.28 FA-Mo 4 4.00 FA-V 4[12] 4.29
FA-Ti 4 4.17 FA-Cr 5 5.34 FA-V 8 8.55

FA-Cr 8 8.11

Table II. Experimentally Determined Yield Stress r0.2 (MPa) at 1073 K (800 �C)

r0.2 r0.2 r0.2 r0.2

Ti 0.5 38 Cr 0.5 25.3 Mo 0.5 53.4 V 0.5[12] 57[12]

Ti 1 55 Cr 1 26.9 Mo 2 88.7 V 2[12] 89[12]

Ti 2 73 Cr 2 27.6 Mo 4 102.0 V 4[12] 112[12]

Ti 4 121 Cr 5 30.5 V 8 140
Cr 8 32.8

Fig. 1—Dependence of the compressive yield stress r0.2 at 1073 K
(800 �C) on the concentration of Cr, Ti, Mo, and V.
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observations are in an agreement with the X-ray results
and confirm that the structure is ordered, with a D03
symmetry (Figure 3(a)). Ordering in this material is also
documented by the presence of both types of anti-phase
boundaries (APB) (Figure 3(b)).

Then, the values of the yield stress r0.2 at 1073 K
(800 �C) in the quaternary systems (Fe3Al-Cr-V and
Fe3Al-Ti-V) are compared to the corresponding values of
the ternary alloys, i.e., the yield stress r0.2 of quaternary
Fe3Al-xTi-yV is compared to the sum of individual
contributions of Ti and V to the yield stress r0.2
determined for ternary alloys Fe3Al-xTi and Fe3Al-yV.

The measured values of r0.2 for alloys with two
solutes in Fe3Al at 1073 K (800 �C) are given in Table V
(column 1). These values are compared to the sum of the
measured yield stress r0.2 at 1073 K (800 �C) for
Fe3Al-xTi and of the increment yield stress Dr0.2 at
1073 K (800 �C) for Fe3Al-xV. The increment of the
yield stress Dr0.2 is equal to the value of the yield stress
r0.2 for Fe3Al-xV lowered by the value of the yield stress
r0.2 of the matrix Fe3Al that is approximately
23 MPa.[12] The data presented in the third and fourth
columns of Table V as r0.2 exp and Dr0.2 exp, respec-
tively, are interpolated or extrapolated from the depen-
dencies shown in Figure 1 for the value of the respective
concentration c.
It is found that for low values of x and y up to ~ 2 to 4

at. pct, the values r0.2 at 1073 K (800 �C) of the
quaternary alloys Fe3Al-xTi-yV are the same as the
sums of the respective r0.2 exp and Dr0.2 exp of the
ternary alloys. This is also true for the quaternary
system Fe-Al-Cr-V.
The value of r0.2 at 1073 K (800 �C) for Fe-26Al-

4Ti-2V given in Reference 17 (~190 MPa) is similar to
that measured in this work (compare line two in
Table V). In the same paper,[17] the value of r0.2 at
1073 K (800 �C) for Fe-26Al-4Ti-2Cr is given as
~120 MPa. This is very close to the value of r0.2 at
1073 K (800 �C) for Fe-26Al-4Ti (see Table II and
Figure 1) owing to the very small Dr0.2 contributed by
Cr (for Fe3Al-2Cr it is 2 to 5 MPa).
This is true unless the concentration is increased over

a certain, not yet determined limit. The structure of the
Fe3Al-4 at. pct Ti-4 at. pct V and Fe3Al-8 at. pct Ti-8 at.
pct V alloys is D03� (L21�) ordered at 1073 K (800 �C),
as shown in Figure 2(a). The diffraction curves at 1123
K, 1223 K, and 1323 K (850 �C, 950 �C, and 1050 �C)
are available for Fe3Al-8 at. pct Ti-8 at. pctV and show
a D03 (L21) order, in agreement with the phase
transformation at 1423 K (1150 �C) detected by
DTA.[18]

The same situation is observed for the alloy Fe3Al-10
at. pct Cr-10 at. pct V. The additivity of the yield
stresses 0.2 at 1073 K (800 �C) is no longer valid. The
increased strengthening effect can also here be connected
with D03 (L21) order (see Figure 2(b)). The ordering
effect of each of V and Cr (i.e., the effect on increase of
D03MB2 temperature in iron aluminide Fe3Al), by 1 to
4 at. pct of both elements, was described by Anthony
and Fultz.[19] The effect of Ti on D03 order was also
studied in detail in References 20 and 21. Very recently,
the Fe3Al iron aluminides substantially alloyed with Ti

Table III. Compositions of Alloys with Two Solutes (At. Pct)

Alloy Ti V Cr

Fe3Al-2Ti-2V 1.99 2.04
Fe3Al-4Ti-2V (nominal)[17] 4 2
Fe3Al-4Ti-4V 4.02 4.02
Fe3Al-8Ti-8V 8.00 8.02
Fe3Al-10Ti-10V 9.78 9.34
Fe3Al-10V-10Cr 10.2 9.7

Fig. 2—XRD patterns of tested alloys obtained at 1073 K (800 �C)
(a) for three alloys with two solutes Ti-V and (b) one alloy with two
solutes Cr-V.
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(generating coherent A2+L21 microstructure) were
used for near-net-shape processing technologies.[22]

IV. CONCLUSION

The main task of describing the rules of the cooper-
ative hardening of Fe3Al by two solutes can be divided
into two parts:

1. It is obvious that for dilute alloys, the addition of
hardening by individual solutes describes the real
properties of the alloys. This can be seen in the data
presented in Table V for the first two and last three
alloys—the addition of r0.2 exp and Dr0.2 exp.

2. For a further increase of concentration of both
solutes, the strength r0.2 exp of the alloys is greater
than the sum of r0.2 exp and Dr0.2 exp. This increase
is due to the structure of the tested alloys at 1073 K
(800 �C), i.e., to the D03 (L21) order of alloys
Fe3Al-4Ti-4V, Fe3Al-8Ti-8V, and Fe3Al-10V-10Cr.

In further research, the iron aluminide Fe3Al will be
used for studies of a series of multicomponent alloys.
These studies will aim to determine how far the good
anticorrosion properties of iron aluminides can be
maintained in Fe3Al containing high concentrations of
two or more solutes.

Table IV. Nominal Compositions of Alloys (At. Pct)
in Ref. [17]

Alloys, Ref. [17] Ti V Cr, Mo

Fe3Al-4Ti-2Cr 4 2 Cr
Fe3Al-4Ti-2V 4 2
Fe3Al-4Ti-2Mo 4 2 Mo

Fig. 3—Selected area diffraction pattern, pole [001] (a). Imaging of APB 1 (displacement vector a/4 h111i) using g = h200i (upper part) and
APB 2 (displacement vector a/2 h100i) using g = h111i (lower part) of (b).

Table V. Yield Stresses (MPa)

Alloy r0.2 exp r0.2 exp Fe3Al-xTi Dr0.2 exp Fe3Al-xV Sum

Fe3Al-2Ti-2V 113 71 60 131
Fe3Al-4Ti-2V 177 117 60 176
Fe3Al-4Ti-4V 222 117 83 200
Fe3Al-8Ti-8V 405 207 115 322
Fe3Al-10Ti-10V 648 340 120 460

r0.2 exp Fe3Al-xV Dr0.2 exp Fe3Al-yCr
Fe3Al-10V-10Cr 234 155 10 165
Alloy Ref. [17] r0.2 exp Fe3Al-4Ti Dr0.2 exp Fe3Al-Cr,V,Mo
Fe3Al-4Ti-2Cr 120 117 4 121
Fe3Al-4Ti-2V 190 117 60 177
Fe3Al-4Ti-2Mo 190 117 60 177
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