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The microstructural and high-temperature mechanical properties of Fe-26Al-xNb (x = 3 and
5 at. pct) are compared. The alloys were investigated ““as cast’ and after hot rolling at 1473 K
(1200 °C). Scanning electron microscopes equipped with EDS and EBSD were used for the
microstructure and phase identification. The addition of 3 at. pct of Nb into the Fe;Al matrix
leads to the formation of C14 /—Laves phase (Fe,Al);Nb (LP) particles spread in the Fe;Al
matrix, while an eutectic with thin lamellae of LP C14 A—Laves phase (Fe,Al),Nb and matrix is
also formed in the iron aluminide with 5 at. pct of Nb. The presence of incoherent precipitates is
connected with the enhancement of the high-temperature strength and creep resistance.
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I. INTRODUCTION

IRON aluminides seem to be very promising mate-
rials for structural applications due to good properties
of their high-temperature (HT) oxidation resistance and
mechanical strength up to 873 K (600 °C), lower density
in comparison to stainless steel (about 6.0 g/cm?), low
raw material costs and savings of expensive alloy
elements. These positive properties make FesAl inter-
metallic a candidate for replacing expensive high—al-
loyed stainless steels.!' ! The improvement of HT
mechanical properties (e.g., yield strength, creep resis-
tance, etc.) remains the aim of the research in the study
of Fe;Al type iron aluminides. For the enhancement of
these properties, alloying by proper elements is used'*

(a) solid solution hardening by elements with sufficient
solubility in the Fe;Al matrix, e.g., Cr, Mo or V

(b) Introducing a D0; order—e.g., Ti increases the
temperature of the D0;«—B2 transition,

(¢) Coherent precipitates are the most effective way
for enhancing the HT mechanical properties,
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(d) Incoherent precipitates appear due to the limited
solid solubility of some elements (e.g., Zr, Nb or Ta).

The research task is to conlgpa.re the effect of Nb with
that of Zr recently tested.*”) The low Nb alloyed
material was already tested by Kratochvil er all®
Alloying by Nb has a beneficial effect on the HT
strength and creep resistance of FesAl type alu-
minides.”'? In alloys with 2 and 5 at. pct Nb,®) a 2,
Laves phase (C14) (Fe,Al);Nb (LP) appears which is
responsible for HT strengthening.

II. EXPERIMENTAL

The alloys were prepared using vacuum induction
melting and casting in 1. Brnénské strojirny, Velka Bltes
The dimensions of the casts (40 x 30x 80 to 90 mm?)
were chosen for the preparation of the pieces for
technological testing of these alloys in industry. There-
fore, hot rolling (see below) was used to obtain the
proper state of the material. The chemical composition
of the investigated materials was determined by wet
analysis and is given in Table 1. The mean concentration
of the technological impurities coming from the metals
used for the preparation of the alloys was: 0.1 at. pct Cr,
0.01 at. pct B, 0.1 at. pct Mn and 0.06 at. pct C.

The surfaces of the alloys for the study of the microstruc-
ture and phase identification were prepared by standard
metallographic methods and followed by mechani-
cal-chemical polishing by OP-S suspension (Struers). The
scanning electron microscopes (SEM) Tescan Vega SB and
SEM Zeiss Ultra Plus were used to visualize the structure of
the allo;/s Both microscopes were equipped with an Oxford
20 mm~ detector for an energy-dispersive X-ray analysis
(EDX). The phase identification and type of crystal lattice
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Table I. The Nominal Chemical Composition of the Investigated Samples

Chemical Composition [At. Pct]

Sample Fe Al Nb C (Impurity)
FA3Nb bal. 25.8 2.7 0.05
FA5Nb bal. 27.3 4.8 0.05

determination were performed by electron backscatter
diffraction (EBSD) on an SEM Zeiss Ultra Plus equipped
with an Oxford NodlysNano detector. The grain sizes were
determined by EBSD (step size 6 um, HV 20 kV). The
volume fractions of the observed phases were calculated by
image analysis, the NIS — Elements from the SEM pictures
taken in backscattered electrons (BSE). 10 SEM fig-
ures taken in different places in each sample was used for
the computation of the volume fraction of the phases. The
investigated area was 1 x 1 mm?® for each figure. The
individual values were averaged.

The dimensions of samples for the HT compression
test were 6 x 6 x 8 mm°. They were prepared by spark
machining. Two types of samples were tested:

— The “as cast” samples

— The samples called “as received”, which were
deformed by rolling at 1473 K (1200 °C) (a total
reduction of 50 pct in four steps with a 15 pct
thickness reduction for each pass).

Both types of samples were additionally annealed at
1273 K (1000 °C) for 50 hours to achieve phase equilibria
and to annihilate internal stresses. This mentioned proce-
dure did not change the structure of the LP, their
configuration in the eutectic or volume fraction f,. Subse-
quently polishing up to 1 um was the final step in the
preparation of the samples for the HT compression tests.

The compression deformations were performed using
an INSTRON 1186R at temperatures of 873 K, 973 K
and 1073 K (600 °C, 700 °C, and 800 °C) with the initial
strain rate of 1.5 x 10~*s™'. The temperature was kept
with the accuracy of 3 K. The characteristic parameter
of the alloy in the present paper is the yield stress gq».

A creep test in tension in air were performed with
samples machined (up to R, = 1.6) from the hot rolled
alloys. Their gage length was 25, 5 mm diameter and
with M12—threaded heads, and their axis was parallel
to the rolling direction. After machining, the samples
were additionally annealed at 1273 K (1000 °C) for
100 hours to remove all possible internal stresses and
slowly cooled in the air. The tests were made with
varying stresses to obtain the information about its
influence on the creep rate (stress exponent). The testing
temperatures were 873 K and 973 K (600 °C and
700 °C).

III. EXPERIMENTAL RESULTS

A. Microstructure of the FA3Nb Alloy

The grains of the FA3ND ““as cast™ alloy (Figure 1(a))
are large and have an irregular shape, their size is 200 to
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500 um. The precipitates are /; Laves phase (C14) (Fe,
Al),Nb. These appear as smaller irregular shapes up to
10 yum and as needle—like up to 50 um long
(Figure 1(b)). The following composition of precipitates
was determined (at. pct): (52.7 + 0.2) Fe, (19.6 & 0.6)
Al and (27.7 £ 0.1) Nb. They are homogeneously
distributed both along the grain boundaries (marked
by arrows in Figure 1(b)) and inside the grains.

Hot—rolling makes the LP particles in the FA3Nb
“as received” sample finer and homogenecously dis-
tributed, see Figure 2. The appearance of the needle like
precipitates of LP is smaller.

B. Microstructure of the FASNb Alloy

The grains of the FA5SND ““as cast™ alloy are coarse
(Figure 3(a)). The LP (C14) forms a eutectic with the
Fe;Al matrix (Figure 3(b)). The composition of the LP
is (at. pct): (56.4 &+ 0.8) Fe, (18.5+1.6) Al and
(25.1 £ 1.1) Nb. The LP forms 40 pct of the fraction
volume of the eutectic. This is connected with the
solubility of the Nb in the aluminide lattice. Similar to
the ‘“as cast” iron aluminides alloyed with Zr, a
well-developed eutectic already appears in the alloy
with 2 at. pet Zr'®” due to the lower solubility of the Zr
in the iron aluminide lattice.

Also, only two other phases have been very rarely
observed in the FASND: niobium carbides NbC (de-
tailed in Figure 3(b), marked as “A’) with a trigonal
lattice and metastable y—phase Nbjo(Fe;_ Al,),; (de-
tailed in Figure 3(b), marked as “B”).

Hot rolling (the FASND ““as received”) results in the
distortion of the primary eutectic structure in a dense
configuration of the isolated LP particles in the matrix,
see Figure 4. They are homogeneously distributed and
aligned parallel to the rolling direction.

C. The Yield Strength at HT

The values of the HT yield strength ¢y, are propor-
tional to the volume fractions f, of the LP (inclusive of
the data for iron aluminide with 1 at. pct of Nb®!). The
values of f, are given in Table II, the f, of the LP
increases with the increasing concentration of the Nb.
The HT compression yield strengths o, are given for
the ““as cast” in Figure 5(a) and for the “‘as received”
(rolled at 1473 K (1200 °C)) in Figure 5(b) and sum-
marized in Table III also.

The values of the yield strength ¢y, of the FA3Nb
and FASND “as received” alloys are higher than those
for the ““as cast” alloys for all temperatures. The values
of yield strength oy, of the ‘“as cast” alloys are
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Fig. 1—The structure of the FA3Nb “as cast” sample: (@) the grains
of the FA3Nb (EBSD) — the different shading color indicates
differences in the crystal lattice orientation inside the matrix, (b)
distribution of the LP (BSE detector); Gray: Fe;Al matrix, white:
/—LP.

increasing for all temperatures with an increasing
niobium content and decreasing with an increasing
temperature. The values of the HT g, yield stress for
the corresponding material alloyed by Zr (marked
25 5)% are added into Figure 5(a) for comparison.
The following is surprisingly not valid for the “as
received” alloys: The strength ¢y, of the FAS5SNDb is
lower than that of the FA3NDb (with the exclusion of the
values at 873 K (600 °C)). For a comparison, the results
obtained for the FAIND “as received” alloy'® are added
into Tables II and III and to Figure 5(b). The values of
the yield strength 6o, of this alloy are, at all testing
temperatures, lower than those for the FA3Nb and
FAS5ND alloys.
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Fig. 2—The microstructure of the FA3Nb “as received” sample
(BSE detector); Dark gray: Fe;Al matrix, light gray/white: —LP.

D. Creep

Creep strength is very important for high-temperature
structural application. Therefore, the creep behavior of
the studied materials was tested. The stress dependences

of the creep rate ¢ of the FA3Nb and FASNb “as
received* alloys at 873 K and 973 K (600 °C and
700 °C) are shown in Figure 6. The steady state creep
rate may be expressed by an empirical equation in the
following form:

E=Ax (%)%u:xp(%ﬂ), [1]

where A is the material constant and ¢ is the applied
stress, u is the shear modulus, n the stress exponent, Q
the activation energy, R is the gas constant and 7 is the
absolute temperature.'¥ The values of the stress expo-
nent are given in Table IV.

IV. DISCUSSION

First of all, it must be mentioned that the configura-
tion of the LP in both ““as cast”—alloys is substantially
different: In the ““as cast” alloys, the arrangements of LP
act as obstacles for the dislocation movement. These are
both (i) the individual particles distributed in the matrix
(FA3Nb and FASND) and (ii) the continuous barriers of
eutectic formed by the Laves phase and the matrix
(FA5ND). One can imagine that the barriers of the
eutectic make an efficient obstacle for the movement of
the dislocations during the HT deformation. Such a case
was described by Kejzlar er al!® with a similar addi-
tive—Zr. Eutectic regions were formed there with
2 at. pct of Zr already and the authors related the HT
mechanical properties to the fraction volume of the
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Fig. 3—The structure of the FA5SNb “as cast” sample: (a) the grains
of the FA5SNb (EBSD), (b) distribution of the LP (BSE detector);
Gray: Fe;Al matrix, white: A—LP.

eutectic, which already appeared in this alloy at a lower
concentration of the additive due to the lower solubility
of Zr!"¥ in the iron aluminide compared to that of the
Nb.!2

We suppose that the strength of the ““as cast” alloys is
determined by the fraction volume of the eutectic in the
respective alloy. Using the data in Table II, the f, of the
eutectic in the alloy FASND “as cast” is 23 pct plus the
excluding LP, which is not part of eutectic. This is
greater than the f, of the individual LP particles which
can be taken as the only strengthening mechanism in the
FA3ND “as cast”. The values of the HT yield strength of
the Fe;Al with 5 at. pct of Zr material'® with an f, equal
to 47.6 pct of the eutectic are added into Figure 5(a).
The HT g, yield strength is increasing with an
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Fig. 4—The structure of the FASNb ‘“as received” sample (BSE

detector); Gray: Fe;Al matrix, white: A—LP.

Table II. Volume Fraction of the LP in the Investigated

Samples

The fy of the Eutectic
Sample The fy of the LP [Pct] (LP + Matrix) [Pct]
FAINb hot 1.3 —
rolled®
FA3ND as cast 8.1 —
FA3ND hot rolled 8.2 —
FAS5ND as cast 3.5% 9.2 +13.8
FASND hot rolled 15.6 —

*Not being part of the eutectic.

increasing fraction volume of the LP (in both the Nb
and the Zr alloyed Fe;Al also). In spite of the fact that
the concentrations of Al in both cases—alloys with Nb
and Zr slightly differ (27.3 in this paper compared to
25.4in'®), the influence of Al on Fe;Al on the strength at
a HT is very small.l"}

The situation is different in the material denoted “as
received”’: After rolling at 1473 K (1200 °C) the eutectic
configuration in the FASND alloy is damaged and a
homogeneous distribution of separated LP particles in
the matrix is generated. Thus, the continuous eutectic
barrier for the movement of the dislocations in the “as
cast” alloy is substituted by the individual LP particles
spread in the matrix. The configuration enhances the
strength (see Table IIT) at 873 K (600 °C) and 973 K
(700 °C), but eliminates the hardening effect at 1073 K
(800 °C).

The situation is completely different in the FA3Nb
alloy in which the rolling makes the distribution of the
LP even denser and the particles themselves smaller,
which makes the alloy even harder at 1073 K (800 °C).

VOLUME 49A, MAY 2018—1601



w
-9
3
[}
"]
o
]
[/}
2
2
>

1]

600 650 700 750 800
Temperature [°C]
--¢-25_5 as cast + 1000/50 --m-FA3NDb as cast + 1000_50
--A~FAS5Nb as cast + 1000_50
(a)

600
—
[}
-9
3
[}
"]
o
-
"
2
]
>

1]

600 650 700 750 800

Temperature [°C]

--@-FA1Nb as received + 1000_50 --®-FA3Nb as received + 1000_50
--A- FASNb as received + 1000_50

(b)

Fig. 5—Comparison of the HT yield stress curves for (a) the “as
cast” samples, (b) the rolled samples (“‘as received”).

Table III. The Compression Yield Stress 6y, [MPa] of the
“As Cast”[Rolled Samples

Temperature [K/°C]

Sample 873/600 973/700 1073/800
FAINB® —/377 —/213 —/103
FA3Nb 396/490 274/351 106/221
FA5Nb 414/496 302/329 207/120

The value of the stress exponent determined from the
stress dependence of the creep rate is important for
estimating creep mechanisms. A stress exponent of five
suggests that the creep rate is controlled by the climb of
the dislocations over the particles.l'*!3]

In the case of the FA3Nb samples crept at 973 K
(700 °C), the value of n is close to 1 which suggests the
activity of a bulk diffusion mechanism. It should be
mentioned that for low applied stresses and high
temperatures, the creep rate may be expressed as.!'®!”

o
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Fig. 6—Dependence of the creep rate on the stress of the FA3Nb
and FA5NDb “as received” alloys.

Table IV. Stress Exponents n in Creep Experiments

Temperature [K/°C]

Sample 973/700 873/600
FASNb 5.6 3.0
FA3Nb 1.2 5.5

where Ap depends on the atomic volume Q, the grain
size d and on the bulk diffusion coefficient Dy

V. CONCLUSIONS

e The eutectic arrangement of LP + Fe;Al forms in the
“as cast” alloy with higher Nb content (Fe;Al with
5 at. pct Nb—FAS5NDb). This arrangement is respon-
sible for the increase of the g, yield stress at HTs.

e The eutectic configuration in FA5SNDb is damaged
after hot rolling and the homogeneous distribution
of Laves phase particles is formed. This enhances the
HT yield stress.

e In the ““as cast” FesAl with 3 at. pct Nb (FA3Nb),
the low density configuration of Laves phase parti-
cles appear. The increase of the HT yield strength is
smaller than in the case of the alloy with a higher
content of Nb.

e The creep stress exponent n =5 [FASNb and
FA3NbDb at 873 K (600 °C)] suggests that the creep
rate is controlled by the climb of the dislocations
over the particles, n is close to 1 for the FA3Nb
sample crept at 973 K (700 °C) which suggests the
activity of a bulk diffusion mechanism.
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