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The present studies are devoted to a set of FegpAl-based alloys in which Fe atoms are substituted by
Ti (5 at.% or 8 at.%), and by 4 at.% Ti + 4 at.% Nb. The Mossbauer and magnetic observations are supported
by chemical and structural analysis using scanning and transmission electron microscopy (TEM), and X-ray
diffraction. The chemical compositions at all samples turn out to be in good agreement with the nominal one
regardless investigated area, but certain differences are detected at sample containing Nb. In the sample modified
by Ti+NDb, coherent precipitates uniformly distributed in Fe—Al-based matrix are identified by TEM. Regard-
ing macroscopic magnetic properties the saturation magnetization decreases with increasing Ti content, however,
a partial substitution of Ti by Nb evokes an opposite effect, i.e., an increase of the saturation magnetization
by 87.5%. All ternary and quaternary alloys yield a higher temperature stability of magnetic properties as compare
to the parent FegpAlog. The Mossbauer results confirm the dominant ferromagnetic phase and the accompanied

paramagnetic phase.
microstructure are reflected in hyperfine parameters.
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Their relative amounts depend on the Ti and Nb alloying. The changes in magnetic
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1. Introduction

The Fe-Al based alloys in concentration range of Al
between 20 at.% and 25 at.% are still frequently studied
experimentally, as well as theoretically [1-3]. They ex-
hibit good oxidation resistance, high strength and pre-
dominantly low cost. Their modification by third ele-
ment, e.g., as Ti, Mo, Nb, Zr, Cr, receives considerable
attention presently motivated by the search for high tem-
perature structural materials. Some of these alloying ele-
ments aim at increasing the strength by different mecha-
nisms, e.g., as solid solution precipitates, and short- or
long-range ordering strengthening [4]. The effects of
ternary additions on the ordering phenomena are studied
predominantly from viewpoint of structure and mechan-
ical properties. Studies of the Fe—~Al system modified
by Ti show that a two-phase equilibrium between dis-
ordered A2 and L2; ordered FeyTiAl can exist [5, 6]
if the difference of lattice constants is sufficiently small
and coherent A2+L2; microstructures are formed [4].
Aligned/coherent two-phase microstructures with A2,
B2, D03 or 121, were reported also in other Fe—Al-ternary
compositions, e.g., with Ta [7] or Nb [8, 9]. Similarly as
in a case of Ti addition, the studies concerning Nb addi-
tion are mainly devoted to strengthening of Fe—Al alloys.
The present work reports the results of investigation
of the structure formed in Fe-20 at.% Al system with
Fe substituted by Ti, and newly by combination of Ti
and Nb. The previous studies were devoted to
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mechanical properties [10] and to theoretical calculations
of Fe-Al system [11]. This work continues the recent
studies of the Fe-22 at.% Al-7 at.% Ti system [12].

2. Experimental details

The arc melted button-type alloys were prepared
from high-purity elements, i.e., Fe(99.95%), Ti(99.8%),
A1(99.95%), Nb(99.8%), wusing a MAM-1 furnace
(Buehler GmbH), and re-melted four times under Ar
(4N8) of 35 kPa pressure to guarantee a good chemical
homogeneity. Subsequently, the samples were prepared
according to requirements of experimental methods and
studied in their as-prepared states. They were denoted
FA (FegoAlgo), FAT5 (Fe75A120Ti5), FATS (F672A120Tig)
and FATN (Fe72A120Ti4Nb4).

A TESCAN LYRA 3XMU FEG/SEM scanning elec-
tron microscope working at accelerating voltage of 20 kV
equipped with an XMax80 Oxford Instruments detec-
tor for energy dispersive X-ray analysis (EDX) was used
to follow the chemical composition. A Jeol JEM 2100F
HRTEM with a Schottky cathode operating at 200 kV
was applied for microstructural details.

An X’PERT PRO diffractometer (Panalytical) in
the Bragg-Brentano geometry with CoK, radiation
(A =0.17902 nm) was used for measurements at room
temperature (RT) in the range of 20 from 35° to 135°
in steps of 0.01° and 500 s/° using spin mode. The anal-
ysis of patterns was realized by HighScore Plus program
using the Rietveld structure refinement method [13], and
the ICSD database [14].

RT hysteresis loops and thermomagnetic curves
(TMC) in an external field of 400 kA/m, vacuum, and
temperature increase 4 K/min, were measured using
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a vibrating sample magnetometer EG&G Princeton
Applied Research Corporation. The coercivity, remanent
and saturation magnetizations were derived from the hys-
teresis loops with accuracy of +1%.

The °"Fe Mbssbauer measurements were carried out
at RT using a °"Co(Rh) source in scattering geometry
by detecting ~-rays with depth sensitivity of ~ 30 pm.
The calibration of velocity scales was performed
with a-Fe and the isomer shifts are given with respect
to the RT Mossbauer spectrum of a-Fe. All spectra were
evaluated within the transmission integral approach us-
ing the CONFIT program package [15]. In the measured
spectra the paramagnetic (pm) components are repre-
sented by discrete single- and double-line Lorentzian sub-
spectra determined by discrete values of isomer shift(s) 4,
and quadrupole splitting(s) A. The ferromagnetic (fm)
components are in addition represented by hyperfine in-
duction(s) B. All components are further described by
their relative intensities A.

3. Results and discussion

The morphologies of the pure FeggAlyy (FA) and both
Ti containing samples (FAT5, FATS) are very similar,
and they are represented by the FersAlyTis sample
in Fig. la. A different structure was observed at the sam-
ple containing Ti+Nb (FATN) as clearly seen in Fig. 1b.
The EDX element analysis taken from an area of approxi-
mately 0.1 mm? does not reveal any important differences
in composition compared to the nominal. On the other
hand, the more detailed analysis of black and white areas
at the FATN sample yields an inhomogeneous composi-
tion. All results are summarized in Table 1.

The XRD pattern analysis has shown that about 60%
of the FA sample is ordered into D03 structure with
lattice parameter a = 0.5808 nm and into residual bcc
A2 structure (¢ = 0.2907 nm). Both results are in good
agreement with, e.g., Buschow et al. [16]. The 5 at.% Ti
addition has changed the pattern but only one phase of
lattice parameter a = 0.5805 nm agreeed with that pre-
sented for FegAl phase [16]. Nevertheless, the Mossbauer
measurements presented below document two phase com-
position (Fig. 2). The sample with 8 at.% Ti consists
of A2 and D03 phases of lattice parameters 0.2911 nm
and 0.5803 nm, respectively. Different microstruc-
ture, similar to those obtained for Fe-26A1-4Nb [17],

The EDX element analysis from 0.1 mm? area. TABLE I

Sample Fe | Al | Ti | Nb
[at. %]

FA (FesoAlgo) 80.1 19.9 - -

FAT5 (Fe75A120Ti5) 73.6 21.4 5.0 -

FAT8 (Fe72A120Tig) 71.9 20.1 8.0 -
FATN (FeraAlygTiaNby) 70.4 19.8 4.1 5.7
black area 74.3 20.8 3.3 1.6
white area 67.0 17.3 5.3 10.4

(a)

Fig. 1. SEM micrographs of (a) FersAlyoTis (FATS),
(b) FeraAlygTiaNby (FATN), and (¢) TEM micrograph
of FATN sample.

(a) 1.04

Fe7oAlgTi
FegoAl2o €7272018 | 110 1.02

o
&

] 1,08 100
1.03

1.08

o
R

1.04

| v
g 100 100 § LR / 1

2 21_00 R S 1.00

5 .

g 2103 Fe,, Al Ti 142
3 - - 1.06 = - 1
1.06 1 7]
- 4 1.04 i 4 d

1.04 | 1.00 [ £V -1.00

I 4102 1.03 Fe,,Al,,Ti,;Nb, -1.08

- 1.00

A
0
8-404282-1012
velocity (mm/s)

! L O T L 1.00
8-4048 -8-40438
velocity (mm/s)

Fig. 2. Modssbauer spectra (a), and (b) the decomposi-
tion into ferromagnetic and paramagnetic components.

and more complicated phase composition were detected
at the sample with Ti+Nb addition. The black areas fea-
ture higher content of Fe at the expense of mainly Nb
while the white ones are abundant in Nb and have
lower Fe and Al contents. The analysis of XRD pattern
yields besides beec A2 phase (@ = 0.2908 nm), the bee-
Fe,;TiAl phase, a = 0.5846 nm, similar to value presented
in [12], and hexagonal FesNbAl phase of parameters
a = 0.4844 nm and ¢ = 0.7881 nm. The first TEM ob-
servations of the FATN lamella taken probably from
the black area document a presence of grains of the size
about (45-50) nm similar to cuboids observed in [12].
Their mean composition is 73.3 at.% Fe, 21.6 at.% Al,
3.2 at.% Ti, and 1.9 at.% Nb.

From the viewpoint of magnetic behaviour the Ti
addition decreases the saturation magnetization Mg
compared to pure FA alloy, while the Ti+Nb evokes
an opposite effect. ~ The analysis of RT hysteresis
loops after TMC (RT-1000K-RT) has yielded practi-
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TABLE II

Saturation, Mg, and remanent, M,, magnetizations and
coercivity, H., derived from the hysteresis curves prior
(1) and after (2) TMC measurements at room tempera-
ture and the Curie temperature Tc.

Sample FA | FAT5 | FATS | FATN
Mg [A m?/kg] | 146.9 | 121.3 | 95.7 180.1
Mso [A m?/kg ] | 162.0 | 120.6 | 95.7 179.6
M, [Am?/kg] | 05 4.0 9.6 1.3
M2 [Am?/kg] | 0.4 4.7 6.7 0.9
Hei [kA/m] 0.5 3.8 9.9 0.9
Hes [kA/m] 0.4 4.5 6.8 0.7
Tc [K] 944 948 962 944

TABLE III

Ferromagnetic phase: mean values of hyperfine induc-
tions B, isomer shift §, quadrupole splitting A, and
relative representation of components A, obtained from
the spectra analysis.

| DHBI DHB2 DHB3
FA FegoAlgo
B [T] 31.9 29.6 26.6
0 [mm/s] 0.021 0.035 0.033
A —0.009 —0.009 0.009
A [%] 16.7 25.5 57.8
FATS Fe75A120T15
B [T] 30.8 27.6 10.9
§ [mm/s| 0.006 0.017 —0.027
A 0.008 0.011 0.053
A [%)] 26.3 45.1 3.9
FAT8 Fe72A120Tig
B [T] 30.7 27.7 9.8
d [mm/s] 0.06 0.041 —0.049
A 0.009 0.014 —0.143
A (%] 29.7 29.6 2.9
FATN Fe72A120Ti4Nb4

B [T] 30.7 27.5 20.1
§ [mm/s] 0.068 0.06 0.1
A 0.005 0.01 —0.018
A %] 19.7 36.8 14.8

cally the same Mg values of the alloyed samples, doc-
umented the higher temperature stability of magnetic
properties (Table IT). However, a huge increase in Mg
after replacing 4 at.% Ti by 4 at.% Nb is not fully clear.
The first theoretical calculation done for disordered FA,
FATS8, and FATN samples allow us to obtain their mag-
netic moments of 1.77 pp/atom, 1.43 pp/atom, and
1.44 pp/atom, respectively. This results confirm a de-
crease of magnetic moment due to Ti addition but no
distinct increase in Mg with partial substitution of Ti by
Nb. This aspect remains unclear and open for the next

studies.

TABLE IV

Paramagnetic phase: mean values of isomer shift §,
quadrupole splitting A, and relative representation of
components A, obtained from the spectra analysis.

| DI D2 D3 L
FAT5 FersAlygTis
0 [mm/s] 0.043 —0.035 - 0.011
A 0.334 0.942 - -
A [%] 16.1 1.5 - 7.0
FATS8 Fe72A120Tig
5 [mm/s| | 0.086 | —0.083 - 0.048
A 0.318 0.803 - -
A %] 26.7 1.0 - 10.1
FATN Fe72A120Ti4Nb4
0 [mm/s] 0.030 —0.098 0.278 0.018
A 0.182 0.740 1.216 -
A %] 11.4 10.8 1.7 4.8

The Mossbauer spectra of all samples are shown
in Fig. 2a. Figure 2b represents the ferromagnetic and
paramagnetic contributions separately. The best fit of
the fm phase was obtained using three distributions of
hyperfine inductions (DHB), and the pm phase was ana-
lyzed by doublets (D) and a singlet (L). The mean values
of hyperfine parameters and their relative representations
are summarized in Tables IIT and IV.

According to Athanassiadis observations the pm com-
ponents are visible in the RT Maossbauer spectra for
the Ti addition above 3 at.% [18]. In the present
case, the Ti addition increases the pm contribution from
24.6 % (FAT5) to 37.8 % (FATS), however, the Nb addi-
tion at the expense of Ti supports rather the fm phase.
The pm phase is probably Fe; TiAl detected also by XRD.
The more detailed analysis of Mossbauer data is also open
for next studies.

4. Conclusions

Present investigations are devoted to the structural
and physical properties of the parent Fe-20 at.% Al alloy
modified by Ti and Nb at the expense of Fe. The stud-
ies have shown that Ti addition decreases the satura-
tion magnetization whereas Nb yielded an opposite effect.
The Ti+Nb addition resulted in a different microstruc-
ture compared to the alloys with only Ti addition.
Several unclear effects following from the magnetic and
Mossbauer results, mainly the huge increase in saturation
magnetization of the sample with 4 at.% Ti + 4 at.% Nb
compared to sample with 8 at.% Ti (87.5%) are unre-
solved, and remain for the next experimental and the-
oretical investigations. The first theoretical calculations
of disordered solid solutions have confirmed the decreas-
ing tendency of saturation magnetization due to Ti ad-
dition but not its increase due to partial substitution
of Ti by Nb.
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