Microstructural Peculiarities of Al-Rich Al-La-Ni-Fe

Alloys

A.L. VASILIEV, N.D. BAKHTEEVA, M.YU. PRESNIAKOV, S. LOPATIN,
N.N. KOLOBYLINA, A.G. IVANOVA, and E.V. TODOROVA

The results of a comprehensive microstructural study of the ternary and quaternary phases in
air-cast AlgsNij;_ XFe Lay (where x = 2 and 4 at. pct) polycrystalline alloys by means of optical
mlcroscopy, scannmg electron microscopy, transmission electron microscopy, scanning trans-
mission electron microscopy, energy-dispersive X-ray microanalysis, and X-ray diffraction are
presented. It was found that these alloys contain several phases, namely, fcc-Al, Al Las,
Al3Ni; _Fe,, AlgNi,_,Fe,, AlgFe,_(Ni,La, and Al;,Fe;_Ni,, in the form of J-layers in
AlgFe, ,Ni,La particles. A high density of other defects in the quaternary AlgFe, (NisLa
particles was found, and the formation of these defects could be caused by the dendritic type of
growth of this phase. The crystal structures of all these defects were revealed by high-resolution
scanning transmission electron microscopy together with atomic-resolution energy-dispersive
X-ray microanalysis. The thermal stability of the ternary and quaternary phases was also
studied. The AlgFe,_,Ni,La phase is metastable and undergoes an irreversible transformation:
AlgFe, ,Ni,La — AlyNi,_,Fe, + Al;;La;. Based on these data, a sequence of solid-phase
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reactions in these alloys during cooling and heating is proposed.
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I. INTRODUCTION

SINCE the seeding studies of Inoue er al."* and G.
Shiflet er al.™' in 1988, Al-based metal glasses containing
rare-earth elements (RE) together with transition metals
(TM) have been under intensive study due to their high
metallic glass formation ability and excellent mechanical
properties, such as high strength and corrosion resis-
tance. Two groups of ternary Al-based alloys containing
La, namely, Al-La-Ni and Al-La-Fe, were already
considered in those pioneering research works. In
subsequent studies, it was shown that the reported high

A.L. VASILIEV is with the National Research Center “Kurchatov
Institute”, Ak. Kurchatov sq. 1, 123182 Moscow, Russia, with the
Shubnikov Institute of Crystallography of FSRC “Crystallography
and Photonics”, RAS, Leninsky pr, 59, 119333 Moscow, Russia, and
also with Moscow Institute of Physics and Technology, 9 Institutskiy
per., Dolgoprudny, 141701 Moscow Region, Russia. Contact e-mail:
a.vasilievS6@gmail.com N.D. BAKHTEEVA and E.V. TODOROVA
are with the Baikov Institute of Metallurgy and Materials Science,
RAS, Leninsky pr, 39, 119334 Moscow, Russia. M.YU.
PRESNIAKOV and N.N. KOLOBYLINA are with the National
Research Center “Kurchatov Institute”. S. LOPATIN is with the King
Abdullah University of Science and Technology (KAUST), Core Labs,
Thuwal, 23955-6900, Saudi Arabia. A.G. IVANOVA is with the
Shubnikov Institute of Crystallography of FSRC “Crystallography
and Photonics”.

Manuscript submitted May 23, 2018.

Article published online February 8, 2019

METALLURGICAL AND MATERIALS TRANSACTIONS A

glass-forming ability and mechanical properties could be
substantially 1mproved by the addition of a second
transition element.*"% The quaternary alloys with two
transition elements, in particular Fe and Ni, are char-
acterized by a higher thermal stability and better
mechanical properties. Studies of the microstructure
and phase formation processes in ternary and quater-
nary alloys during annealing have been carried out
mainly by X-ray and electron diffraction (XRD and ED,
respectively) since these materials were discovered, but
in most cases, they were limited to ascertaining the
presence of fcc-Al and one or more binary phases.
Quaternary intermetallic compounds, to the best of our
knowledge, were not found and were not considered. To
some extent, this might be due to issues related to the
completeness of their identification by XRD or ED for a
number of reasons. On the one hand, XRD spectra from
low-symmetry binary phases exhibit a significant num-
ber of maxima, which could conceal the presence of
ternary and quaternary phases.

Studies of the microstructure of amorphous alloys
after thermal treatment or intense plastic deformation
were carried out mostly in samples with extremely high
mechanical characteristics in which the gram sizes often
did not exceed 100 nm.*"¥ Such grain sizes precluded
investigations by ED; however, these alloys are most
interesting. In addition, during annealing or intensive
plastic deformation, along with stable phases,
metastable intermetallic phases could appear. If so, for

VOLUME 50A, APRIL 2019—1995


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-019-05127-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-019-05127-x&amp;domain=pdf

an unambiguous interpretation of the XRD spectra, ED
patterns and phase determination, a comprehensive
study of l?olgcrystalline alloys is necessary, as previously
reported.l” 111121 A possible phase composition of the
alloys can be determined from phase diagrams, but
quaternary Al-La-Ni-Fe alloys have been insufficiently
studied, and the necessary phase diagrams were not
found in the literature. The ternary phase diagrams of
the Al-Fe-La system!'*'* and the Al-La-Ni system!'>!®!
have been previously presented. The Al-Ni-Fe system
has been studied more thoroughly, and the phase
diagrams for several isothermal sections were described
by Rivlin!'” and updated later in papers!'® by Khaidar
et al." as well as in the relatively recent works of
Budberg et al.,*” Raghavan,[zl] Eleno ef al.,*”! Chumak
et al®* and Zhang et alP*>>2°

Table I summarizes the known intermetallic phases in
the Al-Ni-Fe-La system with Al > 70 at. pct. These
alloys contain polycrystalline fcc-Al and several binary
and ternary phases. Two Al-Ni binary phases are known
in this Al concentration range: the first one is ALNi, P27
and the second one is AloNi,.*®! It is assumed that the
Al;Ni phase has a Ver%/ narrow homogeneity range.”*”
Eleno and co-workers *?! defined this range as ~ 23 to
26 at. pct Ni. Yamamoto and Tsubakino®® determined
by ED the AlyNi, phase, which is isostructural to
AlyCo, and turned out to be metastable. Moreover,
according to the energy-dispersive X-ray (EDX) micro-
analysis, the Al content in the AlgNi, particles was
above the stoichiometric Al/Ni atomic ratio of 4.68.
Four basic binary Al-Fe intermetallic phases with
different crystal structures and stoichiometries with Al
contents above 70 at. pct were discovered. The AlsFe,
phase exhibits an orthorhombic crystal structure (space
group (SG) Cmem).B%*Y This compound is isomorphic
with the hexagonal compound AlsCo,"? and has a
homogeneity range of 70 to 73 at. pct AL”? The group
of A13Fe, A113Fe4, A13A2Fe, and A19A75Fe3 is character-
ized by a monoclinic crystal structure with very close
unit cell parameters. The homogeneity range is 74.5 to
76.6 at. pct ALP? Several isostructural compounds with
slight differences in the stoichiometric composition have
been investigated (see Table I, the structure parameters
are given according to the first reference). A phase
designated as AlyFe, was found by ED in the ternary
Al-Fe-Si system (A1-0.5 Fe-0.2 Si wt pet alloy)?*: it was
isostructural with AlgCo, and was shown to be mono-
clinic with lattice parameters ¢ = 0.869 nm, b = 0.635
nm, ¢ = 0.632 nm, and = 93.4 deg. In other studies, it
was not detected and so can be regarded as metastable.
Another metastable phase, AlgFe, was first described by
Hollingworth et al.** and later refined.*® The homo-
geneity ranges of the last two phases remain undefined.

Three stable Al-Fe-Ni ternary phases with Al > 70
at. pct (displayed in the order of increasing Al content in
Table I) were found: 1-—quasi-crystalline Al;;FesNiyy,
2—hexagonal with the general formula Al;oFe4 (Ni,, and
3—monoclinic AlgFe,  Ni,. The last two phases are
denoted by 7; and 1,, and different authors, for example
References 17 and 23, use the opposite notation. The
AljoFes_(Ni, and AlgFe,_(Niy phases were first
described in the investigation of Bradley and Taylor,*®!
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where they were claimed to be isostructural with AlsCo
and AlyCo,, respectively. Schroder and Hanemann!®’
shortly afterwards determined the homogeneity ranges of
these compounds: for Al;gFe;Ni, the range of Fe was 18
to 24.5 at. pct and the range of Ni was 4.5 to 10.5 at pct;
for AlgFeNi, Fe was in the range of 4.4 to 11.1 at. pct and
Ni was in the range of 7.0 to 13.5 at. pct. Later, the
structures, compositions and homogeneity ranges of
compounds with the general formulas Al;yFe,_Ni, and
AlgFe,_,Ni, were critically evaluated by Mondolfol*®
and Rivlin!""! with amendments in their later study,!'®! as
well as by Raghavan,*” Dubko.”” and Budberg et al.,””
and u[lz)dated by Raghavan,”! Eleno er al.,** Chumak
et al., 3l and Zhang et al*! Based on these studies, the
homogeneity ranges can be extended: for Al;oFe4.Ni,, Fe
is in the range of 14.4 to 24.5 at. pct and Ni is in the range
of 4.5 to 13.1 at. pct. For the AlgFe,_,Ni, phase, the
range for Fe is 3.05 to 11.1 at. pct and the range for Ni is
4.5 to 14.3 at. pct. According to Chumak and co-work-
ers,?3 the Al atoms at the 2o site can be substituted by Fe/
Niatoms in Al;gFes_(Ni,. The ab= 0.629 nm, ¢ = 0.621
nmove homogeneity range for Al;qFes_(Ni, includes
Al;oFe;Ni, determined by Reference 40 and confirmed by
Khaidar and co-workers,!'” and AlsFeNi, discovered by
Ellner and Rohrer.*"! However, the composition of
Al oFeNi; mentioned by Khaidar er all"! does not fit
this homogeneity region. This paper reported that the
particle size of the polycrystalline alloy was too small to
determine its structure. This phase was not found in later
studies, and that was the reason for its absence in Table 1.
In a number of studies,!'”?*37! it was noted that the
AlgFe,_,Ni, phase was formed via the peritectic reaction
L + Al;3Fed + ALNi < AlgFe, (Niy at 809 °C, the
transition reaction L + (Alj3Fes) < AlgFe,_(Niy +
(Al) at 650 °C and the eutectic reaction L <« Al +
AL;NiI + AlgFe,_Ni, at 638 °C. Chumak and co-work-
ersl?! reported that the reactions of the AljgFes_,Niy
phase formation are unknown, although Budberg ez al.>"
with reference to Khaidar ez al.'” presented an invariant
reaction of L + 1, <> FeyAlj3 + NibAls, whto the unit
cell parameters

ich occurred in a narrow temperature range between
1050 °C and 950 °C. Al;oFe4«Niy was denoted by 7, in
that study.

The last ternary phase of the Al-Ni-Fe system with
Al > 70 at. pct is a quasicrystal phase with the formula
Al FesNiyy, denoted by 13. This phase was first discov-
ered in 1989.*% TLater, the parameters were
refined,****) It was specified that the homogeneity
range of this phase is extremely narrow, less than 1
at. pct. The compound is stable only in a slim temper-
ature range between 847 °C and 930 °C, and the phase
can be studied only after rapid quenching.

In Al-based alloys (Al > 70 at. pct) with La and TM,
the binary phase Al;;Las was discovered“® as well as an
Al,La phase.”*” These phases were characterized by very
close crystal lattice parameters and the SGs Immm and
Imm?2 (Table I), which could not be resolved by XRD or
ED. Gomes de Mesquita and Buschow!*®! asserted that
the low-temperature phase (o) should be described by
the formula Al;;La;, not by AlsLa. According to
Buschow!”! and Gschneidner and Calderwood,”” the
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Table I. Structural Data for Al-Rich Phases (> 70 Pct) in the Al-La-Fe-Ni System

# Phase Space Group Prototype Crystal Class Lattice Parameters (nm) Reference
Al Fm 3m Cu cubic a = 0.405 55
2 AL3Ni Pnma Fe;C orthorhombic a = 0.661 27
b = 0.736
¢ = 0481
3 AlyNi, P2,/c AlyCo» monoclinic a = 0.62 28
b = 0.85
B = 95 deg
3 Als Fe, Cmcem Unknown orthorhombic a = 0.767 30, 31
b = 0.64
¢ =042
4 AlsFe C2/m Unknown monoclinic a = 1.548 56 to 58
A113FC4 b = 0.808
(Al3_2Fe) c = 1.247
(A19,75Fe3) ﬂ = 10743 deg
5 AlgFe, P2,/a AlyCo»r monoclinic a = 0.869 33
b = 0.635
¢ = 0.632
p = 93.4 deg
6 AlgFe Cem2, AlgMn orthorhombic a = 0.646 35
b = 0.744
c = 0.877
7 Al;FesNioy quasi-crystalline decagonal 43
8 AlsFeNi P63/mmc AlsCos, hexagonal a = 0.7693 23, 36, 41
A110F64,XNix ¢ = 0.7657
9 AlgFe,_ Ni, P2,/c AlyCo, monoclinic a = 0.62406 23, 36
b = 0.62993
¢ = 0.85992
p = 95.129 deg
10 Al;La P63/mmc NizSn hexagonal a = 0.6667 59
¢ = 04619
11 Al;,Las Immm Al Las orthorhombic a = 0.4431 48
b = 13142
¢ = 1.0132
12 AlyLa (p-Al;Las) 14/mmm Al4Ba tetragonal a = 0.4422 49, 60
¢ = 1.021
13 AlyLa Imm?2 — orthorhombic a = 0.443 61
b = 1.314
¢ = 1.013
14  AlgFe,La Pbam AlgFe,La orthorhombic a = 1.257 51
b = 1.445
¢ = 0.4063
15 Al;gFe,La Cmem AljoFe>Yb orthorhombic a = 0.9051 62
b = 1.0249
c = 09122
16 Alg_(Nij;,La P4/mmm unknown tetragonal a = 0.4189 63
¢ = 08032

transition of «-Alj;La; to the high-temperature phase
p-AlyLas occurs at 915 °C.

In the Al-rich corner of the Al-Fe-La system, two
ternary compounds were found: AlgFe,La, which was
claimed to be isostructural to AlgFe,Ce,®!! and
AlloFezLa.[52]

Thus, the results of the microstructural studies of
Al-Ni-Fe-La-based alloys with Al > 70 at. pct demon-
strated a variety of intermetallic phases formed in
different concentration ranges of the alloying elements.
Moreover, minor deviations in the chemical composi-
tion led to changes in the phase composition. Therefore,
the ambiguity of the results requires a careful study of
the phase content in these alloys.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Previously, we performed a preliminary study of
quaternary Al-La-Ni-Fe alloys and discovered the
AlgFe,_Ni,La phase,[53] which 1is isostructural to
AlgFe,Eu.’* However, the atomic structures of the
defects in that phase were not considered. In this paper,
we present the results of a comprehensive microstruc-
tural study of the ternary and quaternary phases in
air-cast AlgsNij,_yFe,La4 (where x = 2 and 4 at. pct)
polycrystalline alloys by means of optical microscopy
(OM), scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), scanning transmission
electron microscopy (STEM), energy-dispersive X-ray
(EDX) microanalysis, and X-ray diffraction (XRD). The
defects in the quaternary AlgFe,_NiyLa phase together
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with the thermal stability of the ternary and quaternary
phases were studied. Based on these data, a sequence of
solid-phase reactions in these alloys during cooling and
heating is proposed.

II. EXPERIMENTAL PROCEDURE

Polycrystalline alloys with compositions determined
as AlgsNisFesLa, and AlgsNigFe,Lay were obtained
from a melt as ingots by cooling in air. To study the
thermal stability, the specimens were annealed under an
Ar/H (H-4 pct) gas mixture at 400 °C, 500 °C, and 600
°C for 3 hours. The heating and cooling rates were 30
°C/min and 50 °C/min, respectively.

An Axiovert 40 MAT optical microscope was used in
the first stage. The tint etching of the specimens after
mechanical grinding and polishing was performed in a
mixture consisting of 3 pct HF, 4 pct HNO; 3 pct HCI,
and 90 pct H,O at room temperature for 10 seconds.
Further studies were performed by SEM/EDX micro-
analysis. ImageJ software (NIH) was used for the OM
image processing. A focused ion beam (FIB)/SEM
dual-beam Helios (FEI) at an accelerating voltage of 2
kV was used for the imaging. Due to the use of a lens
detector even in secondary electron (SE) registration
mode, a significant fraction of backscattering electrons
(BSE) was detected that generated a strong Z-contrast.
The microscope was equipped with an EDX spectrom-
eter (EDAX), and the spectra and elemental maps were
recorded using an accelerating voltage of 15 to 30 kV.
The specimens for the TEM, STEM, and ED studies
were prepared by 2 methods: (A) by twin-jet electropol-
ishing in a TenuPol-5 facility (Struers) using an elec-
trolyte consisting of 70 pct butanol, 20 pct perchloric
acid, and 10 pct ethanol at a temperature of 5 to 7 °C
and a potential of 40 V and by cleaning with Ar™ ions
using a PIPS (Gatan) at an acceleration voltage of 0.1 to
1 kV and (B) by using a standard lift-out FIB technique.
Microstructural analyses were performed in a Titan 80
to 300 TEM/STEM (FEI) equipped with a spherical
aberration corrector (probe corrector) with an acceler-
ating voltage of 300 kV. Such a configuration allows one
to obtain images in STEM mode with a resolution of
0.08 nm. The device is equipped with an EDX Si(Li)
spectrometer (EDAX), a high-angle annular dark-field
(HAADF) eclectron detector (Fischione), and a Gatan
image filter (GIF) (Gatan). In addition, some of the
STEM images were obtained in an aberration-corrected
(probe-corrected) TITAN 80-200 (FEI) at an accelerat-
ing voltage of 200 kV. This instrument is also equipped
with an HAADF detector (Fischione) and a silicon drift
detector (SDD), i.e., a Super-X EDX detector (Bruker).
Image processing was performed using a digital micro-
graph (Gatan) and TIA (FEI) software. Simulations of
the ED patterns and images were [produced using
Stadelmann’s EMS software package.*¥ The powder
XRD analysis of the as-received and annealed bulk
polycrystalline samples of the two compositions was
performed with a Rigaku Miniflex-600 diffractometer
(Rigaku Corporation, Tokyo, Japan). The XRD data
were recorded using Cu-Ka radiation (40 kV, 15 mA,
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Ni-K; filter) in the 260 range of 10 to 90 deg at a scan
rate of 0.5 deg/min. The crystalline phases were identi-
fied with integrated X-ray powder diffraction software
(PDXL: Rigaku diffraction software) and ICDD PDF-2
datasets (Release 2014 RDB). For these experiments,
specimens with a size of ~ 4 x 10 mm? were polished on
one side.

III. RESULTS

Below, in the microscopy section, we will describe in
more detail the microstructure of the AlgsNisFeylay
alloy because the phase content and overall microstruc-
ture in the two alloys are similar. The XRD data and the
results of the annealing are presented for both alloys.

A. OM Microstructure Study

The OM image after the tint etching of the
AlgsNisFeylay alloy is shown in Figure 1. An analysis
of the contrast and morphology of the particles allows
us to conclude that at least 4 phases are present in the
alloy. Typical images of the particles of each phase are
indicated by numbers from “1”° to ““4.” A further study
has shown that the particles marked by “1”” with light
contrast are fcc-Al. These particles look polycrystalline
in nature and reach up to 50 um in size. The second type
of particles denoted by “2” looks bluish in OM, and
they have been identified as AlgNi,_,Fe,. These particles
often adopt an elongated morphology with a length of
up to 20 um and width of 1 um. They are observed in
two media: l-—surrounded by the fcc-Al matrix and
2—around relatively large elongated particles of the
AlgFe, Ni,La phase designated by “4.” These four
component particles are polycrystalline agglomerates
with a grain size of 5 to 20 um and a total size of 100 um;
they have a brown tint in OM images, which is
apparently due to the presence of Fe. The facetted
particles in gray color with sizes up to 25 microns are

Fig. I—Typical microstructure of the AlgsNi;Fe4Lay alloy (OM
image). Phases are denoted by 1—Al, 2—AloNi; (Fe,, 3—Al; Las,
and 4—AlgFe, (Ni La.
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identified as the Al;;Las phase, which is indicated by
“3” in Figure 1. According to a previous paper,*®! we
designated that phase by “11-3”, not by “4-1,” which
reflects the stoichiometric Al/La atomic ratio. While
evaluating the OM images of different phases, we
estimated their volume fraction in the AlgsNisFeslay
and AlgsNigFe,Lay alloys. Relatively small differences in
the Fe and Ni contents in the alloys resulted in an
approximately twofold increase of the AlgNi,_,Fey
phase in the Ni-rich AlgsNigFe,La, alloy. In contrast,
the content of the AlgFe,_(NisLa phase is twice as high
as that in the AlgsNisFeyLay alloy.

B. SEM and EDX Microanalysis

Representative  SEM  images obtained from the
AlgsNisFeylay alloy are presented in Figures 2(a) and
(b). Due to the essential Z-contrast, the Al particles
denoted by “1”* look darkest. However, in the high-mag-
nification images, the contrast is uneven in these areas,
possibly due to the polycrystalline microstructure,
intermetallic precipitates, and defect formation during
the crystallization or specimen preparation.

Fig. 2—SEM image of the AlgsNi;Feqsla, alloy showing the
microstructure at (a) low and (b) high magnifications. Phases are
denoted by 1—Al, 2—AlgNi; Fe,, 3—Al;;La;, 4—AlgFe, (NiLa,
and 5—AIl-Aly; pas-AlsNi;_ Fe, eutectic. The “a-a”, “b-b” and
““c-c” sections indicate the areas where lamellas were cut. The arrows
in (b) show the eutectic microstructure.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The particles AlgFe, Ni,La denoted by “4” in
Figures 2(a) and (b) exhibit bright contrast due to the
presence of La. It is sometimes difficult to distinguish
between these and Al;;Las, denoted by ““3” on the SEM
images, but the presence of TM can be unambiguously
detected using EDX microanalysis elemental mapping,
and these maps are shown in Figures 3(a) through (f).

Number “2”” denotes the AlgNi,_,Fe, particles. These
particles look brighter than the Al particles, and they
adopted an elongated morphology with a 2.5:1 mean
aspect ratio. As is clearly visible in Figures 2(a) and (b),
the AlgNi,_,Fe, particles are oriented in one direction.
The particles with the same contrast surround the
AlgFe,_,Ni,La quaternary phase particles forming the
core shell, which is also visible in the multiple element
map (Figure 2(f)). This microstructure is typical for the
initial stage of the peritectic transformation in the alloy
that was quenched to room temperature, as is described
in a bookl® and the corresponding references. The
AlgNi,_,Fe, particles together with AlgFe, (NisLa
form a two-axis dendritic microstructure. Such a den-
dritic microstructure could be formed at the initial
stages of crystallization from the melt. Adjacent to the
AlgNi,_,Fe, particles, eutectic structures with well-de-
fined dispersed Al;;Las particles are shown by arrows in
Figure 2(b). In addition, larger similar eutectic areas
were found; they are denoted by “*5”” in Figures 2(a) and
(b). In some areas, a coarser eutectic structure was
found. A more detailed study of the eutectic structures
was carried out by TEM, STEM, and EDX microanal-
ysis, and the results are presented below.

C. TEM, STEM, ED and EDX Microanalysis Study

An HAADF STEM image of the specimen prepared
by FIB from the section denoted by ““a-a” in Figure 2(b)
is presented in Figure 4(a). The contrast variations
together with the EDX spectroscopy (EDXS) data
(Figure 4(b)) unambiguously indicated that there are
four phases in the cut lamella, namely, fcc-Al, Aly;Las,
AlgNi,_ Fe,, and AlgFe, (Ni,La. The results of the
EDXS study are presented in Table II. Below, the
crystal structures and chemical compositions of all the
phases starting from quaternary and moving to binary
phases are considered in detail. The HAADF STEM
image demonstrated more clearly than the SEM images
that there is a layer consisting of AlgNi,_,Fe, particles
surrounding the AlgFe,  Ni,La particles, as shown in
the frame in Figure 4(a). An analysis of the BF TEM
image of the same area presented in Figure 4(b) revealed
the polycrystalline nature of the AlgFe,_Ni,La cluster
and the AlyNi,_,Fe, layer. The AlgFe,_ NisLa particles
exhibit an irregular morphology and grain sizes ranging
between 0.2 and 1 um. Many of these particles show
contrast characteristics of planar defects, which are
denoted by arrows in Figure 4(b). The defect density
was estimated from this image and similar images and
was up to 10° cm 2 The crystal structures of these
defects can be determined by the HAADF STEM
technique, and the details are presented below.

A preliminary study of the quaternary AlgFe, (NiLa
phase indicated that it exhibited an orthorhombic
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all elements

Fig. 3—(a) SE SEM image of the AlgsNi;Fe4La, alloy (phases are denoted by 1—Al, 2—AIgNi;_.Fe,, 3—Al;;La;, 4—AlgFe, (NisLa) and
corresponding EDX elemental maps for (b) Al, (¢) Ni, (d) Fe, (¢) La, and (f) all elements.

crystal structure isostructural to AlgFe,Eu (SG
Pbam).>* The high-resolution (HR) HAADF STEM
image of that phase obtained in the [001] zone axis is
presented in Figure 5(a). The most intense spots on the
image correspond to the La atom column, and the Ni
and Fe atom columns give rise to spots with a nearly
equal intensity, which can prove a substitution of Ni and
Fe atoms. The weakest contrast comes from the column
of Al atoms. The selected area electron diffraction
(SAED) pattern from an AlgFe,_Ni,La particle in the
[001] zone axis is presented in Figure 5(b). One of the
peculiarities of the SAED is the streaks in the direction
parallel to 0k0" that arise from the defects with the habit
plane parallel to {OkO}. The AlgFe, (NijLa 4x4 unit
cells in the [001] projection are shown in Figure 5(c); one
of the unit cells is highlighted by a yellow rectangle.
There are structural elements shown by red rectangles
with La atoms in the corners and the sides, parallel to
{310} and {140}. These rectangles are shifted relative to
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each other at a distance equal to the a and b parameters
of the unit cell, and their mutual position is very helpful
in understanding the crystal structure of the defects in
the AlgFe,_ Ni,La phase.

A close inspection of the HR HAADF STEM image
presented in Figure 5(a) and similar images obtained in
the same projection revealed a variety of flat defects,
denoted by “1” to ““4”, and dislocation cores associated
with flat defects, denoted by “5”. The flat defects
denoted by ““1” in Figure 5(a) are mostly distinctive, and
these defects are marked by arrows in Figure 4(b). An
enlarged HAADF STEM image of that defect is
presented in Figure 6(a). An analysis of these defects
with the habit plane parallel to the a-axis of the
AlgFe, Ni,La crystal reveals that these defects are
d-layers of the monoclinic Al >Fe;_,Ni, phase with the
Al;,Fe structure type (SG C2/m).*°! Each 4-layer
consists of adjacent staggered pentagons with Fe(Ni)
atom columns located in the corners, and in the center,

METALLURGICAL AND MATERIALS TRANSACTIONS A



(2) — AlyNiy Fe,
(3)— AliLa;

(4) — AlFe, NiLa
(5) — ALNi, Fe,

Intensity, arb units
zZ

Energy, kV

Fig. 4—(a) HAADF STEM image of the specimen prepared by FIB
in the area of the “a-a” section (see Fig. 2(b)): phases are denoted
by 1—Al, 2—AIyNi, ,Fe,, 3—Al;; a3, and 4—AlgFe,  NisLa. (b)
Enlarged BF TEM image of the part of the specimen shown by the
red rectangle in (a). Phases are denoted by 2—AlgNi;_ Fe, and
4—AlgFe, (NiyLa. Flat defects in the AlgFe, ,Ni,La particle are
indicated by arrows. (¢) Typical EDX spectra from AlgNi, .Fe,,
AlyLas, AlgFe,  NiyLa and Al3Ni;_Fe, particles.

the pentagons adopted a mirror (m) symmetry position.
The pentagons are highlighted in red Figures 6(a) and
(b). These defects were described in Reference 53;
however, their composition, and the presence of Ni in
particular, was not determined. The EDX elemental
mapping (Figures 6(c) through (f)) unambiguously
reveals the presence of Ni at the Fe sites in these
o-layers without any ordering. A light blur of the image
in the J-layer areca could be linked with Al atomic
substitution for Ni and Fe. Thus, the chemical content

METALLURGICAL AND MATERIALS TRANSACTIONS A

Table II. Results of the EDXS Study of the Areas Denoted
by “1” Through “4” in Fig. 4(a)

Element Content, At. Pct

Phase Al Ni Fe La
1 Al 99 1 0 0
2 AlgNi,_Fe, 82 15 3 —
3 A11 1La3 80 — — 20
4 AlgFe,_ Ni,La, 71 9 11 9

Fig. 5—(a) HR HAADF STEM image of an AlgFe, (NisLa particle
obtained in the [001] zone axis. The areas with flat defects are
between the arrows with numbers ““1-4.” The structural elements are
shown by red rectangles with La atoms in the corners and the sides,
parallel to {310} and {140}, and the defects that can be explained
using these structural elements are shown by the yellow rectangle.
The dislocation cores are denoted by “5”. (b) SAED from an
AlgFe, (NiyLa particle in the [001] zone axis. (¢) AlgFe, (NisLa
4 x 4 unit cells in the [001] projection (Color figure online).

of the phase in the J-layers can be described as
Alz Fe;_(Niy

The abovementioned structural elements, which are
highlighted by red rectangles with columns of La atoms
in the corners shown in Figures 5(a) and (c), are used for
the description of the planar defects. The stacking fault
(SF) forms a triple chain of these structural elements,
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Fig. 6—(a) HAADF STEM image of planar defect ““1,” which consists of d-layers of the monoclinic Al;,Fe; (Niy phase. (b) Model of the

defect and EDX elemental maps for (¢) La, (d) Al, (e) Fe, and (f) Ni.

and that SF is confined within the arrows marked by
“2.” The model of that defect, which is below denoted
by the second type, is presented in Figure 7(a); its
formation was caused by the /2 (half unit cell) shift of
the adjacent areas. This defect may be defined as
out-of-phase boundaries; however, out-of-phase bound-
aries are typically associated with layered com-
pounds,[66’67] Although the AlgFe,_(NisLa crystal
structure does not represent a layered structure, we still
believe that we can use that definition in our case.
Defects of the third type are also shown by arrows
marked by ““3” and “4” in Figure 5(a). Such a defect can
be described as shifted mirror twins. The defect models
are presented in Figures 7(b) and (c), respectively. These
defects are located between the arrows marked by “3”
and “4” and are formed by the twin formation with a
simultaneous shift by 3a/4 along the a-axis, resulting in
the formation of double chains of the structural units.
The defects that are located between the arrows marked
by “3” and “4” in Figure 5(a) are symmetrical relative
to the mirror plane parallel to the b axis but with a b/2
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shift along the b axis. In the junction area of these two
defects, dislocations are formed without La in the
dislocation cores, as observed in the HR HAADF
STEM images and supported by EDXS elemental
mapping (not presented here).

Two closely spaced dislocation cores are indicated by
“5” in Figure 5(a). The dislocations were formed as a
result of the interaction of two flat defects, namely, ““3”
and “4.” It was difficult to construct the Burgers circuit
around the dislocation cores; however, the observation
of the micrograph at a glancing angle parallel to the
a-axis of the AlgFe,_,Ni,La unit cell does not reveal any
extra planes. Thus, we proposed that the Burgers vector
of the dislocations is parallel to the a-axis. Surprisingly,
the HR HAADF STEM image unambiguously demon-
strated the absence of rare-earth La atoms in the
dislocation core areas. The cores of the screw disloca-
tions in SrTiO; in contrast, demonstrated vacancies in
the Ti-O column, not the Sr ones.[’!

An HR HAADF STEM image of another defect in
the AlgFe, NiyLa compound together with the EDXS

METALLURGICAL AND MATERIALS TRANSACTIONS A



<Al .- Ni(Fe)

¢-La

Fig. 7—Models of the defects marked by arrows in Fig. 5(a). (a) “2” is the out-of-phase boundary. (b) and (c¢) are ““3” and ““4,” the mirror twins

with shifts in opposite directions.

elemental maps is presented in Figures 8(a) through (¢);
the model is shown in Figure §(f). La, Ni, Fe and Al
atoms are present in the defect area. This defect has a
typical zig-zag contrast; the habit plane parallel to {140}
occurs due to the overlap of the defect of the third type
with the matrix. In Figures 8(a) and (f), one can see two
adjacent structural elements from the defected part of the
specimen marked with pairs of yellow rectangles and the
third one belonging to the matrix, which is single and
shifted relative to the double structural element. It should
be noted that the intensity of the spots corresponding to
the La columns in the zig-zag defect area is lighter than
that in the other parts of the specimen due to a reduced
number of atoms in the La columns in the zig-zag defect
area relative to other areas since the defect area is an
overlapping of two crystals. The same reduction of the
spot intensity is visible in the La elemental map.

The composition of the quaternary phase was mea-
sured using EDXS, and consistent results were obtained
from several particles. The quantification error within
the obtained spectra was ~ 5 pct. However, the quan-
tification of the spectra was complicated due to the lack
of a suitable quaternary standard, the relatively large
uncertainty in the compositions of the ternary and
binary phases containing Fe and Ni, which can substi-
tute for each other, and the high defect density in the
particles. The composition of the quaternary phase is
Al:Fe:Ni:La = 8:1.1:0.9:1. A typical EDXS spectrum is
presented in Figure 4(c). Therefore, the quaternary
phase can be described by the general formula AlgFe ;
NigoLa, which is consistent with the stoichiometry
ALTM: La = 8:2:1.

For the TEM and EDXS investigations of the ternary
Al-Ni-Fe compound, several lamellas in the sections
marked by “a-a”, “b-b”, and “c-¢” in Figure 2(b) were
prepared from the sample. First, the “a-a” lamella was
sectioned in the area of the AlygNi,_,Fe, particle
adjacent to the AlgFe,_ Ni,La particle, and the images
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are presented in Figures 4(a) and (b). The SAED pattern
obtained from the AlgNi, ,Fe, particle is presented in
Figure 9(a). The analysis of the SAED unambiguously
confirmed that the crystal structure of that particle
adopted a monoclinic AlyCo,-type structure with SG
P2;/c. That phase was discovered in a number of studies
considered above in the introduction. The SAED
pattern presented in Figure 9(a) corresponds to the
[011] zone axis, and the 100 reflections arise from double
diffraction. To estimate the lattice parameters of the
AlgNi,_,Fe, phase, we verified the camera length
calibration using adjacent Al particles and found
a = 0.857 nm, b =0.629 nm, ¢ = 0.621 nm, and
p = 97 deg, close to the unit cell parameters of
AlyCo,'Y). The EDXS quantification indicated that
the Fe content in the AlgNi,_Fe, particle in our alloys,
namely, Ni = 15 £ 1 at. pct, Fe = 3 £ 1 at. pct, was
lower than that in the studies of Khaidar er a/!"! and
Chumak ez al.”*¥ but corresponded to the homOéeneity
region determined in the studies of Dybkov e a/.”*” and
Eleno et al® The EDXS spectrum is presented in
Figure 4(c), and the quantitative data are shown in
Table II. Thus, the AlgNi,_,Fe, phase can be described
as AlgNi1.6Feo_4.

The lamella was prepared from elongated
AlgNi,_,Fe, particles away from quaternary intermetal-
lic particles, such as “b-b” sections, as shown in
Figure 2(a). The SAED and EDXS investigations
demonstrated that the crystal structure also adopted
the AlgCO, crystal lattice type, and its chemical com-
position was the same as described above.

Occasionally, smaller Al-Ni-Fe particles with different
chemical contents were found. They have irregular
morphologies with sizes not exceeding 1 um. The crystal
structure is typical for orthorhombic Al;Ni compounds
with the SG Pnma.*”’ The SAED pattern obtained in
the [010] zone axis is presented in Figure 9(b), and the
corresponding EDXS spectra are shown in Figure 4(c).
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Fig. 8~(a@) HR HAADF STEM image of the shifted mirror twin overlapping with the AlgFe, Ni,La matrix and EDX elemental maps: (b) La,
(¢) Al, (d) Fe, and (e) Ni. (f) Model of the defect.

The EDX quantification indicated a very low Fe content for these particles might be Al;Nij_.Fe,, where

in the particles: Al = 75 £ 1.0 at. pct, Ni = 23.5 £ 1.0 x = 1.5. It should be noted that the A:TM stoichiom-
at. pct and Fe = 1.5 & 1.0 at. pct. The general formula etry is close to 3:1.
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B=[010]

(b)

Fig. 9—(a) SAED obtained from an AlgNi, (Fe, particle in the
[011] zone axis. (b) SAED obtained from an Al3Ni;_,Fe, particle in
the [010] zone axis.

A relatively high density of these particles was found
during the study of the specimens obtained from the
eutectic areas, such as the ““c-¢” section in Figure 2(b).
An HAADF STEM image of that sample together
with the EDXS elemental mapping is presented in
Figures 12(a) through (e). A part of a quaternary phase
particle surrounded by an AlgNi,_,Fe, shell is visible on
the right side of the micrograph. The adjacent eutectic
area contains fcc-Al, Alj;Lasy and Al3Ni;_Fey particles.
The content can be confirmed by the EDXS elemental
mapping, and the crystal structure was unambiguously
determined by an ED study (the results are not
presented here) as an orthorhombic ALNi structure
type with the SG Pnma.

The Al La; particles exhibited two types of mor-
phology. The first type is larger faceted particles with
sizes up to 20 um, as shown by the SEM study presented
in Figure 2(a), and the second is observed in the eutectic
areas shown in Figure 10(a).

The ED study pointed to an orthorhombic crystal
structure of the Alj;La; particle of both morphology
types and the SG Immm or Imm2. The EDXS data
(Figure 4(c)) demonstrated that the Al:La stoichiometry
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was close to 4:1, which could indicate that those
particles corresponded to the AljLa phase. However,
taking into account the study of Gomes de Mesquta and
Buschow,® we can suggest that the particles are
Al Las. A light excess Al content might arise from Al
matrix fluorescence. It is worth noting that we did not
observe Ni and Fe peaks in the EDXS spectra
(Figu[re 13), in contrast to the data presented by Huang
et al.

D. XRD Analysis

The XRD spectra obtained from the alloys AlgsNi-
Fesla, (I) and AlgsNigFe,La, (II) are presented in
Figure 11.

There are many overlapping peaks in the measured
patterns that point to a multicomponent phase mixture.
The most intense peaks represent fcc-Al, Aly,Las,
AlgNi,_ Fe,, and Al3Ni,_,Fe,. However, the relative
intensities disagree because of poor statistics, unequal
particle sizes and preferred orientation effects in the
measured data. The XRD spectra containing well-de-
fined peaks that did not match those four phases could
be attributed to AlgFe,_,Ni,La. The most intense peaks,
which are typical for the AlgFe,_,Ni,La phase, isostruc-
tural to AlgEuFez)[S‘” are identified in both XRD spectra
at angles of 20 = 28.20deg (d = 0.316 nm),
20 = 31.40 deg (d = 0.29 nm), 260 = 34.06 deg
(d = 0.26 nm), and 20 = 36.10 deg (d = 0.25 nm).
The peak at the angle of 20 = 20.11 deg (d = 0.44 nm)
is definitely indexed to the (110) reflection of the
monoclinic AlgNi,_,Fe, phase. The peaks arising from
Al;»Fe;_(Ni, overlapped with the peaks from the other
phases, which caused uncertainty in the phase identifi-
cation. The noticeable broadening of the peak in the
20 = 43 to 45 deg range in alloy (I) could suggest the
presence of an Als;,Fe;_(Niy, phase, since the most
intense peaks of that phase are observed in that range.
According to the OM study, the volume fraction of the
AlgFe, (Ni,La phase is higher in the Fe-rich alloy (/)
relative to alloy (I]); therefore, we did not observe any
obvious trace of the Al;,Fe;  Ni, phase in alloy (I]).

E. Phase Stability and Phase Transformations

The phase transformation temperature and phase
stability were studied after isothermal annealing in
vacuum at 400 °C, 500 °C, and 600 °C for 3 hours. A
comprehensive microstructural study including SEM,
TEM/STEM, EDS, and XRD was performed. We also
used part of the data from differential scanning
calorimetry (DSC) obtained in the study of Bakhteeva
et al"™ The DSC scan during heating and cooling was
performed at a rate of 20 °C/min.

Typical SEM images of the Fe-rich AlgsNigFe,Lay
alloy (I) after annealing at 400 °C, 500 °C, and 600 °C
and alloy (1) (AlgsNigFe, 1 a4) after annealing at 600 °C
are presented in Figures 12(a) through (d). Coarse
particles of different phases can be found in the sample
after annealing at 400 °C (Figure 12(a)). However, the
eutectic denoted by ““5” in Figures 2(a) and (b) decom-
poses. At the same time, the eutectic reaction starts at
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Fig. 10—Microstructure of the specimen in the “c-¢” area. (¢) HAADF STEM image of that specimen and the EDX elemental maps: (b) Al, (¢)
Ni, (d) Fe, (e) La.

the quaternary AlgFe,_,Ni,La phase particles, as shown
in the inset of Figure 12(a). The aspect ratio of the
Al9ljf2&".Nlé‘hpart;CliS .gecreats.es. Annealing at 500 °C as shown in Figure 12(b). Only coarse particles of the
resulted i the cutectold reaction three phases, namely, Al, Al;;Las, and AlgNi,_,Fe,, are

AlgLaFezfoix — A111La3 + AlgNiQ,XFeX,

2006—VOLUME 50A, APRIL 2019 METALLURGICAL AND MATERIALS TRANSACTIONS A



-

2 (I) - AlNi_Fe La, | ;-2: -
2 (II) - Al_Ni_Fe La “ Al N
5 85 9 ~2-Ca | 3-AlLa
1" 3
| 4-AlFe, NiLa
| 5-AlFe
| 6-AINi,_Fe

N

Intensity (a.u.)

I | (1 L 1 W 0 (A (A 1 Y |
| L L ¥ 1 T O TR A T
[ Vo O 4 LR R TR RO LA LT ORTRR LTy VT (L TN
[ T B [ T U e 1 O A U e O R RV
1 I 1 I 1 I 1 I 1 I 1 l 1 I 1 I 1 l 1 I 1 I 1 I 1 l

15 20 25 30 35 40 45 50 55 60 65 70 75 80
20(°)

Fig. 11—XRD patterns of AlgsNi;FeyLay (1) and AlgsNigFe,Lay (I1) alloys.

visible in the SEM images. After annealing at 600 °C,
the coarsening of eutectics occurs, and only relatively
large particles of these three phases are visible in
Figure 12(c). The peculiarities of the contrast and
EDXS data indicated that the Al;Ni;_.Fe, particles
were formed in the AlgsNigFe,La, alloy (II). These
particles look slightly brighter than the AlgFe,_,Niy
particles in Figure 12(d). The volume fraction of each
phase after annealing at 500 °C and 600 °C was
estimated using the difference in contrast between the
SEM images; the results are presented in Table II1.

The XRD spectra obtained from the AlgsNisFesLay
(1) alloys after annealing at 400 °C, 500 °C, 600 °C and
AlgsNigFe,La, (II) after annealing at 600 °C are
presented in Figure 13.

The peaks in the spectrum obtained from the
AlgsNisFeyla, (I) alloy after annealing at 400 °C,
located in the range of 20 = 33 to 34 deg on the right
and left from the peaks identified as coming from the
Al;;Las phase (denoted by ““3”), are clearly visible; these
peaks correspond to the AlgLaFe,_,Ni,La phase (“4”).
After annealing at 600 °C, these peaks vanish. The
intensity of the peak at 20 = 36.10 deg (d = 0.249 nm)
decreases considerably, mostly due to the impact of the
AlgFe, Ni,La phase (“4”). The peak at 20 = 36.7
deg(d = 0.244 nm) associated with the AlgFe,_ Ni,La
(“4”) and AL3Ni;_Fe, (“6”) phases disappeared after
annealing at 500 °C or higher temperatures. Along with
that, the intensity of the peaks associated with the
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AlgNi,  Fe, phase (“27) at 20 = 37.4 deg (d = 0.240
nm) and 20 =40.0 deg (d = 0.225 nm) substantially
increases. The intensity of the peak at 20 = 42.15 deg
(d = 0.214 nm) coming from the AlgNi,_ Fe, phase
(““2”) increases after annealing up to 500 °C but then
unexpectedly decreases. Again, this may be due to poor
statistics, unequal particle sizes and preferred orienta-
tion effects in the measured data. The extensive growth
of the intensity of the peaks associated with the
AlgNi,_,Fe, (*“2”) and ALNi;_,Fe, (“6”) at
20 = 43.55deg (d = 0.207 nm) and AlgNi,_ Fe,
(“2”) at 20 = 44.4 deg (d = 0.203 nm) was observed
after annealing at 600 °C. This result pointed to the
growth and/or coarsening of the AlgNi,_ Fe, phase.
The growth of the volume fraction of the Al;Ni;_,Fe,
phase seems unlikely, since we did not find that phase in
the SEM study. The intensity of the peak at
20 = 49.4 deg (d = 0.184 nm), associated with the
AljLa; (©37), AlgFe, (NiyLa (“4”) and Al3Ni;_ Fe,
(“6”) phases going down with the temperature growth in
the alloy (1), might occur due to the eutectoid reaction
AlgFez_xNiXLa - A111L8,3 + AlgNiz,xFex and the
invariant reaction Al + Al3Ni;_,Fe, — AlgNi,_,Fe,.
The intensity of the (220) Al peak at 260 = 65.17 deg
(d = 1.43 nm) in alloy (/) after annealing at 600 °C
decreased. Using the SEM data (Table III), we associ-
ated that observation with the growth of the volume
fraction of the AlyNi,_,Fe, phase. In contrast, we found
an enormous growth of that peak intensity in alloy (II)
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Fig. 12—SE SEM image showing the microstructure after 3 h of annealing at: (a«) 400 °C for alloy (I), with an enlarged image of an
AlgFe, (NisLa particle and a eutectic area; (b) 500 °C for alloy (1); (¢) 600 °C for alloy (I); and (d) 600 °C for alloy (II). Phases are denoted by
1—Al, 2—AIyNi,_,Fe,, 3—Al; La;, 4—AlgFe, Ni,La, and 6-Al3Ni;_,Fe,. The Al-Al; Las-Al3Ni,_.Fe, eutectic denoted by “5” in Figs. 2(a)

and (b) decomposes.

Table III. Volume Fractions of the Phases Estimated from OM (Before Annealing) and SEM (After Annealing) Data (the Error
is £ 10 Pct)

AlgsNisFeyLa, (I) After Annealing

A185Ni7F€4La4 (I)

A185Ni9F62La4 (II) A185N19F62La4 (II) After

Alloy Phase Before Annealing 500 °C 600 °C Before Annealing Annealing at 600 °C
Al 16 6 11 20 25
Al Las 20 37 31 18 32
AlgNi,_(Fey 15 56 58 27 32
A13Ni1_xFCx — — 10
AlgLaFe, (Niy 49 — — 35 —

after annealing at 600 °C, which might arise from the
relatively high Al and Al3Ni;_Fe, phase content in the
sample (see Table III).

IV. DISCUSSION

To reveal the details of the microstructure formation
in two air-cast AlgsNij;_FeLay (where x = 2 or 4
at. pct) polycrystalline alloys, which exhibit a number of
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phases with definite morphologies and different struc-
tural defects, we believe that it is important to determine
the sequence of phase transformations. The results of
the study of two air-cast AlgsNij;_FeLay (where x = 2
or 4 at. pct) polycrystalline alloys together with the
isothermal annealing of these samples by means of
microscopic and microanalysis methods allow us to
suggest a number of phase transformation reactions that
take place during the cooling of the samples to room
temperature in air. In this consideration, we also took
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Fig. 13—XRD patterns
annealing at 600 °C.
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Fig. 14—DSC curves of the AI85Ni7Fe4La4 alloy.
Ref. [70].

Adapted from

into account the DSC data obtained by our group prior
to this investigation” for isochronal annealing to
temperatures up to 1000 °C with subsequent cooling
to room temperature (see Figure 14 and Table IV). As
the isothermal annealing experiments demonstrated, the
AlgLaFe, ,Ni, phase is metastable and undergoes an
irreversible eutectoid reaction during heating. Thus, the
transformations of the cooled melts in air and the
isochronally cooled alloys after heating must be differ-
ent. The available reference sources were also used to
obtain a tentative description of the reaction. Thus, the
following phase transformation reactions of the
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of the AlgsNisFeyLay (1) alloy after annealing at 400 °C, 500 °C, and 600 °C and the AlgsNigFe, ya, (II) alloy after

AlgsNiy_Fe,Lay (where x = 2 or 4 at. pct) melts are
proposed during cooling to room temperature in air:

1. L—>L; + AlgFe, (Ni,La primary intermetallic

phase solidification

2. L; - L, + f-Alj;La; primary intermetallic phase
solidification

3. p-Alj;Laz + L, —» a-AljLay + L, phase trans-
formation (invariant reaction)

4. Lz + AlgFez_xNixLa - L3 + AlgNiz_xFex +
Al;;Lajy peritectic reaction

5. L3 b Al”La3 + Al3Ni1,XFeX + <Al> eutectic

reaction

In the studied hypereutectic alloys, an excess of the
alloying elements surpassing the eutectic concentration
leads to a rapid solidification of primary intermetallic
phases in the form of separate particles or their
complexes. The growth rate of such primary intermetal-
lic phases is higher than that of the eutectic growth. The
solubilit?/ limit is <1 at. pct La for binary Al-La
alloysP®? (0.01 at. pet at 640 °C,P%71) 1.7 to 2.5 at. pet
Fe for Al-Fe alloys,”? and 1.7 at. pct Ni for Al-Ni
alloys (the solid solubility of Ni in Al decreases from
0.11 at. pct at 639.9 °C to 0.01 at. pct at 500 °C). In the
course of rapid solidification processing, the enhance-
ment of the solid solubility is observed up to 7.7 at. pct
Ni.”? The growth rates of these primary intermetallic
phase particles are much higher than those of the
eutectic particles. A close inspection of the OM and
SEM images (see Figures 1 and 2) pointed to two
scenarios:
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A. Solidification of the high-temperature f-Al;;Las
phase after the solidification of the AlgFe, NisLa
phase. This assumption was supported by the SEM
observations mentioned above, where relatively
large Al Lasz (5 to 20 um in size) faceted particles
surrounded the AlgFe,_(NisLa/AlgNi,_,Fe, core
shell particles or were located between the
AlgNi,_,Fe, particles. The latter particles formed
during cooling in a peritectic reaction from the
AlgFe,_Ni,La particles. Thus, two transformations
occurred in the first step:

1. L —>L; + AlgFe,_NiLa primary intermetal-
lic phase solidification followed by

2. L; —» L, + p-Alj;La;z primary intermetallic
phase solidification

B. The eutectic reaction L — L; + AlgFe, ,Ni,La +
p-AljLas. According to Campbell,[65] when an
alloy composition departs from the eutectic, or
when a third alloying element is present, the
interface can become unstable for the same reason
as in the case of a simple solid-liquid interface. If
one of the phases is faceted, like Al;;Las in our case,
the growth of this phase (and consequently the
eutectic) is slower at a given undercooling, whereas
dendrites (AlgFe,_NiyLa particles) may then grow
more rapidly than the eutectic at the eutectic
composition. The larger Al;;La; particles are
faceted, while AlgFe,_,Ni,La before decomposition
adopts a dendritic microstructure; therefore, the
described eutectic transformation appears highly
likely.

This situation occurred in both alloys, (I) and (11),
but the volume fraction of the AlgFe,  Ni,La phase
according to our estimate is twice as high (see Table III).
The dendrites located on the primary dendritic axis are
assemblies of AlgFe, ,Ni,La particles. The dendritic
microstructure forms in the supersaturated solution
under unstable temperature and elemental concentra-
tion conditions with the influence of crystallographic
factors.””!  The dendritic solidification of the
AlgFe, (NijLa phase explains the high density of
defects found in TEM/STEM-like twins, sharing bands
and the formation of the Al;,Fe;_(Niy J-layers.

Since the AlgFe,_,NiLa phase is new and was not
thoroughly described, we will discuss the formation of
the structural defects in this phase, designated as “1”’ to
“4” in more detail.

The formation of the Al;,Fe;_(Niy d-layers (defect
“1”") could be caused by a concentration inhomogene-
ity in the AlgFe,  NijLa particles. Extended
Al;,Fe;_(Ni, J-layers with a flat morphology are
associated with layered crystal growth during the
crystallization of dendrites from the liquid phase. This
type of crystallization was proposed to be a general
phenomenon of crystal growth’* regardless of the
composition. If so, an excessive amount of the alloying
elements Fe and Ni was dislodged to the liquid/solid
interface, and when the critical concentration was
reached in the absence of La, an Al;,Fe;_,Ni, J-layer
was formed. The density of the Als,Fe;_Niy, J-layers
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in the AlgFe, (NiyLa intermetallic compound is rela-
tively high, which is due to the excess content of Fe
and Ni and their relatively high diffusion mobility, in
comparison with that of La atoms.

The out-of-phase boundary (defect ““2”’) and shifted
mirror twins (defects “3” and ““4”") are associated with
dislocations (defects ““5°’) and the Al;,Fe;_Ni, J-layers
(defect ““17’). These defects could also form during the
dendritic crystallization of the particles. A defect in the
atomic arrangement formed by the presence of a
dislocation can cause a disturbance of the atomic
sequence and thus generate an out-of-phase bound-
ary.!%) In turn, there are several possible reasons for the
formation of dislocations. The first is the heterogeneity
of the concentration of the elements in the non-equilib-
rium crystallization of a solid solution of a multicom-
ponent alloy with atomic radii of different sizes, which is
quite similar to the formation of Al;,Fe;_,Ni, J-layers.
Adjacent layers have somewhat different compositions
and parameters of the crystal lattice. At the interfaces of
such layers, elastic stresses arise, and when the yield
strength is reached, dislocations are formed. The second
reason can be the stress at the interface of two phases,
namely, the AlgFe,_,Ni,La and the Al solid solution or
the AlgFe,_ NijLa and AlgNi,_.Fe,. Third, the high
density of thermal vacancies could also result in the
formation of dislocations.

Twinning (defects ““3”” and ““4”’) could also appear due
to the stress in the particle. However, we cannot confirm
that out-of-phase boundaries and twins are generated by
dislocations or vice versa.

We suppose that the AlgFe,_,Ni,La phase after the
primary solidification forms assemblies of particles
along the second (and probably the third) dendritic
axis. However, the peritectic reaction ““4”

L, + AlgFe, (NiyLa — L3 + AlgNi,_Fe, + Al;;La;

results in a partial dissolution and transformation of
AlgFe, Ni,La to the AlgNi,_,Fe, phase, which is
clearly visible in the areas near the surface of the larger
AlgFe,_(Ni,La particles located along the primary
dendritic axes, which leads to the formation of core
shell structures similar to those described in papers.l’>¢”!
The AlgFe,.(Ni,La particles, which are located along the
second (third) crystallization axis and are smaller in size,
completely transform to AlgNi,_,Fe, particles accord-
ing to reaction ““4”. SEM images demonstrated that the
AlgNi,_,Fe, particles are elongated in the directions
closely perpendicular to the habit plane of the
AlgFe,_(Ni,La particles, which is typical for dendritic
crystallization® and supports the suggestion of qua-
ternary phase crystallization. The primary crystalliza-
tion reactions or eutectic reactions described above
occur at temperatures higher than 1000 °C and were not
observed during the DSC experiment in Reference 70.
In conformity with the binary Al-La phase dia-
gram,®*% and the ternary Al-Ni-La phase diagram,!"®
the solidification of f-Al;;La; started at the temperature
t = 1170 °C and underwent a polymorphic transfor-
mation f-Al;;Lay; — o-Alj;Las at ¢t = 915 °C. Cer-
tainly, minor changes in the crystallization temperature
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Table IV. Phase Transformation Temperatures (°C) Upon Isochronous Heating at a Rate of 20 °C/min and Cooling (Same Rate)
of the Alloys

A185Ni7FC4La4

Alg5Ni9FCzLa4

Peaks, see Fig. 17 tp, °C Peak Beginning

tpi, °C Peak Maximum

ty, °C Peak Beginning tpi, °C Peak Maximum

627 643
732 746
— 786

887
— 860
768 749
— 691
637 620

pl 627 647
p2 712 736
p3 — 789
p4 — 933
pS — 913
pé 743 737
p7 693 686
p8 634 612

may occur in the quaternary system; however, there is
unlikely to be a considerable drop in the transformation
temperature. Thus, the first peak at 1 = 913 °C in the
DSC curve found by Bakhteeva er al.’” (Figure 14 and
Table 1V) in the AlgsNisFeslay alloy during cooling
(pS) appeared due to the polymorphic transformation
p-AljLas — a-AlyLas (reaction ““3”).

The other two peaks, namely, p6 and p7, appearing
on the DSC curve during cooling in alloy (1) (737 °C
and 686 °C) or alloy (II) (749 °C and 691 °C)"” did not
correspond to any known phase transformation in
ternary or even binary systems. Several phases were
found in the alloys, and they can be considered
candidates for a reaction in the temperature range of
the p6 and p7 DSC peaks. These phases are AlgFe,_(Niy
and ALLNi,_ Fe,. Three reactions for the AlgFe,_ Niy
phase formation may be considered. The first is the
peritectic reaction L + Alj3Fes + AlzNi — AlgFes
Niy. In the ternary Al-Ni-Fe system, this reaction takes
place at 809 °C.119:22242937" According to Budberg
et al.,”” this phase forms in the temperature range of
850 °C and 750 °C. We propose the formation of
separate AlsFey particles (isostructural to
Al;,Fe;_Ni,) at the initial stages of crystallization
(observed by Kattner”” in the binary Al-Fe system at
1160 °C) and Al;Ni particles in a number of reactions
starting from 866 °C.119:20-2224.29.371 A high Fe content
could decrease the peritectic reaction temperature.*”
The second choice is the peritectic reaction denoted by
“4 L, +AlgFe, (NiyLa—L; + AlgNi, Fe, +
AljLas. The quaternary AlgFe, ,NijLLa phase was
unknown and was not considered in the literature, and
this reaction might correspond to one of the peaks.
However, the AlgFe,  Ni,La phase is metastable and
could decompose completely upon heating up to 1000
°C in the DSC experiment. We observed this effect after
isothermal heating at 600 °C for 3 hours. Therefore, if
the AlgFe,_(NisLa particles were not decomposed
completely during the DSC heating cycle, then the p6
or p7 peak could appear due to this peritectic reaction.
The third possible path of the AlgNi,_,Fe, phase
formation might be the transition reaction
U:L + Alj3Fey »AlgFeNi+ (Al), which was found at
650 °C in the Al-Fe-Ni ternary system.?>?**¥ The high
volume fraction of the AlgFe,_ ,Ni, phase found in
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alloys I and II after the 600 °C annealing may prove one
of these suggestions.

The last scenario is the crystallization of proeutectic
Al followed by the eutectic reaction L3 —Al;;La; +
Al3Ni;_Fe,+<Al>. The crystallization of proecutectic
Al seems very likely because we observed bubble-like Al
grains (see Figure 2(b)) adjacent to the AlgFe,_ (Niy
particles that crowd out the Al-Al;j;Las-Al;Ni;_,Fe,
eutectics. These reactions might be responsible for the
p7 and p8 peaks (Figure 14) at 612 and 620 °C for alloys
(I) and (1II), respectively. The eutectic reaction resulted
in the formation of three phases L; —Al;;La; +
Al3Ni,_(Fe,+ <Al> (denoted above by “5”), starting
at a temperature of 634 °C, which is close to the 625 °C
found in the study of Godecke er al.'®! and mentioned
by Raghavan!'® for Al-Ni-La systems.

Upon the isochronal annealing of the AlgsNi;FeyLa,
alloy up to 1000 °C with a constant rate of 20 °C/min,
the DSC scans also showed four peaks with a compli-
cated shapel’” (Figure 14, Table IV). However, the
intensity and shape of the peaks (pl-p4 in Figure 14)
differed from those of the peaks that appeared during
cooling (p5-p8), which clearly indicated a diversity of
reactions during the heating and cooling of the sample
in the same temperature range.

The first endothermic effect (pl) was found in the
temperature range between 627 °C and 675 °C, with the
peak maximum at t;; =647 °C. The complicated shape
of the peak with a shoulder in the low-temperature part
pointed to numerous reactions. The lowest melting
temperature phases are an Al solid solution and an Al/
Al,,Las/AL3Ni,_Fe, eutectic,*>7%"® which melt in this
temperature range.

In the temperature range from 712 to 800 °C, two
overlapping endothermic peaks of a complex shape were
observed.

An SEM study of the air-cast alloys after annealing at
400 °C for 3 hours (Figure 12(a) showed that the
eutectic colonies designated by ““5” in Figure 2(b) in the
air-cast sample disappeared, but finely dispersed Al;;Las
grains were still noticeable in the areas of the assumed
location of the eutectic, which indicates that the
thermally activated dissolution reaction does not end
in the process of isothermal annealing, which is prob-
ably due to insufficient annealing time. In the same
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sample at the edges of the interface regions of the
AlgFe, ,Ni,La phase, the onset of the eutectoid reac-
tion AlgFez_xNixLa b AlllLa3 + AlgNiz_xFex is
noticeable (Figure 12(a), inset). Isothermal annealing
at 500 °C for 3 hours leads to the completion of this
reaction (Figure 12(b)). Based on these data, we may
assume that the second intense peak (p2) on the DSC
curve detected in the temperature range 712 °C to
736 °C"% can be due to this reaction. Again, these
results confirm the metastable nature of the
AlgFe,_,Ni,La phase.

The third peak on the DSC curve (p3) observed upon
the heating of this alloy is due to reactions occurring in
the temperature range from ~ 750 °C to 789 °C. The
nature of this peak could be linked to the transforma-
tion of the AlygNi, Fe, phase, since it was found at
750 °C but not at 850 °C,'*-*

The observed fourth peak, T,y = 933 °C, could
correspond to a polymorphic transformation of the
a-AlyLay — p-Alj;La; phase transition. Interestingly,
there is a relatively strong difference in the temperatures
corresponding to the fourth peaks in alloys (1) and (1II),
which were 933 °C and 877 °C, respectively. However,
the phase diagram in papers!'>'® shows that the f-«
transformation takes place due to the peritectic reaction,
and the transformation temperature depends on the Ni
content: a higher Ni content, as found in alloy (1II),
decreases the transformation temperature.

The DSC spectra of the AlgsNigFe,La, alloy (/1)
are similar to those described above, with four
endothermic and four exothermic peaks during heating
and cooling, respectively. The peaks corresponding to
the beginning of the Al melting in both cases (1 = 627
°C) are related to the close chemical compositions of
alloys (I) and (II). The decrease in the Al content in
alloy (II) after annealing at 600 °C results in the
formation of the ALNi;_cFe, phase together with
AlgFe,_,Ni,, which is visible in Figures 12(c) and (d).
The  reaction L + AlgFe, ,Ni, — Al3Ni;_,Fe, +
AljiLa in alloy (II) causes an increase in the volume
fraction of the AIl3Ni;_.Fe, phase after annealing at
600 °C.

V. CONCLUSION

Complex microstructural investigations of two Al
alloys, namely, AlgsNij;_FesLas (x = 2 or 4 at. pct),
were carried out by means of electron and optical
microscopy, EDXS, and XRD. These alloys contain
several phases, including fcc-Al, Alj;Las, Al3Ni;_,Fe,,
AlgNi,  Fe,, AlgFe, (NisLa, and Al;,Fe;_,Ni,, in the
form of d-layers in the AlgFe, NiLa particles. OM
demonstrated that a relatively small difference in the Fe
and Ni content in the alloys resulted in a significant
increase in the volume fraction of the AlgNi,_,Fe, phase
in the Ni-rich AlgsNigFe,La, alloy. In contrast, the
content of the AlgFe, (Ni,La phase is twice as high as
that in the AlgsNi;FeslLay alloy. The microstructure of
AlgFe,_(Ni,La was studied in more detail. In addition to
the o0-Al;,Fe (Niy inclusions with the habit plane
parallel to the a-axis, out-of-phase boundaries caused
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by the a/2 (half unit cell) shift, shifted mirror twins and
dislocations were found. A defect with zig-zag contrast
appeared due to the overlapping of the shifted mirror
twins with the matrix.

The high density of the defects in this phase was
caused by the dendritic growth of AlgFe, Ni,La parti-
cles. The composition of the quaternary phase measured
by EDXS is Al:Fe:Ni:La = 8:1.1:0.9:1. Therefore, the
quaternary phase can be described by the general
formula AlgFe; NigoLa. Heating experiments demon-
strated that this phase is metastable and undergoes an
irreversible transformation: AlgFe, Niy\La — AlgNi,_
Fex + A111L8.3.

The AlgNi,_ Fe, ternary phase contains Ni = 15 £+ 1
at. pct and Fe = 3 + 1 at. pct, and the Al3NiFe,
phase contains Ni = 23.5 + 1.0 at. pct and Fe = 1.5 £
1.0 at. pct.

Based on microstructural data and the results
obtained under isothermal and isochronous annealing,
a sequence of reactions determining the phase compo-
sition of the alloys upon cooling and heating was
proposed. These reactions are as follows:

1. L - L; + AlgFe, Ni,La primary intermetallic
phase solidification

2. Ly » L, + B-Alj;Las primary intermetallic phase
solidification

3. ﬁ-Al”La3 + L, > OC-A111L3,3 + L, phase transfor-
mation (invariant reaction)

4. Lz + AlgFez_xNixLa e L3+A19Ni2_xFex + A1]1La3
peritectic reaction

5. L — AljLay + ALNiFe, + <Al> eutectic
reaction

The influence of Fe within 2 to 4 at. pct on the phase
content was not revealed in the air-cast alloys. However,
after isothermal annealing at 600 °C in the alloy
containing 4 at. pct Fe, the Al;Ni;_ Fe, phase was not
found, but in the alloy containing 2 at. pct Fe, this phase
is present in the amount of ~ 10 vol pct.
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