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Abstract 11 

The results of a comprehensive microstructural study of ternary and quaternary phases in 12 

air cast Al85Ni11-xFexLa4 (where x = 2 and 4 at.%) polycrystalline alloys by means of optical 13 

microscopy, scanning electron microscopy, transmission electron microscopy, scanning 14 

transmission electron microscopy, energy dispersive X-ray microanalysis, and X-ray diffraction 15 

are presented. It was found that these alloys contain several phases, namely fcc-Al, Al11La3, 16 

Al3Ni1-xFeх, Al9Ni2-xFex, Al8Fe2-xNixLa and Al3.2Fe1-xNix in the form of δ-layers in the Al8Fe2-17 

xNixLa particles. High density of other defects in the quaternary Al8Fe2-xNixLa particles were 18 

found and their formation could be caused by dendritic type of growth of this phase. The crystal 19 

structure of all these defects was revealed by high resolution scanning transmission electron 20 

microscopy together with atomic resolution energy dispersive X-ray microanalysis. The thermal 21 

stability of the ternary and quaternary phases were also studied. The Al8Fe2-xNixLa phase is 22 

metastable and undergoes an irrevesable transformation: Al8Fe2-xNixLa→Al9Ni2-xFex 23 

+Al11La3.On the basis of all these data, a sequence of solid phase reactions in these alloys during 24 

cooling and heating is proposed. 25 

 26 
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 30 

1. Introduction. 31 

 Since the seeding studies of A. Inoue et al. [1], [2] and G.Shiflet et al. [3] in 1988, Al-based 32 

metal glasses containing rare-earth elements (RE) together with transition metals (TM) have 33 

been under intensive study due to their high metallic glasses formation ability combined with 34 

excellent mechanical properties such as high strength and corrosion resistance. Two groups of 35 

ternary Al-based alloys containing La, namely, Al-La-Ni and Al-La-Fe, were already considered 36 

in those pioneer research works. In subsequent studies it was shown that the reported high glass-37 

forming ability and mechanical properties could be substantially improved by the addition of a 38 

second transition element [4], [5], [6]. The quaternary alloys with two transition elements, in 39 

particular, Fe and Ni, are characterized by a higher thermal stability and better mechanical 40 

properties. Studies of the microstructure and phase formation processes in ternary and quaternary 41 

alloys during annealing have been carried out mainly by X-ray and electron diffraction (XRD 42 

and ED, correspondingly) since these materials were discovered, but in most cases they were 43 

limited to ascertaining the presence of fcc-Al and one or more binary phases. Quaternary 44 

intermetallic compounds, to the best of our knowledge, were not found and were not considered. 45 

To some extent this might be due to the issues related with the completeness of their 46 

identification by XRD or ED for a number of reasons. On the one hand, XRD spectra from low-47 

symmetrical binary phases exhibit a significant number of maxima which could conceal the 48 

presence of ternary and quaternary phases.  49 

A study of the microstructure of amorphous alloys after thermal treatment or intense 50 

plastic deformation was carried out mostly in samples with extremely high mechanical 51 

characteristics, when the grain sizes often did not exceed 100 nm [4], [7], [8]. Such grain sizes 52 

precluded investigations by ED, on the other hand, although these alloys are most interesting. In 53 

addition, during annealing or intensive plastic deformation, along with stable phases, metastable 54 

intermetallic ones could appear. If so, for an unambiguous interpretation of the XRD spectra, ED 55 

patterns and the phase determination, a comprehensive study of polycrystalline alloys is 56 

necessary, just as the case reported in [9], [10], [11], [12]. A possible phase composition of the alloys 57 

can be determined from the phase diagrams, but quaternary Al-La-Ni-Fe alloys have been 58 

insufficiently studied and the corresponding phase diagrams were not found in the literature. The 59 

ternary phase diagrams of the Al-Fe-La system are presented in [13] [14] and of the Al-La-Ni 60 

system in [15] [16]. The Al-Ni-Fe system has been studied much better and the phase diagrams for 61 

several isothermal sections were described by Rivlin [17] and updated later in papers [18], Khaidar 62 



3 

 

et al. [19] as well as in relatively recent works of Budberg et al. [20], Raghavan [21], Eleno et al. [22], 63 

Chumak et al. [23] and in the works by Zhang et al. [24][25][26]. 64 

Table 1 summarizes the known intermetallic phases in the Al-Ni-Fe-La system with Al 65 

≥70 at%. These alloys contain polycrystalline fcc-Al, several binary and ternary phases. Two Al-66 

Ni binary phases are known in this Al concentration range: the first one is Al3Ni [27] and the 67 

second one is Al9Ni2 
[28]. It is assumed that the Al3Ni phase has a very narrow homogeneity 68 

range [29]Eleno and co-workers [22] defined this range as ~ 23-26 at.% Ni. Yamamoto and 69 

Tsubakino [28] found out by ED the Al9Ni2 phase which is isostructural to Al9Co2, and turned out 70 

to be metastable. Moreover, according to the energy dispersive X-ray (EDX) microanalysis, Al 71 

content in the Al9Ni2 particles was above the stoichiometric Al/Ni atomic ratio with the value of 72 

4.68. Four basic binary Al-Fe intermetallic phases with different crystal structures and 73 

stoichiometry with Al content above 70 at% were discovered. The Al5Fe2 phase exhibits an 74 

orthorhombic crystal structure (Space Group (S.G). Cmcm) [30], [31]. This compound is 75 

isomorphic with the hexagonal compound Al5Co2 
[32] and has a homogeneity range of 70-73 at.% 76 

Al [22]. The group of Al3Fe, Al13Fe4, Al3.2Fe and Al9.75Fe3 is characterized by a monoclinic 77 

crystal structure with very close unit cell parameters. The homogeneity range is 74.5 - 76.6 at.% 78 

Al [22]. Several isostructural compounds with a slight difference in the stoichiometric 79 

composition have been investigated (see Table 1, the structure parameters are given according to 80 

the first reference). A phase designated as Al9Fe2 was found by ED in the ternary AI-Fe-Si 81 

system (A1-0.5 Fe-0.2 Si wt % alloy) [33], it was isostructural with Al9Co2 and was shown to be 82 

monoclinic with lattice parameters: a = 0.869 nm, b = 0.635 nm, c = 0.632 nm, β = 93.40. In 83 

other studies it was not detected, and can be regarded as metastable. Another metastable phase 84 

Al6Fe, was first described by Hollingworth et al. [34] and refined by [35]. The homogeneity range 85 

of the latter two phases remains undefined. 86 

Three stable Al-Fe-Ni ternary phases with Al≥70 at% (displayed in the order of Al 87 

content increasing in Table 1) were found: 1 - quasicrystalline  Al71Fe5Ni24 compound, 2 - 88 

hexagonal with the general formula Al10Fe4-xNix, and 3 - monoclinic Al9Fe2-xNix. The latter two 89 

phases are denoted by τ1 and τ2, and different authors, for example, [17] and [23] use the opposite 90 

notation. The Al10Fe4-xNix and Al9Fe2-xNix phases were first described in the investigation of 91 

Bradley & Taylor [36], where it was claimed to be isostructural with Al5Co2 and Al9Co2, 92 

respectively. Schroder & Hanemann [37] shortly afterwards determined the homogeneity range of 93 

these compounds: for Al10Fe3Ni, Fe - 18-24.5 at% and for Ni - 4.5-10.5 at% ,for the Al9FeNi 94 

compound - Fe in the range of 4.4-11.1 at% and Ni - 7.0-13.5 at.%. Later on, the structure, 95 

composition and homogeneity ranges of compounds with the general formula Al10Fe4-xNix and 96 
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Al9Fe2-xNix were critically evaluated by Mondolfo [38] and Rivlin [17] with amendments in their 97 

later study [18], as well as by Raghavan [39], Dubko [29], Budberg et al. (Budberg et al., 2004), 98 

updated by, Raghavan [21], Eleno et al. [22], Chumak et al. [23], Zhang et al. [25]. Basing on these 99 

studies, the homogeneity range can be extended: for Al10Fe4-xNix: Fe in the range of 14.4-24.5 100 

at% and Ni in the range of 4.5-13.1 at%. For the Al9Fe2-xNix phase the ranges are: Fe - 3.05-11.1 101 

at% and Ni - 4.5-14.3 at%. According to Chumak and co-workers [23] Al atoms at the 2а site can 102 

be substituted by Fe/Ni atoms in the Al10Fe4-xNix compound. The pointed above homogeneity 103 

range for the Al10Fe4-xNix compound includes Al10Fe3Ni determined by [40], confirmed by 104 

Khaidar and co-workers [19], and the Al5FeNi compound discovered by Ellner & Rohrer [41]. 105 

However, the composition of the Al10FeNi3 compound mentioned by Khaidar et al. [19] does not 106 

fit this homogeneity region. This paper reported that the particle size of the polycrystalline alloy 107 

was too small to determine the structure. This phase was not found in later studies and that was 108 

the reason of its absence in Table 1. In a number of studies, namely, [37], [19], [29] it was noted that 109 

the Al9Fe2-xNix phase was formed via the peritectic reaction L+Al13Fe4+Al3Ni↔Al9Fe2-xNix at 110 

809 0C, the transition reaction L+(Al13Fe4)↔Al9Fe2-xNix+(Al) at 6500С and the eutectic reaction 111 

L↔Al+Al3Ni+Al9Fe2-xNix at 6380. Chumak and co-workers [23] reported that the reactions of the 112 

Al10Fe4-xNix phase formation are unknown, although Budberg et al. [20] with reference to Khaidar 113 

et al. [19], presented an invariant reaction of L+τ2↔Fe4Al13+Ni2Al3, which occurred in a narrow 114 

temperature range between 10500C and 9500C. The Al10Fe4-xNix compound was denoted by τ2, in 115 

that study. 116 

The last ternary phase of the Al-Ni-Fe system with Al≥70 at% is a quasicrystal phase 117 

with the formula Al71Fe5Ni24, denoted as τ3. This phase was first discovered in 1989 [42]. Later, 118 

the parameters were refined in the studies [43], [44], [45]. It was specified that the homogeneity 119 

range of this phase is extremely narrow, less than 1 at%, the compound being stable in a slim 120 

temperature range between 847 0C and 930 0С and it can be studied only after rapid quenching. 121 

In Al based alloys (Al≥70 at.%) with La and transition metals, the binary phase Al11La3 122 

was discovered [46] as well as the Al4La phase [47]. Those phases were characterized by very close 123 

crystal lattice parameters and S.G. Immm and Imm2, respectively (Table 1), which, practically, 124 

could not be resolved by XRD or ED. Gomes de Mesquita and Buschow [48] asserted that the 125 

low-temperature phase (α) should be described by the formula Al11La3, not by Al4La. According 126 

to Buschow [49] and Gschneidner & Calderwood [50], the transition of α-Al11La3 to the high-127 

temperature phase (β) - Al11La3 takes place at the temperature of 915 0C. 128 

In the Al-rich corner of the Al-Fe-La system two ternary compounds were found: 129 

Al8Fe2La, which was claimed to be an isostructural to Al8Fe2Ce [51], and Al10Fe2La [52]. 130 
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Thus, the analysis of the results of the microstructural studies of Al-Ni-Fe-La based 131 

alloys with Al≥70 at% demonstrated a variety of intermetallic phases formed in different 132 

concentration ranges of the alloying elements. Moreover, minor deviations of the chemical 133 

composition led to a change in the phase composition. Therefore, the ambiguity of the results 134 

requires a careful study of the phase content in these alloys. 135 

Previously, we performed a preliminary study of quaternary Al-La-Ni-Fe alloys and 136 

discovered the Al8Fe2-xNixLa phase [53], isostructural to Al8Fe2Eu [54]. However, the atomic 137 

structure of defects in that phase was not considered. In this paper, we present the results of a 138 

comprehensive microstructural study of ternary and quaternary phases in air cast Al85Ni11-139 

xFexLa4 (where x = 2 and 4 at.%) polycrystalline alloys by means of optical microscopy (OM), 140 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), scanning 141 

transmission electron microscopy (STEM), energy dispersive X-ray (EDX) microanalysis, and 142 

X-ray diffraction (XRD). Defects in the quaternary Al8Fe2-xNixLa phase together with the 143 

thermal stability of the ternary and quaternary phases were studied. On the basis of these data, a 144 

sequence of solid phase reactions in these alloys during cooling and heating is proposed. 145 

 146 

 147 

Table.1. Structural data for Al-rich phases (>70%) in the Al-La-Fe-Ni system. 148 

# Phase 
Space 

group 
Prototype Crystal class 

Lattice 

parameters 

(nm) 

Reference 

1 Al Fm-3m Cu Cubic a=0.405 [55] 

2 Al3Ni Pnma Fe3C Orthorhombic 

a=0.661 

b=0.736 

c=0.481 

[27] 

3 Al9Ni2 P21/c Al9Co2 Monoclinic 

a=0.62 

b=0.85 

β=950 

[28] 

3 Al5 Fe2 Cmcm Unknown Orthorhombic 

a=0.767 

b=0.64 

c=0.42 

[31] 
[30] 

 

4 

Al3Fe 

Al13Fe4 

(Al3.2Fe) 

(Al9.75Fe3) 

C2/m Unknown Monoclinic 

a=1.548 

b=0.808 

c=1.247 

β=107.430 

[56] [57][58] 

5 Al9Fe2 P21/a Al9Co2 Monoclinic 

a=0.869 

b=0.635 

c=0.632 

β=93.40 

[33] 

6 Al6Fe Ccm21
 Al6Mn Orthorhombic 

a=0.646 

b=0.744 
[35] 
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c=0.877 

7 Al71Fe5Ni24    

quasi-

crystalline 

decagonal 

 [43] 

8 
Al5FeNi 

Al10Fe4-xNix  
P63/mmc Al5Co2 Hexagonal 

a=0.7693 

c=0.7657 

[36], [41] 
[23] 

9 Al9Fe2-xNix  P21/c Al9Co2 Monoclinic 

a=0.62406 

b=0.62993 

c=0.85992 

β=95.129 

[36], [23] 

10 Al3La P63/mmc Ni3Sn Hexagonal 
a=0.6667 

c=0.4619 
[59] 

11 Al11La3 Immm Al11La3 Orthorhombic 

a=0.4431 

b=1.3142 

c=1.0132 

[48] 

12 
Al4La 

(β-Al11La3) 
I4/mmm Al4Ba Tetragonal 

a=0.4422 

c=1.021 
[60], [49] 

13 Al4La Imm2 - Orthorhombic 

a=0.443 

b=1.314 

c=1.013 

[61] 

14 
Al8Fe2La 

 

Pbam 

 

Al8Fe2La 

 

Orthorhombic 

 

a=1.257 

b=1.445 

c=0.4063 

[51] 

15 Al10Fe2La Cmcm Al10Fe2Yb Orthorhombic 

a=0.9051 

b=1.0249 

c=0.9122 

[62] 

16 Al6-xNi1+xLa P4/mmm unknown Tetragonal 
a=0.4189 

c=0 8032 
[63] 

 149 

2. Experimental 150 

Polycrystalline alloys with the composition determined as Al85Ni7Fe4La4 and 151 

Al85Ni9Fe2La4 were obtained from melt as ingots by cooling in air. In order to study the thermal 152 

stability, the specimens were annealed under a Ar/H (H-4%) gas mixture at 400, 500 and 600 153 

°C for 3 hours. The heating and cooling rates were 30 °C/min and 50 °C/min, respectively. 154 

An optical microscope Axiovert 40MAT was used at the first stage. The tint etching of 155 

the specimens after mechanical grinding and polishing was performed in a mixture which 156 

consisted of 3% HF, 4% HNO3, 3% HCl and 90% H2O at room temperature for 10 s. Further 157 

studies were performed by SEM/EDX microanalysis. A Focus Ion Beam (FIB)/SEM dual beam 158 

Helios (FEI, USA) at an accelerating voltage of 2 kV was used for the imaging. Due to the use of 159 

through lens detector even in the secondary electron (SE) registration mode a significant fracture 160 

of backscattering electrons (BSE) was detected that generated a strong Z-contrast. The 161 

microscope was equipped with an EDX spectrometer (EDAX, USA), the spectra and elemental 162 

maps were recorded using the accelerating voltage of 15-30 kV. The specimens for TEM, STEM 163 
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and ED studies were prepared by 2 methods: A) - by twin-jet electropolishing in a TenuPol-5 164 

facility (Struers USA) using an electrolyte which consisted of 70% butanol, 20% perchloric acid 165 

and 10% ethanol at the temperature of 5– 7 0C and the potential of 40 V, cleaning with Ar+ ions 166 

was accomplished in the PIPS (Gatan, USA) at the acceleration voltage of 0.1-1 kV and B) - by 167 

using a standard lift-out FIB technique. Microstructural analyses were performed in a Titan 80-168 

300 TEM/STEM (FEI, USA) equipped with a spherical aberration corrector (probe corrector), 169 

with an accelerating voltage of 300 kV. Such a configuration allows one to obtain images in the 170 

STEM mode with a resolution of 0.08 nm. The device is equipped with an EDX Si(Li) 171 

spectrometer (EDAX, USA), High Angle Annular Dark Field (HAADF) electron detector 172 

(Fischione, USA) and Gatan Image Filter (GIF) (Gatan, USA). In addition, part of the STEM 173 

images were obtained in an aberration corrected (probe corrected) TITAN 80-200 (FEI, USA) at 174 

an accelerating voltage of 200 kV. This instrument is also equipped with a HAADF detector 175 

(Fischione, USA) and a silicon drift detector (SDD), which was a Super-X EDX detector 176 

(Bruker, USA). Image processing was performed using a Digital Micrograph (Gatan, USA) and 177 

TIA (FEI, USA) software, simulations of the ED patterns and images were produced using a 178 

Stadelmann’s EMS software package [64]. The powder X-ray diffraction analysis of the as-179 

received and annealed bulk polycrystalline samples of the two compositions was performed with 180 

a Rigaku Miniflex-600 diffractometer (Rigaku Corporation, Tokyo, Japan). The XRD data were 181 

recorded using Cu-Kα radiation (40 kV, 15 mA, Ni-Kβ filter) in the 2θ range 10–90° at a scan 182 

rate 0.5°/min. The crystalline phases were identified with integrated X-ray powder diffraction 183 

software (PDXL: Rigaku Diffraction Software) and ICDD PDF-2 datasets (Release 2014 RDB). 184 

For these experiments the specimens with the size of ~4х10 mm2 were polished from one side. 185 

186 
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 187 

3. Results. 188 

Below in microscopy section we will describe in more detail the microstructure of the 189 

Al85Ni7Fe4La4 alloy, because the phase content and overall microstructure in both alloys are 190 

similar. The XRD data and the results of annealing are presented for both alloys. 191 

 192 

3.1. OM microstructure study. 193 

 194 

Fig.1. Typical microstructure of Al85Ni7Fe4La4 alloy (OM image). Phases are denoted as: 1 – Al, 195 

2 – Al9Ni1-xFex, 3 - Al11La3, 4 - Al8Fe2-xNixLa. 196 

 197 

The OM image after tint etching of the Al85Ni7Fe4La4 alloy is shown in Fig. 1. The 198 

analysis of the contrast and morphology of the particles allows us to conclude that at least 4 199 

phases are present in the alloy. The typical images of the particles of each phase are indicated by 200 

numbers from “1” to “4”. A further study has shown that the particles marked by “1” with the 201 

light contrast are the fcc-Al. These particles look polycrystalline and reach up to 50 μm in size. 202 

The second type of the particles denoted by number "2" looks bluish in OM and they have been 203 

identified as Al9Ni2-xFex. These particles often adopted an elongated morphology with the length 204 

of up to 20 μm and width of 1 μm. They are observed in two media: 1 - surrounded by the fcc-Al 205 

matrix and 2 - around relatively large elongated particles of the Al8Fe2-xNixLa phase designated 206 

by "4". These four component particles are polycrystalline agglomerates with the grain size of 5-207 

20 μm and the total sizes of 100 μm, they have a brown tint in OM images, which, apparently, is 208 
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due to the presence of Fe. The facetted particles coming in gray color with the sizes up to 25 209 

microns are identified as the Al11La3 phase, which is indicated by “3” in Fig. 1. According to the 210 

paper [48] we designated that phase by “11-3”, not by “4-1”, which reflects the stoichiometric 211 

Al/La atomic ratios. While evaluating the OM images of different phases we estimated their 212 

volume fraction in the Al85Ni7Fe4La4 and Al85Ni9Fe2La4 alloys. A relatively small difference in 213 

Fe and Ni contents in the alloys resulted in an approximately two-fold increase of the Al9Ni2-xFex 214 

phase in the Ni rich Al85Ni9Fe2La4 alloy. On the contrary, the content of the Al8Fe2-xNixLa phase 215 

is twice higher in the Al85Ni7Fe4La4 alloy. 216 

217 
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3.2. SEM and EDX microanalysis. 218 

 219 

Fig.2. SEM image of the Al85Ni7Fe4La4 alloy showing the microstructure at (a) – low and (b) –220 

higher magnifications. Phases are denoted as: 1 – Al, 2 – Al9Ni1-xFex, 3 - Al11La3, 4 - Al8Fe2-221 

xNixLa, 5- Al-Al11La3-Al3Ni1-xFex eutectic. The “a-a”, “b-b” and “c-c” sections indicated the 222 

areas, where lamellas were cut. Arrows in (b) shows the eutectic microstructure. 223 

 224 

Representative SEM images obtained from the Al85Ni7Fe4La4 alloy are presented in Figs. 2 (a 225 

and b). Due to an essential Z-contrast the Al particles denoted by “1” look darkest. However, on 226 

the high magnification images an unevenness of contrast in these areas is visible. This could be 227 
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due to the polycrystalline microstructure, intermetallic precipitates and defect formation during 228 

crystallization or specimen preparation. 229 

The particles Al8Fe2-xNixLa denoted by “4” in Figs.2 (a and b) exhibit a bright contrast due to 230 

the presence of La. It is sometimes difficult to distinguish between these and Al11La3, denoted by 231 

“3” on SEM images, but the presence of transition metals can be unambiguously detected using 232 

EDX microanalysis elemental mapping and these maps are shown in Figs.3 (a-f). 233 

 234 

Fig. 3 (a)- SE SEM image of the Al85Ni7Fe4La4 alloy and correspondent EDX elemental maps 235 

(b) – Al, (c) – La, (d) – Ni, (e) – Fe, (f) – all elements. 236 

 237 
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Number “2” denotes the Al9Ni2-xFex particles. These particles look brighter than the Al 238 

particles and they adopted an elongated morphology with a 2.5:1 mean aspect ratio. As clearly 239 

visible in Figs. 2 (a and b), the Al9Ni2-xFex particles are oriented in one direction. The particles 240 

with the same contrast surround the Al8Fe2-xNixLa quaternary phase particles forming the core 241 

shell and that is also visible in the multiple map (Fig. 2(f)). This microstructure is typical for the 242 

initial stage of peritectic transformation in the alloy that was quenched to room temperature and 243 

described in the book [65] and the corresponding references. The Al9Ni2-xFex particles together 244 

with Al8Fe2-xNixLa form a two-axis dendritic microstructure. Such dendritic microstructure could 245 

be formed at the initial stages of crystallization from the melt. Adjacent to the Al9Ni2-xFex 246 

particles there are eutectic structures with well-defined dispersed Al11La3 particles shown by 247 

arrows in Fig. 2(b). Besides, larger eutectic areas looking similar were found and they are 248 

denoted by “5” in Figs. 2(a and b). In some areas a more coarse eutectic structure was found. A 249 

more detailed study of the eutectic structures was carried out by TEM, STEM and EDX 250 

microanalysis, the results are presented below. 251 

252 
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3.3. TEM, STEM, ED and EDX microanalysis study.  253 

 254 

Fig. 4. (a) –HAADF STEM image of the specimen prepared by FIB in the area of the “a-a” 255 

section (see Fig. 2 (b)): phases are denoted as: 1 – Al, 2 – Al9Ni2-xFex, 3 - Al11La3, 4 - Al8Fe2-256 

xNixLa. (b) – enlarged BF TEM image of the part of the specimen, shown by the red rectangle in 257 

(a). Phases are denoted as: 2 – Al9Ni1-xFex, 4 - Al8Fe2-xNixLa. Flat defects in the Al8Fe2-xNixLa 258 

particle are indicated by arrows. 259 

 260 

The HAADF STEM image of the specimen prepared by FIB from the section denoted by “a-a” 261 
in Fig. 2(b) is presented in Fig. 4(a). The contrast variations together with EDX spectroscopy 262 
(EDXS) data unambiguously indicated that there are four phases in the cut lamella, namely, fcc-263 
Al, Al11La3, Al9Ni2-xFex and Al8Fe2-xNixLa. The results of EDXS study are presented in Table 2. 264 

Below the crystal structure and chemical composition of all the phases starting from quaternary 265 
and moving to binary phases are considered in detail. The HAADF STEM image demonstrated 266 
clearer than SEM images that there is layer consisted of the Al9Ni2-xFex particles surrounding the 267 
Al8Fe2-xNixLa particles as shown in the frame in Fig. 4(a). The analysis of BF TEM image of the 268 
same area presented in Fig. 4(b) revealed a polycrystalline nature of the Al8Fe2-xNixLa cluster 269 

and the Al9Ni2-xFex layer. The Al8Fe2-xNixLa particles exhibit an irregular morphology and grain 270 
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sizes ranging between 0.2 and 1 µm. Many of these particles show the contrast characteristic for 271 
planar defects, which are arrowed in Fig. 4(b). The defect density was estimated from this and 272 

similar images and was up to 109 cm-2. The crystal structure of these defects can be determined 273 
by HAADF STEM technique, the details are presented below. 274 

 275 

 Fig. 5. (a) HR HAADF STEM image of a Al8Fe2-xNixLa particle obtained in the [001] 276 

zone axis. In between the arrows with numbers “1-4” there are the areas with flat defects. The 277 

structural elements shown by red rectangles with La atoms in the corners and the sides, parallel 278 

to {310} and {140}, the defects which can be explained using these structural elements are 279 

shown by yellow rectangles. (b) - the SADP from a Al8Fe2-xNixLa particle in the [001] zone axis. 280 

(c) - the Al8Fe2-xNixLa 4x4 unit cells in the [001] projection. 281 
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 282 

A preliminary study of the quaternary Al8Fe2-xNixLa phase indicated that it exhibited an 283 

orthorhombic crystal structure isostructural to Al8Fe2Eu (S.G. Pbam) [53]. The high resolution 284 

(HR) HAADF STEM image of that phase obtained in the [001] zone axis is presented in Fig. 285 

5(a). The most intense spots on the image correspond to La atoms column, Ni and Fe atom 286 

columns give rise to spots with a nearly equal intensity. This can prove a substitution of Ni and 287 

Fe atoms. The weakest contrast comes from the column of Al atoms. The SADP from a Al8Fe2-288 

xNixLa particle in the [001] zone axis is presented in Fig. 5(b). One of the peculiarities of the 289 

SADP are the streaks in the direction parallel to 0k0* that arise from the defects with the habit 290 

plane parallel to {0k0}. The Al8Fe2-xNixLa 4x4 unit cells in the [001] projection are shown in 291 

Fig. 5(c), one of the unit cells is highlighted by a yellow rectangle. There are structural elements 292 

shown by red rectangles with La atoms in the corners and the sides, parallel to {310} and {140}. 293 

These rectangles are shifted relative to each other at the distance equal to a and b parameters of 294 

the unit cell, their mutual position is very helpful in understanding the crystal structure of the 295 

defects in the Al8Fe2-xNixLa phase. 296 

 297 

Table 2. The results of EDXS study of the areas denoted by “1” –“4” in Fig. 4(a).  298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

A close inspection of the HR HAADF STEM image presented in Fig. 5(a) and similar images 306 

obtained in the same projection revealed a variety of flat defects, denoted by “1”- “4” and 307 

dislocation cores, associated with flat defects, denoted by “5”. Flat defects denoted by “1” in Fig. 308 

5(a) are mostly distinctive and these defects are marked by arrows in Fig. 4(b). An enlarged 309 

HAADF STEM image of that defect is presented in Fig. 6(a). The analysis of these defects with 310 

the habit plane parallel to the a-axis of the Al8Fe2-xNixLa crystal reveals that these defects are δ-311 

layers of the monoclinic Al3.2Fe1-xNix phase with the Al3.2Fe structure type (S.G. C12/m1) [56]. 312 

Each δ-layer consists of adjacent staggered pentagons with Fe(Ni) atom columns located in the 313 

corners and in the center, the pentagons adopted a mirror (m) symmetry position. The pentagons 314 

are highlighted in red in Figs. 6(a) and (b). These defects were described in [53], however, their 315 

№ Phase 
Element content, ат% 

Al Ni Fe La 

1 Al 99 1 0 0 

2 Al9Ni2-xFex  82 15 3 - 

3 Al11La3 80 - - 20 

4 Al8Fe2-xNixLa, 71 9 11 9 
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composition and, especially, the presence of Ni was not determined. The EDX elemental 316 

mapping (Figs. 6 (c-f)) unambiguously reveals the presence of Ni at the Fe sites in these δ-layers 317 

without any ordering. A light blur of the image in the δ-layer area could be linked with Al atoms 318 

substitution for Ni and Fe. Thus, the chemical content of the phase in the δ-layers can be 319 

described as Al3.2Fe1-xNix. 320 

 321 

Fig. 6. (а) HAADF STEM image of the planar defect «1», which are δ-layers of the monoclinic 322 

Al3.2Fe1-xNix phase. (b) - the model of the defect and EDX elemental maps: (c) – La, (d) – Al, (e) 323 

– Fe, (f) – Ni. 324 

 325 

The above mentioned structure elements which are highlighted by red rectangles with 326 

columns of La atoms in the corners shown in Figs. 5(a) and (c) are used for the description of 327 

planar defects. The stacking fault (sf) forms a triple chain of these structural elements and that sf 328 

is confined within arrows marked by number “2”. The model of that defect, which is below 329 

denoted as the second type, is presented in Fig. 7(a), its formation was caused by the a/2 (half 330 

unit cell) shift of the adjacent areas. This defect may be defined as out-of-phase boundaries, 331 
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however, typically out-of-phase boundaries are associated with layered compounds [66], [67]. 332 

However, the Al8Fe2-xNixLa crystal structure does not represent a layered structure, but we 333 

believe, that we can use that definition in our case. 334 

 335 

Fig. 7. The models of the defects marked by arrows in Fig. 5 (a) as: (a) - “2” – the out-of-phase 336 

boundary. (b) –and (c) “3” and “4” - shifted mirror twins, respectively . 337 

 338 

Defects of the third type are also shown by arrows marked by “3” and “4” in Fig. 5(a). Such 339 

defect can be described as a shifted mirror twins. The defect models are presented in Fig. 7(b) 340 

and Fig. 7(c), respectively. These defects are located between arrows marked by “3” and “4” 341 

formed by the twin formation with a simultaneous shift by 3a/4 along the a axis. This results in 342 

the formation of double chains of the structural units. The defects that are located between the 343 

arrows marked by “3” and “4” in Fig. 5(a) are symmetrical relative to the mirror plane parallel to 344 

the b axis but with a b/2 shift along the b axis. In the junction area of these two defects 345 

dislocations are formed without La in the dislocation cores. This was observed on HR HAADF 346 

STEM images and supported by EDXS elemental mapping (not presented here). 347 

Two closely spaced dislocation cores are indicated by “5” in Fig.5 (a). The dislocations were 348 

formed as a result of the interaction of two flat defects, namely “3” and “4”. It was difficult to 349 

construct the Burgers circuit around the dislocation cores, however, the observation of the 350 

micrograph at a glancing angle parallel to the a axis of the Al8Fe2-xNixLa unit cell does not reveal 351 

any extra planes. Thus, we proposed that the Burgers vector of the dislocations is parallel to the a 352 

axis. Surprisingly, the HR HAADF STEM image unambiguously demonstrated the absence of 353 

rare earth La atoms in the dislocation core areas. The cores of screw dislocations in SrTiO3, in 354 

contrast, demonstrated vacancies in the Ti-O column, not Sr ones [68]. 355 

The HR HAADF STEM image of another defect in the Al8Fe2-xNixLa compound together 356 

with the EDXS elemental maps is presented in Fig. 8(a-e), the model is shown in Fig. 8(f). La, 357 



18 

 

Ni, Fe and Al atoms are presented in the defect area. This defect has a typical zig-zag contrast, 358 

the habit plane, parallel to {140} and occurs due to overlapping of the defect of the third type  359 

 360 

Fig.8. (a) HR HAADF STEM image of the shifted mirror twin overlapping with Al8Fe2-xNixLa 361 

matrix and EDX elemental maps: b) – La, с) – Al, d) – Fe, e) – Ni. f) – The model of the defect. 362 

 363 

with the matrix. In Figs. 8 (a) and (f) one can see two adjacent structural elements from the 364 

defected part of the specimen marked with pairs of yellow rectangles and the third one belonging 365 

to the matrix, which is single and shifted relative to the double structural element. It should be 366 

noted that the intensity of the spots corresponding to the La columns in the zig-zag defect area is 367 

lighter than that in other parts of the specimen. This is due to a reduced number of atoms in the 368 

La columns in the zig-zag defect area relative to other areas, since the defect area is an 369 

overlapping of two crystals. The same reduction of the spot intensity is visible in the La 370 

elemental map. 371 
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The composition of the quaternary phase was measured using EDXS, consistent results were 372 

obtained from several particles. The quantification error within the obtained spectra was ~5%. 373 

Quantification of the spectra was, however, complicated due to lack of a suitable quaternary 374 

standard, a relatively large uncertainty in the composition of the ternary and binary phases 375 

containing Fe and Ni, which can substitute each other and a high defect density in the particles. 376 

The composition of the quaternary phase is Al:Fe:Ni:La = 8:1.1:0.9:1. A typical EDXS spectrum 377 

is presented in Fig. 9. Therefore, the quaternary phase can be described by the general formula 378 

Al8Fe1.1Ni0.9La, which is consistent with the stoichiometry Al:ТМ: La= 8:2:1. 379 

 380 

Fig.9. EDX spectra from a Al8Fe2-xNixLa particle. 381 

 382 

For TEM and EDXS investigation of the ternary Al-Ni-Fe compound several lamella in the 383 

sections marked by “a-a”, “b-b” and “c-c” and similar to those were prepared from a polished 384 

surface shown in Fig. 2(b). First, the “a-a” lamella was sectioned in the area of the Al9Ni2-xFex 385 

particle, adjacent to the Al8Fe2-xNixLa particle, the images are presented in Figs. 4 (a) and (b). 386 

The SADP obtained from the Al9Ni2-xFex particle is presented in Fig. 10 (a). The analysis of the 387 

SADP unambiguously confirmed that the crystal structure of that particle adopted the monoclinic 388 

Al9Co2 type structure with S.G. Р21/с. That phase was discovered in a number of studies 389 

considered above in the introduction. The SADP presented in Fig. 10(a) corresponds to the [011] 390 

zone axis, the 100 reflections arise from double diffraction. To estimate lattice parameters of the 391 

Al9Ni2-xFex phase we verified the camera length calibration using adjacent Al particles and found 392 

out that those were a=0.857 nm, b=0.629 nm, c=0.621 nm, β=970, which was close to unit cell 393 

parameters of Al9Co2 
[69]). The EDXS quantification indicated that Fe content in the Al9Ni2-xFex 394 

particle in our alloys, namely Ni = 15±1 at.%, Fe=3±1 at.%, was lower than that in the study of 395 

Khaidar et al. [19] and Chumak et al. [23], but corresponded to the homogeneity region determined 396 

in the study of Dybkov et al. [29] and Eleno et al. [22]. The EDXS spectrum is presented in Fig. 10 397 
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(b), the quantitive data are shown in Table 2. Thus, the Al9Ni2-xFex, phase can be described as 398 

Al9Ni1.6Fe0.4. 399 

 400 

Fig. 10. (a) - The SADP obtained from the Al9Ni2-xFex particle in [011] zone axis.(b) – 401 

correspondent EDX spectra. 402 

 403 

The lamellas were prepared from elongated Al9Ni2-xFex particles away from quaternary 404 

intermetallic particles, like “b-b” sections, shown in Fig. 2(a). The SADP and EDXS 405 

investigations demonstrated that the crystal structure also adopted Al9Со2 crystal lattice type, its 406 

chemical composition was the same as described above. 407 

Occasionally, smaller Al-Ni-Fe particles with another chemical content were found. They 408 

have irregular morphology with the size not exceeding 1µm. The crystal structure is typical for 409 

orthorhombic Al3Ni compound with S.G. Pnma [27]. The SADP obtained in the [010] zone axis is 410 

presented in Fig. 11(a), the corresponding EDXS spectra are shown in Fig. 11(b). The EDX 411 

quantification pointed to a very low Fe content in the particles: Al = 75±1.0 at%, Ni = 23.5±1.0 412 

at.% and Fe = 1.5±1.0 at%. The general formula for these particles might be Al3Ni1-xFex, where 413 

x=1.5. It should be noted that the Al:TM stoichiometry is close to 3:1. 414 
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 415 

Fig. 11. (a) - The SADP obtained from the Al3Ni1-xFex particle in [010] zone axis.(b) – 416 

correspondent EDX spectra.  417 

 418 

A relatively high density of these particles was found during the study of the specimens 419 

obtained from the eutectic areas, like “c-c” section in Fig. 2(b). The HAADF STEM image of 420 

that sample together with EDXS elemental mapping is presented in Fig. 12 (a-e). A part of a 421 

quaternary phase particle surrounded by a Al9Ni2-xFex shell is visible in the right side of the 422 

micrograph. The adjacent eutectic area contains fcc-Al, Al11La3 and Al3Ni1-xFex particles. The 423 

content can be confirmed by EDXS elemental mapping, the crystal structure was unambiguously 424 

determined by a ED study (the results are not presented here) as orthorhombic Al3Ni structure 425 

type with S.G.Pnma. 426 

 427 
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 428 

Fig. 12. The microstructure of the specimen in the area of “c-c”. (a) - the HAADF STEM image 429 

of that specimen and EDX elemental maps: (b) – Al, (c) – Ni, (d) – Fe, (e) – La.  430 

 431 

The Al11La3 particles exhibited two morphology types: the first one is larger faceted 432 

particles with the sizes up to 20 μm, found by a SEM study, presented in Fig. 2(a). The second 433 

morphology type of the Al11La3 particles is observed in the eutectic areas shown in Fig. 12(a). 434 

 435 
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Fig.13. The EDX spectra from a Al11La3 particle. 436 

 437 

The ED study pointed to an orthorhombic crystal structure of the Al11La3 particle of both 438 

morphology types and S.G. Immm or Imm2. The EDXS data (Fig.13) demonstrated that Al:La 439 

stoichiometry was close to 4:1. This fact could indicate that those particles corresponded to the 440 

Al4La phase. However, taking into account the study of Gomes de Mesquta and Buschow [48], we 441 

can suggest that the particles are Al11La3. A light excess of Al content might arise from Al 442 

matrix fluorescence. It is worth noting that we did not observe Ni and Fe peaks on the EDXS 443 

spectra (Fig.13) in contrast to the data presented by Huang et al. [46]. 444 

 445 

3.4. XRD analysis. 446 

 447 

The XRD spectra obtained from the alloys Al85Ni7Fe4La4 (I) and Al85Ni9Fe2La4 (II) are 448 

presented in Fig. 14. 449 

 450 

Fig. 14. The XRD patterns of Al85Ni7Fe4La4 (I) and Al85Ni9Fe2La4 (II) alloys. 451 

 452 

 There are many overlapping peaks in the measured patterns that pointed to a multicomponent 453 

phase mixture. The most intense peaks represent fcc-Al, Al11La3, Al9Ni2-xFex and Al3Ni1-xFex. 454 

However, the relative intensities disagree because of poor statistics, unequal particle sizes and 455 

preferred orientation effects in the measured data. The XRD spectra containing well-defined 456 
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peaks which did not match those four phases could be attributed to Al8Fe2-xNixLa. The most 457 

intense peaks which are typical for the Al8Fe2-xNixLa phase, isostructural to Al8EuFe2 
[54], are 458 

identified on both XRD spectra at the angles of 2θ=28.200 (d=0.316 nm), 2θ=31.400 (d=0.29 459 

nm), 2θ=34.060 (d=0.26 nm), and 2θ=36.10° (d=0.25 nm). The peak at the angle of 2θ=20.110 460 

(d=0.44 nm) is definitely indexed to 110 reflection of monoclinic Al9Ni2-xFex phase. The peaks 461 

arising from Al3.2Fe1-xNix overlapped with the peaks from the other phases, that caused 462 

uncertainty in phase identification. The noticeable broadening of the peak in the 2θ=43-450 range 463 

in the alloy (I) could suggest the presence of Al3.2Fe1-xNix phase, since the most intense peaks of 464 

that phase are observed in that range. According to the OM study, the volume fraction of the 465 

Al8Fe2-xNixLa phase is higher in the Fe-rich alloy (I) relative to the alloy (II), therefore, we did 466 

not observe any obvious trace of the Al3.2Fe1-xNix phase in the alloy (II). 467 

 468 

3.5. Phase stability and phase transformations. 469 

 470 

 471 

Fig. 15. Secondary electron SEM image showing the microstructure after 3 h annealing at: - (a) 472 

400 0C of alloy (I), the enlarged image of Al8Fe2-xNixLa particle and a eutectic area. (b) - 500 0C 473 

of alloy (I), (c) - 600 0C of alloy (I), (d) - 600 0C of alloy (II). Phases are denoted as: 1 – Al, 2 – 474 

Al9Ni1-xFex, 3 - Al11La3, 4 - Al8Fe2-xNixLa, 6-Al3Ni1-xFex. 475 
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 476 

The phase transformations temperature and phase stability were studied after isothermal 477 

annealing in vacuum at 400 °С, 500 °С, and 600 °С during 3 hours. A comprehensive 478 

microstructural study including SEM, TEM/STEM, EDS, and XRD was performed. We also 479 

used part of the data on differential scanning calorimetry (DSC) obtained in the study of 480 

Bakhteeva et al. [70]. The DSC scan during heating and cooling was performed at the rate of 20 481 

0C/min. 482 

Typical SEM images of the Fe-rich Al85Ni9Fe2La4 alloy (I) after annealing at 400 0С, 500 0С, 483 

and 600 0С and the alloy (II) (Al85Ni9Fe2La4) after annealing at 600 0С are presented in Fig. 15 484 

(а-d). Coarse particles of different phases can be found in the sample after annealing at 400 0С 485 

(Fig. 15 (а)). However, the eutectic denoted by “5” in Figs. 2 (a) and (b) decomposes. At the 486 

same time, the eutectic reaction starts at the quaternary Al8Fe2-xNixLa phase particles and that is 487 

shown in the inset of Fig. 15 (a). The aspect ratio of the Al9Fe2-хNix particles becomes smaller. 488 

The annealing at 500 0С resulted in the eutectoid reaction  489 

Al8LaFe2-xNix→Al11La3+Al9Ni2-xFex, 490 

as shown in Fig. 15(b). Only coarse particles of the three phases, namely, Al, Al11La3 and 491 

Al9Ni2-xFex, are visible in SEM images. After annealing at 600 °С coarsening of eutectics takes 492 

place and only relatively large particles of these three phases are visible in Fig. 15(c). The 493 

peculiarities of the contrast and EDXS data indicated that the Al3Ni1-xFeх particles were formed 494 

in the Al85Ni9Fe2La4 alloy (II). These particles look slightly brighter than Al9Fe2-хNix ones in 495 

Fig. 15 (d). The volume fraction of each phase after annealing at 500 0C and 6000C was 496 

estimated using the difference in contrast on SEM images, the results are presented in Table. 3.  497 

 498 

Table 3. The volume fraction of the phases estimated from OM (before annealing) and SEM 499 

(after annealing) data (the error is±10%). 500 

Alloy 

Phase 

Al85Ni7Fe4La4 

(I) before 

annealing 

Al85Ni7Fe4La4 (I) after 

annealing at 

Al85Ni9Fe2La4 

 (II) before 

annealing 

Al85Ni9Fe2La4 (II) 

after annealing at 

600 0С 500 0С 600 0С 

Al 16 6 11 20 25 

Al11La3 19 37 31 15 32 

Al9Ni2-xFex 12 57 58 12 32 

Al3Ni1-xFeх  - -  10 

Al8LaFe2-xNix 51 - - 25 - 

 501 
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The XRD spectra, obtained from the alloys Al85Ni7Fe4La4 (I) after annealing at 400, 500, 502 

600°С and Al85Ni9Fe2La4 (II) after annealing at 600°С are presented in Fig. 15. 503 

 504 

The peaks in the spectrum, obtained from the Al85Ni7Fe4La4 (I) alloy after annealing at 505 

400°C, located in the range of 2θ=33-340, on the right and left from the peaks identified as  506 

 507 

Fig. 16. The XRD patterns of Al85Ni7Fe4La4 (I) alloy after annealing at 400 0C, 500 0C and 600 508 

0С and Al85Ni9Fe2La4 (II) alloy after annealing at 600 0С. 509 

 510 

coming from Al11La3 phase (denoted by “3”) are clearly visible, these peaks correspond to the 511 

Al8LaFe2-xNixLa phase (“4”). After annealing at 6000C these peaks vanish. The intensity of the 512 

peak 2θ=36.10°(d=0.249 nm) considerably lowers mostly due to the impact of the Al8Fe2-xNixLa 513 

phase (“4”). The peak at 2θ=36.7° (d=0.244 nm) associated with the Al8Fe2-xNixLa (“4”) and 514 

Al3Ni1-xFeх (“6”) phases disappeared after annealing at 500 °С or higher temperatures. Along 515 

with that, the intensity of the peaks associated with the Al9Ni2-xFex phase (“2”) in the angles of 516 

2θ=37.4° (d=0.240 nm) and 2θ=40.0° (d=0.225 nm) substantially increases. The intensity of the 517 

peak 2θ=42.15° (d=0.214 nm) coming from the Al9Ni2-xFex phase (“2”) increases after annealing 518 

up to 500°С, but then unexpectedly goes down. Again, this may be due to poor statistics, unequal 519 

particle sizes and preferred orientation effects in the measured data. The extensive growth of the 520 

intensity of the peaks associated with the Al9Ni2-xFex (“2”) and Al3Ni1-xFeх (“6”) at 2θ=43.55° 521 

(d=0.207 nm) and Al9Ni2-xFex (“2”) at 2θ=44.4° (d=0.203 nm) was observed after annealing at 522 
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600 °С. This pointed to the growth and/or coarsening of the Al9Ni2-xFex phase. The growth of the 523 

volume fraction of the Al3Ni1-xFeх phase seems unlikely, since we did not find that phase in the 524 

SEM study. The intensity of the peak at 2θ=49.4° (d=0.184 nm), associated with the Al11La3 525 

(“3”), Al8Fe2-xNixLa (“4”) and Al3Ni1-xFeх (“6”) phases going down with the temperature growth 526 

in the alloy (I), might occur due to the eutectoid reaction Al8Fe2-xNixLa→Al11La3+Al9Ni2-xFex 527 

and the invariant reaction Al+Al3Ni1-xFeх→ Al9Ni2-xFex. 528 

The intensity of the (220) Al peak at 2θ= 65.17° (d=1.43 nm) in the alloy (I) after the 529 

annealing at 600 °С decreased. Using SEM data (Table.3) we associated that observation with 530 

the growth of the volume fraction of the Al9Ni2-xFex phase. In contrast to that, we found an 531 

enormous growth of that peak intensity in the alloy (II) after annealing at 600°С, which might 532 

arise from a relatively high Al and Al3Ni1-xFeх phases content in the sample (See Table 3). 533 

 534 

4. Discussion. 535 

In order to reveal the details of the microstructure formation in two air cast Al85Ni11-xFexLa4 536 

(where x = 2 or 4 at.%) polycrystalline alloys, which exhibited the number of phases with 537 

definite morphology and different structural defects, it seems necessary to determine the 538 

sequence of phase transformations. The results of the study of two air cast Al85Ni11-xFexLa4 539 

(where x = 2 or 4 at.%) polycrystalline alloys together with isothermal annealing of these 540 

samples by means of microscopic and microanalysis methods allow us to suggest a number of 541 

phase transformation reactions which take place during cooling of the samples to room 542 

temperature in the air. In this consideration we also took into account the DSC data obtained by 543 

our group previous to this investigations [70] for isochronal annealing to the temperatures up to 544 

1000 0C with subsequent cooling down to room temperature (see Fig. 16). As the isothermal 545 

annealing experiments demonstrated, the Al8LaFe2-xNix phase is metastable and undergoes 546 

irreversible eutectectoid reaction during heating. Thus, the transformation of cooled melts in the 547 

air and the isochronally cooled alloys after heating must be different. The available reference 548 

sources were also used for a tentative description of the reaction. Thus, the following phase 549 

transformation reactions of the Al85Ni11-xFexLa4 (where x = 2 or 4 at.%) melts are proposed 550 

during cooling to room temperature in the air: 551 

1. L→L1+Al8Fe2-xNixLa primary intermetallic phase solidification. 552 

2. L1→L2+β-Al11La3 primary intermetallic phase solidification. 553 

3. β-Al11La3+L2→α-Al11La3+L2 phase transformation (invariant reaction). 554 

4. L2+Al8Fe2-xNixLa→L3+Al9Ni2-xFex +Al11La3 peritectic reaction. 555 

5. L3→Al11La3+Al3Ni1-хFex+<Al> eutectic reaction. 556 



28 

 

In the studied hyper-eutectic alloys the excess of the alloying elements surpassing the 557 

eutectic concentration leads to a rapid solidification of primary intermetallic phases in the form 558 

of separate particles or their complexes. The growth rate of such primary intermetallic phases is 559 

higher than eutectic growth. The solubility limit for binary Al-La alloys is<1 at.% of La [50] (0.01 560 

at.% at 640 0C [71], [50]), Al-Fe – 1.7 - 2.5 at.% of Fe [22], and for Al-Ni; 1.7 ат.% of Ni) (solid 561 

solubility of Ni in Al decreases from 0.11 at.% at 639.9°C to 0.01 at.% at 500°C). In the course 562 

of rapid solidification processing the enhancement of the solid solubility is observed up to 7.7 563 

at.% of Ni [72]. The growth rates of these primary intermetallic phase particles are much higher 564 

than the eutectic one. A close inspection of OM and SEM images (See Fig. 1 and Fig. 2) pointed 565 

to two scenarios: 566 

A. Solidification of the high-temperature β-Al11La3 phase after solidification of the Al8Fe2-567 

xNixLa phase. This assumption was supported by the SEM observations mentioned above, where 568 

relatively large Al11La3 (5-20 μm in size) faceted particles surrounded the Al8Fe2-xNixLa/Al9Ni2-569 

xFeх core shell particles or were located in between the Al9Ni2-xFeх particles. The latter ones 570 

formed during cooling in a peritectic reaction from the Al8Fe2-xNixLa particles. Thus, two 571 

transformations occurred at the first step: 572 

1. L→L1+Al8Fe2-xNixLa primary intermetallic phase solidification followed by. 573 

2. L1→L2+β-Al11La3 primary intermetallic phase solidification. 574 

B. The eutectic reaction L→L1+Al8Fe2-xNixLa + β-Al11La3. According to Cambell [65], when an 575 

alloy composition departs from eutectic, or when a third alloying element is present, the interface 576 

can become unstable for the same reason as in the case of a simple solid-liquid interface. If one 577 

of the phases is faceted, which is Al11La3 in our case, the growth of this phase (and, 578 

consequently, of the eutectic) is slower at a given undercooling, whereas dendrites (Al8Fe2-579 

xNixLa particles) may then grow more rapidly than the eutectic at the eutectic composition. The 580 

larger Al11La3 particles are faceted, while Al8Fe2-xNixLa before decomposition adopted a 581 

dendritic microstructure, therefore, the described eutectic transformation looks highly likely. 582 

 This situation occurred in both alloys, (I) and (II). The dendrites located on the primary 583 

dendritic axis are assemblies of the Al8Fe2-xNixLa particles. The dendritic microstructure forms 584 

in the supersaturated solution under an unstable temperature and element concentration 585 

conditions with the influence of crystallographic factors [73]. The dendritic solidification of the 586 

Al8Fe2-xNixLa phase explains the high density of the defects found in TEM/STEM like twins, 587 

share bands and the formation of the Al3.2Fe1-xNix δ-layers. Since the Al8Fe2-xNixLa phase is new 588 

one, we will discuss the formation of structural defects in this phase in more details. 589 
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The formation of the Al3.2Fe1-xNix δ-layers could be caused by a concentration inhomogeneity 590 

in the Al8Fe2-xNixLa particles. Extended Al3.2Fe1-xNix δ-layers with flat morphology are 591 

associated with layered crystal growth during crystallization from the liquid phase. This type of 592 

crystallization proposed to be a general phenomenon of crystal growth [74] regardless of the 593 

composition. If so, an excessive amount of alloying elements, which are Fe and Ni, was 594 

dislodged to the liquid/solid interface, and when the critical concentration is reached, a Al3.2Fe1-595 

xNix δ-layer is formed in the absence of La. The density of the Al3.2Fe1-xNix δ-layers in the 596 

Al8Fe2-xNixLa intermetallic compound is relatively high, which is due to the excess content of Fe 597 

and Ni and their relatively high diffusion mobility, in comparison with that of La atoms. 598 

 The out-of-phase boundary (defect “2) and shifted mirror twins (defects “3” and “4”) are 599 

associated with dislocations (defects “5”) and the Al3.2Fe1-xNix δ-layers. These defects could 600 

form during the crystallization of the particle. In an ordered structure, a defect in the atomic 601 

arrangement caused by the presence of a dislocation can cause the atomic sequence to be out of step and 602 

thus generate an out-of-phase boundary [65]. In its turn, there are several possible reasons for the 603 

formation of dislocations. The first is due to the heterogeneity of the concentration of the 604 

elements in the non-equilibrium crystallization of a solid solution of a multicomponent alloy 605 

with atomic radii of different sizes, and that is quite similar to the formation of Al3.2Fe1-xNix δ-606 

layers. Successive layers have somewhat different composition and parameters of the crystal 607 

lattice. At the boundaries of such layers elastic stresses arise which, when the yield strength is 608 

reached as a result of relaxation, lead to the appearance of dislocations. The second reason can 609 

be the stresses arising at the interface between two phases, namely, the Al8Fe2-xNixLa and the Al 610 

solid solution of aluminum or the Al8Fe2-xNixLa and Al9Ni2-xFex. And third, in addition, the high 611 

density of thermal vacancies could result in the formation of dislocations.  612 

Twinning (defects “3” and “4”) could also appear due to the stress in the particle. However, we 613 

cannot settle down that out-of-phase boundaries and twins are generated by dislocations or vice-614 

versa.  615 

We suppose that the Al8Fe2-xNixLa phase after the primary solidification forms assemblies of 616 

particles along the second (and, probably, the third) dendritic axis. However, the peritectic 617 

reaction “4” 618 

L2+Al8Fe2-xNixLa→L3+Al9Ni2-xFex+ Al11La3. 619 

results in a partial dissolution and transformation of Al8Fe2-xNixLa to the Al9Ni2-xFeх phase. This 620 

is clearly visible in the areas near the surface of the larger Al8Fe2-xNixLa particles located along 621 

the primary dendritic axes, this leads to the formation of core shell structures similar to those 622 

described in papers [75] and [65]. The Al8Fe2-xNixLa particles, which are located along the second 623 



30 

 

(third) crystallization axis and are smaller in size, transform to the Al9Ni2-xFeх particles 624 

completely according to the reaction “4”. SEM images demonstrated that the Al9Ni2-xFeх 625 

particles are elongated in the direction perpendicular to the Al8Fe2-xNixLa particles, which is very 626 

typical for dendritic crystallization [65] and support the suggestion on quaternary phase 627 

crystallization. Therefore, primary crystallization reactions or eutectic reaction occur at 628 

temperatures higher than 1000 0C and they were not observed during DSC experiment in [70]. 629 

In conformity with the binary Al-La phase diagram [50], [76] and ternary Al-Ni-La phase 630 

diagram [16] the solidification of β-Al11La3 started at the temperature t=11700С and underwent a 631 

polymorphic transformation β-Al11La3→α-Al11La3 at t=9150C. Certainly, minor changes of 632 

crystallization temperature may occur in the quaternary system, however, it is unlikely to expect 633 

a considerable drop of the transformation temperature. Thus, the first peak at t=9130С in the 634 

DSC curve found by Bakhteeva et al. [70] (Fig. 16) in the Al85Ni7Fe4La4 alloy during cooling 635 

appeared due to the polymorphic transformation β-Al11La3→α-Al11La3 - reaction “3”. 636 

 637 

Fig.16. The DSC curves of the Al85Ni7Fe4La4 alloy [70]. 638 

 639 

The other two peaks, namely, 2nd and 3rd, appearing on the DSC curve during cooling in the 640 

alloy (I) (737 0C and 686 0C, respectively) or in the alloy (II) (749 0C and 691 0C, respectively) 641 

[70] did not correspond to the known phase transformation in ternary or even binary systems. 642 

There are several phases which were found in the alloys and they can be considered as 643 

candidates for a reaction in the temperature range of the 2nd and 3rd DSC peaks. These phases are 644 

Al9Fe2-xNix and Al3Ni1-xFex,. The peritectic reaction L+Al13Fe4+Al3Ni→ Al9Fe2-xNix in the 645 

ternary Al-Ni-Fe system takes place at 809 0C. According to Budberg et al. [20], this phase forms 646 

in the temperature range of 850 and 750 0C. In our study the Al13Fe4 phase, which is isostructural 647 

to Al3.2Fe, contains Ni and this can increase the reaction temperature. We observed this phase 648 
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denoted above as Al3.2Fe1-xNix in the form of δ-layers in the quaternary alloy particles. The 649 

formation of separate Al3.2Fe1-xNix as primary particles could occur at the initial stages of 650 

crystallization, as observed by Kattner [77] in the binary Al-Fe system at 11600C. The Al3Ni 651 

phase could form in the Al-Ni-Fe system in a number of reactions starting from 866 0C [37], [19], 652 

[29], [20] [22], [24]. The increase of Fe content lowers the transformation temperature [22], thus, the 653 

peaks during cooling could be linked with these two reactions. The Al13Fe4 phase in the reactions 654 

mentioned above could appear during primary crystallization at temperatures higher than 1000 655 

0C. 656 

There is, however, the peritectic reaction denoted by “4” L2+Al8Fe2-xNixLa→L3+Al9Ni2-xFex+ 657 

Al11La3, which might correspond to one of the peaks. The quaternary Al8Fe2-xNixLa phase was 658 

unknown and it was not considered in the literature. The Al8Fe2-xNixLa phase is metastable and 659 

could decompose completely upon heating up to 1000 0C in DSC experiment, as we observed at 660 

isothermal heating at 600 0C for 3 hours. Therefore, if the Al8Fe2-xNixLa particles were not 661 

decomposed completely during the heating, one of the peaks could appear due to this peritectic 662 

reaction. 663 

The last 4th peak at 612 and 620 0C for the alloys (I) and (II), respectively corresponds to Al 664 

crystallization. 665 

This eutectic reaction (the fourth DSC peak in the study of Bakhteeva et al [70]) resulted in the 666 

formation of three phases L3→Al11La3+Al3Ni1-хFex+<Al> (the reaction denoted above by “5”) 667 

starts at the temperature of 634 0С which is close to 625 0C, found in the study of Godecke et al. 668 

[15] and mentioned by Raghavan [16] for the Al-Ni-La systems. 669 

At the isochronal annealing of the Al85Ni7Fe4La4 alloy up to 10000С with the constant rate of 670 

20 0C/min on the DSC scans four peaks with a complicated shape were also observed [70]. 671 

However, the intensity and shape of the peaks differed from the peaks appeared during cooling. 672 

This obviously indicated a diversity of reactions during heating and cooling of the sample in the 673 

same temperature range. 674 

The first endothermic effect was found in the temperature range between 627 and 675 °С with 675 

the peak maximum at tп1=647 °С. The complicated shape of the peak with the shoulder in the 676 

low temperature part pointed to numerous reactions. The lowest melting temperature phases are 677 

an Al solid solution and Al/Al11La3/Al3Ni1-xFex eutectic [76], [78], [22], which melt in this 678 

temperature range. 679 

In the temperature range from 712 to 810 °C, two overlapping endothermic peaks of a 680 

complex shape were observed. 681 
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The SEM study of the air cast alloys after annealing at 400 0C for 3 hours (Fig. 15a) showed 682 

that eutectic colonies designated by “5” in Fig. 2b in air cast sample disappeared, but fine-683 

dispersed Al11La3 grains were still noticeable in the areas of the assumed location of the eutectic. 684 

This indicates that the thermally activated dissolution reaction does not end in the process of 685 

isothermal annealing, which is probably due to insufficient annealing time. In the same sample at 686 

the edges of the interface regions of the Al8Fe2-xNixLa phase, the onset of the eutectoid reaction 687 

Al8Fe2-xNixLa → Al11La3+Al9Ni2-xFex is noticeable (Fig. 15a, inset). Isothermal annealing at 500 688 

0C for 3 hours leads to the completion of this reaction (Fig. 15 (b)). Based on these data, we may 689 

assume that the second intense peak on the DSC curve detected in the temperature range 712-736 690 

0C [70] can be due to this reaction. Again, these results confirm the metastable nature of the 691 

Al8Fe2-xNixLa phase. 692 

The third peak on the DSC curve observed upon heating of this alloy is due to reactions 693 

occurring in the temperature range from ~ 750 0C to 789 0C. The nature of this peak could be 694 

linked to the transformation of the Al9Ni2-xFex phase, since it was found at 750 0C [19], [22] but not 695 

at 850 0C. 696 

The observed fourth peak, Tp4 = 933 ° C, could correspond to a polymorphic transformation 697 

of the α-Al11La3 → β-Al11La3 phase transition. Interestingly, there is a relatively strong 698 

difference in the temperatures corresponding to the fourth peak in the alloys (I) and (II), namely, 699 

933 0C and 877 0C, respectively. However, the phase diagram in papers [15] and [16] shows that β-700 

α transformation takes place due to peritectic reaction and the transformation temperature 701 

depends on Ni content: a higher Ni content, that is the alloy (II), decreases the transformation 702 

temperature and vice versa with Fe content in the alloys. 703 

The DSC spectra of the Al85Ni9Fe2La4 alloy (II) are similar to those described above with 704 

four endothermic and four exothermic peaks during heating and cooling, respectively. The peaks 705 

corresponding to the begginning of Al melting in both cases (t=627) °are related to a close 706 

chemical compostion of the alloys (I) and (II). The decrease in Al content in the alloy (II) after 707 

the annealling at 600 0C results in the formation of the Al3Ni1-xFeх phase together with Al9Fe2-708 

хNix. and that is clearly visible in Fig. 15 (c,d). The reaction L+ Al9Fe2-хNix→Al3Ni1-709 

xFeх+Al11La in the alloy (II) causes an increase of the volume fraction of the Al3Ni1-xFeх phase 710 

after annealling at 600 0C. 711 

The third DSC peak appeared on the DSC scan during cooling of the Al85Ni7Fe4La4 alloy in 712 

the temperature range of 693 0С -686 0С. We cannot unambiguously determine the nature of the 713 

peak and consider two possibilities: 1. The reaction which was described by [22] and [23], 714 

L+Fe4Al13→FeNiAl9+<Al>. However, this reaction occurred at 6500С. According to our 715 
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observations, the Al13Fe4 phase, isostructural to Al3.2Fe, contains Ni and this can increase the 716 

reaction temperature. We observed this phase denoted above as Al3.2Fe1-xNix in the form of δ-717 

layers in the quaternary alloy particles. The formation of separate Al3.2Fe1-xNix as primary 718 

particles could occur at the initial stages of crystallization, as observed by Kattner [77] in the 719 

binary Al-Fe system at 11600C. 2. The second scenario is the crystallization of proeutectic Al 720 

followed by eutectic reaction L3→Al11La3+Al3Ni1-хFex+<Al>.The crystallyzation of proeutectic 721 

Al looks very likely because we observed bubble-like Al grains (see Fig. 2(b) adjacent to Al9Fe2-722 

хNix particles crowd out the Al- Al11La3-Al3Ni1-хFex eutectics. 723 

This eutectic reaction (the fourth DSC peak) resulting in the formation of three phases 724 

L3→Al11La3+Al3Ni1-хFex+<Al> starts at the temperature of 634 0С which is close to 625 0C, 725 

found in the study of Godecke et al. [15] and mentioned by Raghavan [16] for the Al-Ni-La 726 

systems. 727 

At the isochronal annealing of the Al85Ni7Fe4La4 alloy up to 10000С at a constant rate of 20 728 

0C/min four peaks with complicated shape were also observed on the DSC scans [70]. However, 729 

the intensity and shape of the two central peaks differed from the peaks appeared during cooling. 730 

This obviously indicated a diversity of reactions during heating and cooling of the sample in the 731 

same temperature range. The first endothermic effect was found in the temperature range 732 

between 627 and 675 °С with the peak maximum at tп1=647 °С. The complicated shape of the 733 

peak pointed to numerous reactions. The lowest melting temperature phases are an Al solid 734 

solution and Al/Al11La3/Al3Ni1-xFex eutectic [76], [78], [22], which melt in this temperature range. 735 

The samples were isothermally annealed at 400, 500, 600 °С, for comparison. The EM study of 736 

the specimen annealed at 4000C demonstrated the absence of typical Al/Al11La3/Al3Ni1-xFex 737 

eutectics which were found in the cast alloys and are shown in Fig. 2 (a,b), but only fine Al11La3 738 

particles were observed. That is the evidence of unfinished thermo activated solution reaction 739 

and diffusion process during annealing due to limited time. In that specimen the eutectoid 740 

reaction Al8Fe2-xNixLa→ Al11La3+Al9Ni2-xFex started, which is clearly visible in the inset of Fig. 741 

15(a) on the surface of the Al8Fe2-xNixLa particles. The isothermal annealing at 5000C completes 742 

the reaction which is shown in Fig. 15(b). Basing on that data we can assume that the second 743 

peak found during DSC scan in the temperature range of 712-7360С [70] originated from that 744 

reaction. That observation, again, proves the fact that the quaternary Al8Fe2-xNixLa phase is 745 

metastable. The third peak on the DSC scan obtained during heating in the temperature range of 746 

~ 750÷7890С remains undetermined because the experiments on isothermal annealing did not 747 

reveal additional phases. The fourth peak Тр4=933° most likely is related with the polymorph 748 

transition α-Al11La3→ β-Al11La3 749 
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The DSC spectra of the Al85Ni9Fe2La4 alloy (II) are similar to those described above with 750 

four endothermic and four exothermic peaks during heating and cooling, respectively. The peaks 751 

correspondent to the begginning of Al melting in both cases (t=627 0C) are related to a close 752 

chemical compostion of the alloys (I) and (II). The decrease in Al content in the alloy (II) after 753 

the annealling at 600 0C results in the formation of the Al3Ni1-xFeх phase together with Al9Fe2-754 

хNix, which is clearly visible in Fig. 15 (c,d). The reaction L+ Al9Fe2-хNix→Al3Ni1-xFeх+Al11La3 755 

in the alloy (II) causes an increase of the volume fraction of the Al3Ni1-xFeх phase after 756 

annealling at 600 0C. 757 

 758 

Conclusion 759 

Complex microstructural investigations of two Al alloys, namely, Al85Ni11-xFexLa4 (х=2 or 4 760 

at.%) were carried out by means of electron and optical microscopy, EDXS, and XRD. It was 761 

found that these alloys contain several phases, which are fcc-Al, Al11La3, Al3Ni1-xFeх, Al9Ni2-762 

xFex, Al8Fe2-xNixLa and Al3.2Fe1-xNix in the form of δ-layers in the Al8Fe2-xNixLa particles. The 763 

OM demonstrated that relatively small difference in Fe and Ni contents in the alloys resulted in 764 

significant increase of the volume fraction of the Al9Ni2-xFex phase in the Ni rich Al85Ni9Fe2La4 765 

alloy. On the contrary, the content of the Al8Fe2-xNixLa phase is twice higher in the 766 

Al85Ni7Fe4La4 alloy. The microstructure of Al8Fe2-xNixLa was studied in more datail. Except the 767 

δ-Al3.2Fe1-xNix inclusions with the habit plane parallel to the a-axis, flat defects caused by the a/2 768 

(half unit cell) shift, similar to out-of-phase boundaries, shifted mirror twins and dislocations 769 

were found. A defect with a zig-zag contrast appeared due to the overlapping of the shifted 770 

mirror twins with the matrix. 771 

The high density of the defects in this phase was caused by dendritic growth. The composition of 772 

the quaternary phase measured by EDXS is Al:Fe:Ni:La = 8:1.1:0.9:1. Therefore, the quaternary 773 

phase can be described by the general formula Al8Fe1.1Ni0.9La. The heating experiments 774 

demonstrated that this phase is metastable and undergoes an irrevesable transformation: Al8Fe2-775 

xNixLa→Al9Ni2-xFex +Al11La3. 776 

The Al9Ni2-xFex ternary phase contains Ni=15±1 at.%, Fe=3±1 at.%, and the Al3Ni1-xFex phase 777 

contains Ni=23.5±1.0 at.% and Fe=1.5±1.0at.%. 778 

Based on the microstructural data with the use of the results obtained under isothermal and 779 

isochronous annealing, a sequence of the development of reactions determining the phase 780 

composition of alloys upon cooling and heating was proposed. 781 

The influence of Fe within 2-4 at% on the phase content was not revealed in the air cast 782 

alloys. However, after isothermal annealing at 600 0C in the alloy containing 4 at% of Fe the 783 
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Al3Ni1-xFex phase was not found and in the alloy containing 2 at% of Fe this phase is present in 784 

the amount of ~10 vol. %. 785 
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Figure captions 913 

Fig.1. Typical microstructure of Al85Ni7Fe4La4 alloy (OM image). Phases are denoted as: 1 – Al, 914 

2 – Al9Ni1-xFex, 3 - Al11La3, 4 - Al8Fe2-xNixLa. 915 

Fig.2. SEM image of the Al85Ni7Fe4La4 alloy showing the microstructure at (a) – low and (b) –916 

higher magnifications. Phases are denoted as: 1 – Al, 2 – Al9Ni1-xFex, 3 - Al11La3, 4 - 917 

Al8Fe2-xNixLa, 5- Al-Al11La3-Al3Ni1-xFex eutectic. The “a-a”, “b-b” and “c-c” sections 918 

indicated the areas, where lamellas were cut. Arrows in (b) shows the eutectic 919 

microstructure. 920 

Fig. 3. (a)- SE SEM image of the Al85N77Fe4La4 alloy (phases are denoted as: 1 – Al, 2 – Al9Ni2-921 

xFex, 3 - Al11La3, 4 - Al8Fe2-xNixLa) and correspondent EDX elemental maps (b) – Al, (c) – 922 

La, (d) – Ni, (e) – Fe. 923 

Fig. 4. (a) –HAADF STEM image of the specimen prepared by FIB in the area of the “a-a” 924 

section (see Fig. 2 (b)): phases are denoted as: 1 – Al, 2 – Al9Ni2-xFex, 3 - Al11La3, 4 - 925 

Al8Fe2-xNixLa. (b) – enlarged BF TEM image of the part of the specimen, shown by the red 926 

rectangle in (a). Phases are denoted as: 2 – Al9Ni1-xFex, 4 - Al8Fe2-xNixLa. Flat defects in 927 

the Al8Fe2-xNixLa particle are indicated by arrows. 928 

Fig. 5. (a) HR HAADF STEM image of a Al8Fe2-xNixLa particle obtained in the [001] zone axis. 929 

In between the arrows with numbers “1-4” there are the areas with flat defects. The 930 

structural elements shown by red rectangles with La atoms in the corners and the sides, 931 

parallel to {310} and {140}, the defects which can be explained using these structural 932 

elements are shown by yellow rectangles. (b) - the SADP from a Al8Fe2-xNixLa particle in 933 

the [001] zone axis. (c) - the Al8Fe2-xNixLa 4x4 unit cells in the [001] projection. 934 

Fig. 6. (а) HAADF STEM image of the planar defect «1», which are δ-layers of the monoclinic 935 

Al3.2Fe1-xNix phase. (b) - the model of the defect and EDX elemental maps: (c) – La, (d) – 936 

Al, (e) – Fe, (f) – Ni. 937 

Fig. 7. The models of the defects marked by arrows in Fig. 5 (a) as: (a) - “2” – the out-of-phase 938 

boundary. (b) - “3” and “4” - shifted mirror twin. 939 

Fig.8. (a) HR HAADF STEM image of the shifted mirror twin overlapping with Al8Fe2-xNixLa 940 

matrix and EDX elemental maps: б) – La, с) – Al, d) – Fe, e) – Ni. f) – The model of the 941 

defect. 942 

Fig.9. EDX spectra from a Al8Fe2-xNixLa particle. 943 

Fig. 10. (a) - The SADP obtained from the Al9Ni2-xFex particle in [011] zone axis.(b) – 944 

correspondent EDX spectra. 945 
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Fig. 11. (a) - The SADP obtained from the Al3Ni1-xFex particle in [010] zone axis.(b) – 946 

correspondent EDX spectra. 947 

Fig. 12. The microstructure of the specimen in the area of “c-c”. (a) - the HAADF STEM image 948 

of that specimen and EDX elemental maps: (b) – Al, (c) – Ni, (d) – Fe, (e) – La. 949 

Fig.13. The EDX spectra from a Al11La3 particle. 950 

Fig. 14. The XRD patterns of Al85Ni7Fe4La4 (I) and Al85Ni9Fe2La4 (II) alloys. 951 

Fig. 15. Secondary electron SEM image showing the microstructure after 3 h annealing at: - (a) 952 

400 0C of alloy (I), the enlarged image of Al8Fe2-xNixLa particle and a eutectic area. (b) - 953 

500 0C of alloy (I), (c) - 600 0C of alloy (I), (d) - 600 0C of alloy (II). Phases are denoted 954 

as: 1 – Al, 2 – Al9Ni1-xFex, 3 - Al11La3, 4 - Al8Fe2-xNixLa, 6-Al3Ni1-xFex. 955 

Fig. 16. The XRD patterns of Al85Ni7Fe4La4 (I) alloy after annealing at 400 0C, 500 0C and 600 956 

0С and Al85Ni9Fe2La4 (II) alloy after annealing at 600 0С. 957 
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