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Phase equilibria in the La—Ni and La—Ni—Fe systems were studied using DTA, X-ray diffraction, SEM and
EPMA. La—Ni phase diagram, liquidus and solidus projections, melting diagram and a Scheil reaction
scheme for the La—Ni—Fe system over the whole concentration range were constructed. Among binary
compounds LaNis, LasNijg and La;Ni; have large homogeneity ranges and dissolve at the solidus tem-
perature up to 21.9, 16.1 and 14.0 at.% Fe, respectively. The homogeneity ranges of the remaining phases
are smaller. No ternary compounds have been identified in the La—Ni—Fe system. Liquidus projection is
characterized by 13 fields of primary solidification of the component-based solid solutions (yFe,Ni), (3Fe),
(aFe), (BLa), (yLa) and solid solutions based on binary phases LaNis, LasNiqg, LapNiy, LaNis, LayNiqg, LagNis,
LaNi, LasNi3 and LasNi. The solidus projection is characterized by ten three-phase fields, which result
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from invariant four-phase equilibria, three are of eutectic type and seven of transition type.
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1. Introduction

The intermetallic compounds composed from rare earth ele-
ments (R) and transition metals (TM) are of particular interest due
to their potential application as highly demanded functional ma-
terials, such as permanent magnets and hydrogen-storage mate-
rials [1]. The RNi5 (R = light rare earth) compounds are exchange
enhanced Pauli paramagnets at all temperatures. Replacement of Ni
by Fe in RNi5 phases expands the lattice and produces a significant
alteration in magnetic behavior [2]. Using solid solutions based on
binary R-TM compounds, it is possible to vary the materials prop-
erties in the desired way. However, to understand the reactions
during production of these magnets, the detailed knowledge of the
third element influence on the phase equilibria and the homoge-
neity ranges of the intermetallic phases are needed. Therefore, the
phase diagram of La—Ni—Fe system is an important theoretical
basis for new materials design and processing. However, data on
phase equilibria and types of transformations in this system are
very limited. At the same time, information on the phase equilibria
during crystallization is absent. In order to continue our
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experimental studies on the R-Fe-TM and R-Fe-C ternary systems
(TM = Mn, Co, Ni; R = La, Ce) [3—14] we have carried out an
investigation of phase equilibria in the La—Fe—Ni system during
solidification over the whole range of compositions. The results of
the study allow us to evaluate the prospects of their further, deeper
study, with a view to suggest practical applications in the modern
industry.

2. Literature review

A brief summary of the literature data concerning phase equi-
libria of the ternary La—Ni—Fe system and its binary subsystems is
presented below.

2.1. Binary La—Fe system

The La—Fe phase diagram reported by Mardani et al. [3] was
adopted in the current work. This system is of a simple eutectic type
with the eutectic reaction L 2 (aFe) + (fLa) at 788 °C and 88 at.% La
and there is no stable miscibility gap forming in the liquid phase of
the La—Fe system. The allotropic transformation (3Fe) = (yFe)
proceeds by the metatectic reaction (dFe) < L + (yFe) at 1383 °C
and ~50 at.% La [3]. The (yFe) = («Fe) transformation occurs by a
peritectic reaction L + (yFe) = (aFe) at 918 °C and ~80 at.% La [3].
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2.2. Binary Fe—Ni system

The phase diagram of the Fe—Ni system was adopted in this
work according to a thermodynamic assessment [15]. The following
phases form in this system: (3Fe)-phase (a high-temperature iron-
based solid solution); (yFe,Ni)-phase (a continuous solid solution
between Ni and Fe); (aFe)-phase (a low-temperature iron-based
solid solution); FeNi3 (an ordered cubic phase with CusAu-type
structure). The (yFeNi)-phase occupies wide temperature-
composition region. There is a minimum on the liquidus and soli-
dus curves of the (yFe,Ni) phase. The maximum solubility of Ni in
(dFe) and (aFe) is 3.5 and 6.4 at.%, respectively.

The low-temperature part of the system was discussed in detail
in Ref. [16,17]. FeNi3 forms congruently from the (yFe,Ni) phase at
514 °C and demonstrates a considerable solubility range. The
monotectoid equilibrium (yFe,Ni)py = (YFe,Ni)py + (aFe) occurs at
428 °C. The (yFe,Ni)pv phase decomposes into (aFe) and FeNis at
353 °C by the eutectoid reaction.

2.3. Binary La—Ni system

The binary La—Ni system was experimentally investigated by
several authors [18—22] and a number of assessments of this sys-
tem are available in the literature [23—25]. The recent version of the
diagram [25] indicates that nine intermetallic phases, LasNi, La7Nis,
LaNi, La;Nis, LayNiyg, LaNis, LayNiy, LasNijg and LaNis, exist in the
equilibrium state. The LaNis, LaNi, LayNi3 and LasNi phases melt
congruently at temperatures of 1357, 702, 537, and 542 °C,
respectively, while the remaining compounds are formed by the
peritectic reactions at 1003, 974, 811, 714 and 688 °C, respectively
[25].

The first systematic study of the La—Ni phase diagram was
carried out by Vogel and Fiilling [18], who found six intermetallic
compounds: LasNi, LaNi, LaNi,, LaNi3, LaNigy and LaNis. Later in
Ref. [26,27] the composition LaNiy was corrected to LapNiy.
Buschow and Mal [19] reinvestigated the La—Ni system in the range
50—100 at.% Ni and observed a new phase with an approximate
composition of LaNiy 4, which was later found to be La;Nis [28]. The
phase diagram of La—Ni system was later studied by Ivanchenko
et al. [20] in the whole concentration region. Zhang et al. [21]
investigated this system over the composition range 50—83.3 at.%
Ni and confirmed that the LaNi, phase cannot exist as a stable
equilibrium phase. The LaNiy g6 phase [21,29] exists instead of
LaNip, which was identified as La;Nijg. Later Yamamoto et al. [30]
found a new LasNijg phase. The existence of this phase at high
temperatures was also reported later in work [31]. Dischinger and
Schaller [22] reported a new binary compound LagNiy7;, which,
however, has not been confirmed by other researchers [18—22].

The La;Ni; compound exists in two polymorphic modifications:
with the rhombohedral structure of the Gd;Co7 type (high tem-
perature modification) and with the hexagonal structure of the
CeyNi; type (low temperature modification) [27] however, the
transformation temperature is unknown.

Five eutectics are also present in the La—Ni system: L =
LaNis + (Ni) at 1541 K and 91.6 at.% Ni, L 2 LaNi3 + LaNi at 948 K
and 54.8 at.% Ni, L 2 La;Ni3 + LaNi at 790 K and 34.9 at.% Ni, L =
LayNis3 + LasNi at 803 K and 25.2 at.% Ni and L < (BLa) + LasNi at
798 K and 20.1 at.% Ni [25]. However, the temperatures of most
eutectics according to various authors differ significantly.

It should be noted that there are several versions of the La—Ni
binary phase diagram. For example, the peritectic reactions’ tem-
peratures for the formation of LaNi3 and La;Ni; phases were re-
ported to be 967 and 1007 °C, respectively, in the work [20], while
they were measured as 955 and 995 °C in the work [19]. At the
same time Zhang et al. [21] suggests 811 °C as peritectic reaction

temperature for the formation of LaNi3 phase, and 1014 and 976 °C
as the temperatures for the formation of La;Ni; phase and its
polymorphic transformation, respectively.

Another La—Ni phase diagram was proposed in Ref. [25,30,31].
The main difference in comparison with other works is the pres-
ence of the LasNijg phase [30] in the system. According to Ref. [31]
the peritectic reaction temperature for the formation of this phase
was 1014 °C, while according to Zhang et al. [21], the temperature
1014 °C correspond to the temperature for the formation of LayNiy
phase. Moreover, according to Refs. [30,31] the LasNiqg phase is not
stable at low temperatures and decomposes into La;Ni7 and LaNis
phases at temperature between 900 and 1000 °C, while according
to An et al. [25] this phase is stable at low temperatures. It was
reported in Ref. [32] that LasNiyg has a hexagonal structure of the
PrsCoqg type. However, in Ref. [31,33] was reported that this phase
has a rhombohedral structure of the CesCoqg type and that the
hexagonal structure is metastable.

Another La—Ni phase diagram was reported by Dischinger and
Schaller [22]. An essential difference from all the other works is the
existence of LayNi;7z. Moreover, some invariant reaction tempera-
tures differ by more than 40 °C. It should be noted also that in
Ref. [19—-21,31], the homogeneity range of LaNis was taken into
account, while in Refs. [22,24,25,34] it was assumed that LaNis is a
stoichiometric compound. All these disagreements indicate that
the additional experimental study on the determination of the
phase equilibria in the La—Ni system needs to be carried out.

2.4. Ternary La—Ni—Fe system

The first experimental study of the La—Ni—Fe system was car-
ried out in Ref. [35], in which the phase equilibria in the system at
400 °C were studied by XRD and SEM and an isothermal cross
section was constructed at this temperature in the entire concen-
tration range. It should be noted that the LasNijg compound was
not found in Ref. [35]. This phase was found later in Ref. [30]. In
addition, the LaNi, compound was later identified as LayNiyg.

In [36], phase equilibria in the Fe—Ni-16.7 at.% La system were
studied using powder X-ray diffraction and differential thermal
analysis, and isopleths at 16.7 at.% La was constructed. A new
ternary compound Fe;NisLa with a hexagonal structure and lattice
parameters a = 5.097(5), c = 8.255(6) A was found, which, however,
was not observed in Ref. [35] and which was not confirmed later in
Refs. [37].

Phase equilibria in La—Ni—Fe system were also studied in
Ref. [37] using the methods of powder X-ray diffraction, differential
thermal analysis, optical microscopy, and scanning electron mi-
croscopy. Partial isothermal sections of the system are proposed at
400 °C (in La-rich La region) and at 550 °C (in Ni-rich region).
However, it should be noted that the compounds LaszNi and LasNiqg
were not found in this work.

3. Experimental methods
3.1. Sample preparation

The samples were melted from starting materials with the pu-
rity of La—99.9%, Ni—99.9%, Fe—99.99% in an arc-furnace with an
inconsumable tungsten electrode on a water-cooled copper hearth
in an Ar atmosphere which was purified additionally by a Ti-melt.
The samples were remelted 4—5 times to ensure their chemical
homogeneity. The weight loss was less than 0.2%. The ingot weight
was 3 g. The composition of each sample was analyzed by micro-
probe analysis and resulted in good conformity with the compo-
sition of the initial alloy mixture.

Samples were annealed in a tube furnace (Nabertherm RHTV
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Fig. 1. DTA curve for La—Ni alloys:

a — 8.5La-91.5Ni, as-cast;

b — 16La—84Ni, annealed at 1250 °C/2 h;
¢ — 26.5La-73.5Ni, as-cast;

d — 32La—68Ni, as-cast;

e — 45La—55Ni, as-cast;

f — 65La—35Nj, as-cast;

g — 74.5La-25.5Ni, as-cast;

h — 77La—23Ni, as-cast.
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Fig. 1. (continued).

120/300/1700, Germany) with temperature accuracy of +3°C, in Ar
atmosphere. The samples were placed in an Al,O3 crucible and
additionally covered by titanium chips to avoid oxidation. After the
annealing some samples were quenched in oil to retain the equi-
librium microstructures.

3.2. Microstructure analysis

Samples for microstructure analysis were prepared with a
grinding and polishing machine (Struers Labopol-5, Denmark). The
grinding was carried out with SiC-paper, and it was followed by
polishing with diamond discs with grain sizes of 9, 3 and 1 pm
respectively. Diamond suspension was applied at regular intervals
during the preparation.

Prepared samples were examined with optical microscopy (OM)
(Olympus-GX71F-5, UK) and scanning electron microscopy (SEM)
using a TESCAN VEGA LMH, Czech Republic microscope with a LaBg
cathode and an energy dispersive X-ray microanalysis system —
Oxford Instruments Advanced AZtecEnergy, UK. For analysis, both
backscattered electron and secondary electron imaging were used.
A four-crystal wave spectrometer was used during the electron
probe microanalysis (EPMA) of all the phases (the analyzed particle
size was larger than 2 pm). 20 kV was set for the EPMA acceleration
voltage. The measurement error in determining the concentration
of elements using the X-ray analysis was 0.1 wt%. SEM analysis of
the samples with high La content was carried out directly after
polishing, to ensure that the samples did not have enough time to
react with oxygen.

3.3. Differential thermal analysis

DSC LABSYS evo Setaram, France was used to measure the phase
transition temperatures of the alloys. For calibration, pure metal
standards: Sn (99.9995%), Pb (99.9995%), Al (99.995%), Ag (99.99%),
Cu (99.999%) and Ni (99.99%) were used. DTA samples were placed
in an Al,Os3 crucible and the experiments were carried out under a
flow of argon with 99.998% purity on the as-cast samples. The
heating and cooling rates were 5 and 10 °C/min. For some alloys,
the heating and cooling rate was 2 K/min. The temperatures of the
invariant reactions were determined from the onset. Data for the
phase transition temperatures were taken from the heating curves.
The liquidus temperatures on heating were evaluated from the
peak maximum. In general, no pronounced supercooling effects
were observed for the most investigated alloys and the liquidus
temperatures for some alloys were therefore taken from the cor-
responding cooling curves.

3.4. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was carried out to determine
the phases present in the alloys, using CuK,-filtered radiation on
powder experimental samples. The fine powder was prepared by
grinding in an agate mortar. XRD measurements were performed
on a multipurpose X-ray diffractometer Bruker-AXS D8 Discover,
Germany operated in Bragg-Brentano reflecting geometry. A fast
one dimensional LynxEye detector and a variable slit system with
12 mm illumination length on the sample carrier was used for data



Table 1

I. Fartushna et al. / Journal of Alloys and Compounds 845 (2020) 156356

The chemical composition of the phases of the La—Ni alloys according to EMPA.

# Alloy composition,

Heat-treatment Solidification path/phase composition

EPMA data, at.%

at.%
nominal  measured Phase La Ni
La Ni La Ni
1 75 925 7.7 923 as-cast L — (Ni)® — eutectic ((Ni) + LaNis) (Ni) 0.0 + 0.0 100.0 + 0.0
LaNis 170+ 03 83.0+0.3
eutectic ((Ni) + LaNis) 9.8 90.2
9.9 90.1
8.9 91.1
2 85 915 9.0 91.0 as-cast L — eutectic ((Ni) + LaNis) eutectic ((Ni) + LaNis) 9.0 91.0
9.2 90.8
9.1 90.9
8.8 91.2
3 125 87.5 12.5 87.5 as-cast L — LaNis — eutectic ((Ni) + LaNis) LaNis 170+ 0.1 83.0+0.1
(Ni) 0.1 +0.1 99.9 + 0.1
eutectic ((Ni) + LaNis) 8.5 91.5
8.7 91.3
4 16 84 16.3 83.7 as-cast L — LaNis LaNis 16.5+0.1 83.5+0.1
- - 1250 °C, LaNis — — —
2h
5 17 83 17.2 82.8 as-cast L — LaNis — LasNijg — LapNiy LaNis 177 +01 823
LasNijg 22.0 78.0
La,Niy 231+01 769 +0.1
6 18 82 — — as-cast L — LaNis — LasNi;9 — LayNi; — — —
7 19 81 193 80.7 as-cast L — LaNis — LasNijg — LaNis 178 +0.1 822 +0.1
La;Ni; — LaNis LasNijg 21.9+01 781+0.1
La,Niy 231+03 769+03
LaNi3 264+0.7 73.6+0.7
8 20 80 203 79.7 as-cast L — LaNis — LasNijg — LayNi; — LaNis LaNis 177 + 0.1 823 +0.1
LasNijg 21.9+02 781+02
La;Niy 233+02 76.7+02
LaNi3 258 +03 742+03
9 24 76 241 759 as-cast L — LaNis — LasNijg — LaNis 179 +02 821+0.2
]..&2Ni7 hnd LaNi; hd La7Ni1s LasNhg 21.6 78.4
La,Niy 23.7+01 763 +0.1
LaNi3 26.7+02 733+02
La;Nije 322+03 678+03
24.2 75.8 650°C,100 h  LayNiy + LaNis La,Niy 238 +0.1 762 +0.1
LaNi3 266 +01 73.4+0.1
10 26.5 73.5 269 73.1 as-cast L — LaNis — LasNij9 — LayNi; — LaNi3 — La;Ni;g — LaNis LaNis 17.9 82.1
LasNijg 21.7 783
La,Niy 238 +01 762 +0.1
LaNi3 26.7+02 733+02
La;Nije 326+03 674+03
La,Ni3 416+02 584+0.2
269 73.1 650°C,100h  LaNis + La;Nije LaNi3 26.7+0.1 733 +0.1
La;Nije 320+01 68.0+0.1
26.8 73.2 695 °C, LaNis + LasNiyg LaNis 26.5+01 735+0.1
10h La;Nig 325+01 675+0.1
11 29 71 29.2 70.8 as-cast L — LaNis — LasNij9 — LayNi; — LaNi3 — La;Ni;g — LayNis LaNis 177 +0.1 823 +0.1
La;Niy 236+01 764 +0.1
LaNi3 262 +02 73.8+0.2
La;Nije 315+01 685+0.1
La,Nis 412 +0.1 588 +0.1
29.1 709 650°C,100h  LaNis + La;Nise LaNi3 266+01 734=+0.
La;Nijg 321+01 679+0.1
29.2 70.8 695 °C, LaNi3 + LasNiyg LaNis 265+01 735+0.
10 h La;Nijg 319+01 68.1+0.1
12 32 68 322 67.8 as-cast L — LaNis — LasNijg — LayNi; — LaNi3 — LasNi;g — La,Ni3 LaNis 176 + 03 824 +0.3
La,Niy 236 +05 764 +05
LaNi3 26.7+02 733+02
LasNije 327+03 673+03
La,Ni3 418 +02 582+0.2
322 67.8 650°C, 100 h  La;Nijg + LayNis La;Nije 322+03 678+03
La,Ni3 417 +02 583 +0.2
13 34 66 34.2 65.8 as-cast L — LaNis — LasNijg — LayNi; — LaNi3 — La;Ni;g — La,Ni3 La,Ni; 234+01 76.6+0.1
— eutectic (LaNi + La,Nis) LaNi3 263 +0.1 73.7+0.1
La;Nijg 318+ 04 682+04
La,Ni3 409 +05 59.1+05
LaNi 50.5+03 495+03
34.2 65.8 650°C,100h  La;Nijg + LaNis La;Nije 322+01 678+0.1
La,Ni3 418 +02 582+0.2
34.1 65.9 670 °C, La;Niye + LayNis La;Nije 323+01 67.7+0.1
20 h La,Nis 418 +0.1 582 +0.1



I. Fartushna et al. / Journal of Alloys and Compounds 845 (2020) 156356 7

Table 1 (continued )

# Alloy composition, Heat-treatment Solidification path/phase composition

EPMA data, at.%

at.%
nominal  measured Phase La Ni
La Ni La Ni
14 37 63 373 62.7 as-cast L — La,Ni; — LaNi3 — La;Ni;g — LapNiz — eutectic (LaNi + LapNi3) LapNi; 23.8+0.1 76.2+0.1
LaNi3 262+02 738+02
La;Nig 329+01 67.1+0.1
LayNis 415+03 585+03
LaNi 50.7 + 04 493 +04
15 43 57 431 56.9 as-cast L — LayNiz — eutectic (LaNi + La,Nis3) La,Nis 416 +0.1 584 +0.1
LaNi 51.1+03 489+03
eutectic (LaNi + La,Ni3) 45.6 54.4
16 45 55 456 54.4 as-cast L — eutectic (LaNi + La,Nis3) La;Nis 418 +0.1 582 +0.1
LaNi 51.5 48.5
eutectic (LaNi + LayNi3z) 45.5 54.5
45.6 54.4
457 54.3
45.5 54.5 650°C, 100 h  LaNi + LayNis La,Nis 416 +0.1 584 +0.1
LaNi 51.7+0.1 483 +0.1
17 46 54 46.3 53.7 as-cast L — LaNi — La;Ni3 — eutectic (LaNi + La,Ni3) La,Nis 416 +0.2 584+0.2
LaNi 51.1+0.2 489+0.2
eutectic (LaNi + La,Ni3) 45.5 54.5
45.7 54.3
46.5 53.5 650°C, 100 h  LaNi + LayNis La,Nis 41.7 +0.2 583 +0.1
LaNi 51.5+0.2 485+0.2
18 65 35 654 34.6 as-cast L — LaNi — eutectic (LaNi + LasNi3) LaNi 515+0.2 485+0.2
eutectic (LaNi + La;Ni3) 65.5 34.5
65.7 343
65.6 34.4
19 71 29 712 28.8 as-cast L — LasNis La;Nis 715+ 04 285+04
20 73 27 73.6 264 as-cast L — LazNiz — LasNi La;Nis 717 +02 283 +0.2
LasNi 76.0+0.2 240+02
21 745 255 74.6 254 as-cast L — La;Ni3 — LasNi — eutectic (La3Ni + LasNis) La;Nis 71.8 +0.2 282 +0.2
LasNi 765 +0.2 235+02
eutectic (LasNi + LasNiz) 74.6 254
22 77 23 77.0 23.0 as-cast L — eutectic ((BLa) + LasNi) (BLa) 100.0 + 0.0 0.0 + 0.0
LasNi 762 +0.2 238+0.2
eutectic ((BLa) + LaszNi) 77.5 225
771 229
76.8 23.2
76.5 235
23 86 14 862 13.8 as-cast L — (BLa) — LasNi (BLa) 100.0 + 0.0 0.0 + 0.0
LasNi 766 £+0.2 234 +0.2
24 80 20 79.6 204 as-cast L — (BLa)" — LasNi (BLa) 100.0 + 0.0 0.0 + 0.0
LasNi 761 +03 239+03

¢ Primary phase is shown in bold.

collection. The lattice parameters were refined by the least-squares
method. The phases were determined by comparing the diffraction
patterns with the literature or a calculated pattern using the
PowderCell [38] and WINXPOW [39] software packages. Both the
PowderCell and WINXPOW software packages were used to
calculate lattice parameters based on the least-squares method.

4. Experimental investigation
4.1. Binary La—Ni system

Reinvestigation of the binary La—Ni system was needed due to
existing contradictions in the literature data for this phase diagram.
The La—Ni system was studied in the whole concentration region
basing on information from as-cast and annealed alloys of 24
different compositions. The investigation was carried out by DTA,
XRD, SEM and EPMA.

Fig. 1 a and b show the DTA curves of the as-cast alloys 8.5La-
91.5Ni and 16La—84Ni indicating the thermal events at 1271 and
1361 °C upon heating for the eutectic reaction L = (Ni) + LaNis and
the melting point of LaNis, respectively. The results obtained are

shown in Tables 1 and 2. These two temperatures are in a very good
agreement with those reported (1270 and 1350 °C) by Buschow and
Mal [19] and (1267 and 1357 °C) by Ivanchenko et al. [20] and less
with those reported by Dischinger and Schaller [22] (1279 and
1393 °C). Large effect of supercooling was observed on the cooling
curves of these alloys. According to SEM, alloy 8.5La-91.5Ni (Fig. 2 a)
is completely eutectic ((Ni) + LaNis), while alloy 16La—84Ni is a
completely single phase LaNis. The eutectic composition according
to EPMA datais 9 at.% La (Table 1), which is in good agreement with
[19,20,22,25].

As noted in Section 2, Dischinger and Schaller [22] reported a
new binary compound LagNij7, which was not found in any other
works. In order to confirm or disapprove the presence of this phase,
the samples 18La—82Ni, 19La—81Ni and 20La—80Ni were prepared.
The microstructure of the as-cast sample 20La—80Ni is shown in
Fig. 2 b. The solidification path in this alloy is following: after the
primary solidification of the LaNi5 phase, the phases LasNijg, LagNiy
and LaNis form through the sequence of peritectic reactions. The
phase with composition “LagNiy7” was not observed. The DTA curve
of this alloy in the as-cast state shows the thermal effects at 1005
and 967 °C corresponding to the peritectic reactions of the
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Table 2
Temperatures of phase transformations in the La—Ni system.

Alloy, at.%  Effect temperature, °C

# La Ni Liquidus Invariant effect
L= (Ni)+ L+ LaNis= L + LasNijg L + LapNiy L + LaNis L + LasNij¢ LeLaNi+ L=LaNi+ LeLasNi+ L=(pLa)+ Others
LaNis LasNijg 2LlaNi;  =LaNi3  2LasNijg 2LaNi3  LayNis La;Nis La;Nis LasNi

1 75 925 1307(° 1270 — — — — — — — — — — —

2 85 915 — 1271 — — — - — — — — - — -

3 125 87.5 1329 1272 — — — — — — — — - — -

4 16 84 — - — — — — — — — — - 1361 melting
temperature of
LaNis

1301 L + LaNis/LaNis

1245  LaNis/LaNis + (Ni)
5 17 83 1359 - 1005 — — — - — — — - 1312 L + LaNis/LaNis

1265  LaNis/LaNis + (Ni)

6 18 82 1364 - 1004 - - — - - - - - - —

7 19 81 1358 - 1004 — — - — — — — - — -

8 20 80 1355 - 1005 967 - - - — - — - — -

9 24 76 1326 - 1006 1006° 968 967 792793 702 - - - - - - —

10 26.5 73.5 1281 - 1008 969 795 699 — — — — - 581 -

1129 71 1220 - 1009 1009 969 970 797 797 696 696 673 — — — - 746 -

754

581 -
1232 68 1125, -— 1008 1008 969 967 796 797 695694 673672 659 — — - 749] -

747\

581 -

1334 66 1056, — 1010 967 967 799797 700701 676674 659 — — - 728 —

725]
580 —

1437 63 934] - — — 798 702 673 660 — — - 722 -

581 -

1543 58 673 - — - - — - 655 - — - — —

16 45 55 658] - — - - - — 658 — — — — —

17 46 54 665] - — — — - — 655 658 — — - — -

18 65 35 542 - — - - — - — 523 — - — —

1971 29 - - - - - - - - - - - 541 melting
temperature
of L&7N13

20 73 27 538} - — - - — - — - 534 - — —

21 74.5 25.5 536 — — — — — — — — 534 — — —

2277 23 635 — — — — — - — — — 531 — —

2380 20 594 - — — - - - — - — 530 — -

248 14 708 — — — — — — — — — 532 — —

Average® 1271 +1 1007 +3 968 + 2 796 +3 698 +4 674+2 658 +3 523 534+1 531+1 — —

4 | — DTA data on cooling.
b In italic on annealed alloys.
¢ Mean-square deviations.

formation of the LasNijg and LayNi; phases, respectively, which is in
good agreement with Yamamoto et al. [30] and An et al. [25], where
the temperature of the formation of the LasNijg phase (L + LaNi5 =
LasNiyg) was reported to be ~1000 and 1003 °C, respectively. It
should be noted that in the works [19—22] the phase LasNijg was
not found, so for the region between LaNi5 and La;Niy a tempera-
ture of 995 °C [19] (1007 °C [20], 1014 [21] and 1019 °C [22]) was
reported, for what was believed to be the peritectic reaction
L + LaNi5s = LayNiy, and a temperature of 955 °C [19] (967 °C [20])
for the peritectic reaction L + La;Ni; = LaNi3 or polymorphic
transformation of LayNi (976 °C[21]). In addition to that, according
to Yamamoto et al. [30] the LasNijg phase decomposes into La;Niy
and LaNis5 phases at a temperature between 900 and 1000 °C, while
according to the thermodynamic modeling of An et al. [25] this
phase is stable at low temperatures. According to our data this
phase is stable at least up to 600 °C.

Fig. 1 c shows the DTA result of as-cast 26.5La-73.5Ni alloy upon
heating up to 1320 °C indicating five thermal events. The cooling
curve also shows these transformations with some slight super-
cooling. As noted above, thermal effects at 1008 and 969 °C
(Table 2) correspond to the peritectic reactions L + LaNis = LasNiqg
and L + LasNijg =2 LayNiy, respectively, which is in a good

agreement with An et al. [25]. The thermal effects at 795 and 699°C
correspond to the peritectic reactions L + LapNi; = LaNi3 and
L + LaNi3 = LayNiyg, which is somewhat lower than proposed in
the works [21,22,25]. The small DTA effect at 581 °C, which was not
previously observed, possibly corresponds to the polymorphic
transformation or eutectic decomposition of the La7Niyg (or LaNis)
phase. It should be noted that this effect at 581 °C was not observed
on DTA curve of the annealed alloy. The solidification path in this
alloy and in the alloy 29La—71Ni is rather complex: after the pri-
mary solidification of the LaNi5 phase, the phases LasNijg, LayNiy,
LaNis, LasNijg and LasNis form through the sequence of peritectic
reactions (Table 1). The X-ray diffraction pattern of the as-cast
sample 29La—71Ni is shown in Fig. 3, which confirms the pres-
ence of phases LaNis, LayNi7, LaNis, LayNijg and LayNis (Table 3).
Only the LasNijg phase was not observed in the X-ray diffraction
pattern of this alloy, probably due to its very small amount. After
annealing at 650 °C/100 h the 24La—76Ni alloy has a two-phase
structure: LaNi3 + LapNi; (Fig. 4 a, Table 1), while the alloys
26.5La-73.5Ni and 29La—71Ni annealed at 650 °C/100 h and at
subsolidus temperature (695 °C/10 h) are two-phase
LaNis3 + LasNiyg (Fig. 4 b, Table 1).

Fig. 1 d shows the DTA result of the 32La—68Ni alloy in as-cast
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Fig. 2. Microstructure of as-cast alloys of the La—Ni system:
a — 8.5La-91.5Ni, x 5000, eutectic ((Ni) + LaNis);
b — 20La—80Ni, x 5000, LaNis + LasNijg + LaNiy + LaNis;

¢ — 37La—63Ni, x 2000, La;Ni; + LaNiz + La;Nijg + LapNis + eutectic (LaNi + LayNis);

d — 45La—55Ni, x 5000, eutectic (LaNi + La,Nis);
e — 65La—35Ni, x 1000, LaNi + eutectic (LaNi + LasNis);
f — 77La—23Ni, x 2000, eutectic ((BLa) + LasNi).
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Fig. 3. X-ray diffraction pattern of the as-cast alloy 29La—71Ni. Red curve: pattern calculated from Rietveld Refinement; blue curve: experimental pattern; grey curve, bottom:

difference curve.

state. As noted above, the temperatures 1008, 969, 796 and 696 °C
correspond to the peritectic reactions L + LaNis = LasNijg,
L + LasNijg 2 LasNiy, L + LagNiy 2 LaNiz and L + LaNi3 =2 La;Nisg,
respectively. The thermal effect at 672°C corresponds to the peri-
tectic reaction L + LayNijg 2 LapNis, which is lower than reported
early (688 °C [21,25], 690 °C [19] and 701 °C [22]). It should be
noted that on the DTA curve of this alloy, as well as of some other
alloys, double thermal arrests at 1006 and at 969 °C were observed
both for as-cast and annealed alloys. These effects can be associated
with polymorphic transformations of the LasNijg and LayNiy pha-
ses. The small DTA effect at 581 °C is also observed. In addition, on
the cooling curve of this alloy, as well as on the curves of alloys
29La—71Ni, 34La—66Ni and 37La—63Ni, the thermal effect at

~730 °C was observed. The nature of this effect is not known. SEM
micrographs of alloys 32La—68Ni and 34La—66Ni in as-cast state
show primarily solidified LaNi5 phase, and then the phases LasNijg,
LasNiy, LaNis, LasNijg and LayNis crystallize and the solidification
finishes with the formation of the small amount of eutectic
(LaNi + La,Ni3). In the as-cast alloy 37La—63Ni (Fig. 2 ¢, Table 1) the
LaNis and LasNig phases were not observed, the La;Ni; phase is the
primary, and then the phases LaNi3, La7Nijg and LapNis crystallize
and the solidification finishes with the formation of the eutectic
(LaNi + LayNi3). After annealing at 650 °C/100 h the alloys
32La—68Ni and 34La—66Ni are two-phase La,Nis + LayNijg (Fig. 4 c,
Table 1).

As it was noted in Section 2, the temperatures of eutectics in the
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Table 3
The crystal structure and lattice parameters of the La—Ni—Fe phases.

Phase Crystal structure Lattice parameters, A Remarks Ref.

(dFe) W, cl2-Im-3m a=29315 at >1394 °C [40]

(yFe) Cu, cF4-Fm-3m a = 3.6467 at >912 °C [40]
a=3.581(1) 25Fe—55Ni—20La, as-cast Th.w.

(aFe) W, cl2-Im-3m a = 2.8665 at25°C [40]
a=2.865(1) 5Fe—45Ni—50La, as-cast Th.w.

(eFe) Mg, hP2-P63/mmc a= 2468, c=396 at 25 °C, >13 GPa [40]

(yLa) W, cI2-Im-3m a=4.26 at >865 °C [40]

(BLa) Cu, cF4-Fm-3m a = 5303 at >310 °C [40]

(ala) aLa, hP4-P6s/mmc a=3.7740, c = 12.171 at 25 °C [40]

(Ni) Cu, cF4-Fm-3m a=3.5240 at >25 °C [40]

LaNis CaCug, hP6-P6/mmm a=5017, c= 3987 - [19]
a = 5.03286(93), c = 3.9764(13) 29La—71Ni, as-cast Th.w.
a = 5.056(2), c =4.021(3) 30Fe—55Ni—15La, as-cast Th.w.
a = 5.065(1), c =4.023(1) 25Fe—55Ni—20La, as-cast Th.w.

LasNiqg CesCoqo, hR72-R-3m - - [30]

Pr5Co19 (SmsCo19), hP48-P6s/mmc a=5.0491(1), c = 32.642(1) — [32]
a = 5.0518(8), ¢ = 32.652(5) - [25]

BLa,Ni; Gd;Co7, hR54-R-3m a = 5.056, c = 36.98 as-cast [27]

aLasNiz Ce;,Ni;, hP36-P63/mmc a = 5.053,c=2462 at 800 °C [27]
a=5058 c=2471 - [19]
a = 5.06237(20),c = 24.6864(22) 29La—71Ni, as-cast Th.w.
a=5.092(2), c =24.843(8) 30Fe—55Ni—15La, as-cast Th.w.

LaNi3 PuNis, hR36-R-3m a = 5.086, c = 25.01 at 600 °C [27]
a =5.083, c = 2509 - [19]

La,Nis La,Nis, 0520-Cmca a=51138, b =9.7316, - [28]
c = 79075
a=>5.117(2), b = 9.746(3), 25Fe—55Ni—20La, as-cast Th.w.
¢ =7907(2)

a = 5.10690(58), b = 9.72343(98), ¢ = 7.89528(76) 29La—71Ni, as-cast Th.w.

La;Niqg La;Niyg, tl46-1-42 m a= 7355 c=14.51 - [41]
a = 7.36870(18), c = 14.5485(53) 29La—71Ni, as-cast Th.w.

LaNi CrB, 0S8-Cmcm a =3.907(1), b = 10.810(1), - [42]
¢ =4.396(1)
a=391,b=10.80, c =439 - [19]
a=3.920(3), b = 10.820(8), 5Fe—45Ni—50La, as-cast Th.w.
¢ =4.403(1)

LasNi3 FesThy, hP20-P65/mc a=10.14,c = 6.383 — [43]
a = 10.140(5), ¢ = 6.475(3) - [44]
a=10.204(3), c = 6.391(2) 5Fe—45Ni—50La, as-cast Th.w.

LazNi FesC, oP16-Pnma a=722,b=1024, c=6.60 - [45]
a=7271(3), b = 10.243(4), - [46]

¢ = 6.647(3)

Th.w. — the result of this work.

La-rich side of the La—Ni system differ significantly according to
various authors. The temperature of the eutectic reaction L =
LaNi + LaNi3 according to the calculation from An et al. [25] and
the experimental data from Ivanchenko et al. [20] is 675 °C and
667°C, respectively, while according to the experimental data from
Dischinger and Schaller [22] it is much higher i.e. 690°C. Therefore,
in order to check the temperature of this reaction, alloys with the
compositions 43La—57Ni, 45La—55Ni and 46La—54Ni were pre-
pared. The current measurements indicate that the temperature of
this eutectic reaction is 658°C (see Fig. 1 e, Table 2), which is in good
agreement with the experimental data from Ivanchenko et al. [20],
but is significantly lower than suggested in Ref. [22,25]. The
microstructure of 46La—54Ni alloy in as-cast state shows the pri-
mary LaNi phase, the La;Ni3 phase and the eutectic (LaNi + LayNis),
while in the 43La—57Ni alloy primary crystals of LayNi3 phase and
the eutectic (LaNi + La;Ni3) can be observed. The alloy 45La—55Ni
(Fig. 2 d) is completely eutectic (LaNi + LapNi3). The eutectic
composition was determined by EPMA as 45.6 at.% La (Table 1).
After annealing at 650 °C/100 h the alloys 45La—55Ni and
46La—54Ni are two-phase LapNiz + LaNi (Fig. 4 d).

Some controversy can be observed concerning the temperature
of the eutectic reaction L = LaNi + LasNis. According to the
calculation by An et al. [25] the temperature of this reaction is
517°C, whereas according to the experimental data Dischinger and

Schaller [22] it is much higher (560°C). In order to check the
temperature of this reaction an alloy 65La—35Ni was prepared. The
microstructure of this alloy (Fig. 2 e) shows a small amount of
primary LaNi phase and a large amount of eutectic (LaNi + LasNis).
The eutectic temperature was measured to be 523 °C (Fig. 1 f,
Table 2), the eutectic composition according to EPMA data is
65.6 at.% La (Table 1). As it can be seen, the eutectic composition
and the temperature are in good agreement with calculation An
et al. [25] and contradictory to the experimental data of Dischinger
and Schaller [22].

The eutectic temperature L = LasNi + LayNi3 was measured
only by Dischinger and Schaller [22] as 545°C. However, according
to the calculation by An et al. [25] the temperature of this eutectic is
noticeably lower and is equal to 530°C. Verification of the tem-
perature for this eutectic was performed on the as-cast samples
71La—29Ni, 73La—27Ni and 74.5La-25.5Ni. The eutectic tempera-
ture equal to 534 °C was determined using DTA, as shown in Fig. 1 g,
which is in a very good agreement with the thermodynamic eval-
uation [25] and in contradiction to the results of [22]. It should be
noted that the alloy 71La—29Ni, which according to Refs. [25]
corresponds to the composition of the eutectic (LasNi + LayNi3) is
completely single-phase La;Nis. The microstructure of the alloy
73La—27Ni shows the primarily crystallized La;Nis phase and the
LasNi phase, while the alloy 74.5La-25.5Ni is completely eutectic
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Fig. 4. Microstructure of annealed alloys of La—Ni system:
a — 24La—76Ni, 650 °C/100 h, x 1000, La;Ni; + LaNis;

b — 26.5La-73.5Ni, 695 °C/10 h, x 1000, LaNi3 + La;Nise;
¢ — 34La—66Ni, 650 °C/100 h, x 1000, LasNig -+ LayNis;
d — 45La—55Ni, 650 °C/100 h, x 2000, La;Ni3 + LaNi.

(LasNi + LayNi3). The eutectic composition was determined by
EPMA as 74.6 at.% La (Table 1), which is slightly higher than that
proposed in Ref. [25].

Some temperature discrepancies were also found for the
eutectic reaction L 2 (pLa) + LasNi. Indeed a temperature of 527°C
was measured by Ref. [20], 31 °C higher than those measured by
Ref. [18] and 33 °C lower than measured by Ref. [22]. Verification of
the temperature for this eutectic was performed on an the as-cast
samples 86La—14Ni, 80La—20Ni and 77La—23Ni. The results ob-
tained are shown in Tables 1 and 2 and Fig. 1 h, 2 f. The micro-
structure of the alloys 86La—14Ni and 80La—20Ni shows the
primary crystals of (fLa)-phase and the eutectic (BLa) + LasNi. The
microstructure of the alloy 77La—23Ni (Fig. 2 f) seems to be
completely eutectic (BLa) + LasNi. The composition of this eutectic
was established by the microprobe method as 77 at.% La, which is
lower than suggested in Ref. [20,25], where the composition of the
eutectic is defined as 80 and 84 at.% La, respectively. The temper-
ature of this eutectic according to DTA is 531°C (Fig. 1 h), which is in
good agreement with the experimental data [20], but noticeably
lower than that proposed in Ref. [22].

The revised phase diagram of the La—Ni system is shown in
Fig. 5. The existence of compounds LaNis, LasNijg, LazNi7, LaNis,
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[HN
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LasNiyg, LagNis, LaNi, La7Ni3 and LasNi were confirmed by DTA, XRD,
SEM and EPMA. The existence of phase with composition “LagNi;7”
[22] was not confirmed. The LaNi5 phase has some homogeneity
range, that agrees with [19-21,31], but contradicts to
Refs. [22,23,25,34]. The five eutectic reactions L = (Ni) + LaNis at
1271 + 1 °Cand 9 at.% La, L = LaNi + LayNi3 at 658 + 3 °C and
456 at% La, L 2 LaNi + LayNi3 at 523 °C and 65.6 at.% La, L =
La3Ni + LasNiz at 534 + 1 °C and 74.6 at.% Laand L = (BLa) + LasNi
at 531 + 1 °Cand 77 at.% La are well established. The solubility of La
in Ni is negligible and does not exceed 0.1 at.%. The solubility of Ni
in La is absent.

4.2. Ternary La—Ni—Fe system

In order to establish the phase equilibria in the La—Ni—Fe sys-
tem during solidification, more than 40 samples have been pre-
pared and characterized. Based on the results of this research,
liquidus and solidus projections and the melting diagram of the
La—Ni—Fe system have been constructed over the whole compo-
sition range (Fig. 6). The phase compositions of the studied alloys
and composition of the phases according to the microprobe results
are presented in Tables 4 and 5 respectively. The annealing
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Fig. 5. Phase diagram of La—Ni system: A\, A — DTA data of as-cast and annealed alloys, respectively; © — two-phase sample.

temperatures (Tann = Tso] — 5 ... 15 °C) were selected based on the
alloys’ solidus temperatures as determined from the DTA curves of
the as-cast and annealed alloys. The microstructures of some as-
cast and annealed samples are shown in Fig. 7 and Fig. 8,
respectively.

4.2.1. Solid phases

Some of the phases extend into the ternary system, forming
solid-solutions with some changes in their lattice parameters. The
extension of these solid solutions and their homogeneity ranges are
shown in the solidus projection of the system (Fig. 6 b).

The compounds from the binary La—Ni system containing less
than 50 at.% Ni do not dissolve Fe, while those with higher nickel
content show large solubility of the third element. Among binary
compounds, LaNis, LasNijg and La;Niy have the largest homoge-
neity ranges at solidus temperature and according to EPMA data
dissolve 21.9, 16.1 and 14.0 at.% Fe, respectively. The homogeneity
ranges of the remaining phases are smaller. The solubility of Fe in
LaNis and LayNis is 2.7 and 2.0 at.%, respectively. The solubility of Fe
in LaNi, LasNiyg, LaNi, LayNi3 and LasNi according to EPMA does not
exceed 1 at. %. The maximum solubilities of lanthanum in the
(yFe,Ni) and (aFe) phases are defined as less than 1 at.% (Table 5).

The existence of the ternary compound LaNisFe, with a hexag-
onal structure, which was reported in [36], was not confirmed in
our study. It should be noted, that ternary compound was not
observed in [35, 37] as well.

4.2.2. Liquidus projection

Fig. 6 a shows the liquidus surface projection of the La—Ni—Fe
system in the whole composition range resulting from this
research. The liquidus surface is characterized by 13 primary so-
lidification fields of the component based solid solutions (yFe,Ni),
(dFe), (BLa), ('yLa), («Fe) and solid solutions based on binary phases
LaNi5, LasNi19, LazNi7, LaNi3, La7Ni15, LazNig,, LaNi, La7Ni3 and La3Ni,
separated by appropriate monovariant curves and participating in

ten four-phase invariant equilibria. Three four-phase invariant
equilibria are of the eutectic type, and the remaining are of the
transitional type.

The (yFe,Ni) and (aFe) phases define the character of phase
equilibria in the La—Ni—Fe system. The fields of their primary
crystallization borders with the fields of primary crystallization of
most of the phases (dFe), (BLa), LaNis, LasNijg, LayNi7 LagNis, LaNi,
LasNi3 and LasNi. The (yFe,Ni)-phase has the widest region of pri-
mary crystallization. Noticeably smaller are the regions of LaNis,
(aFe) and (BLa). The remaining phases have very small fields of
primary crystallization, and the fields of primary crystallization of
LaNis, La7Nijg, LayNis, LaNi, LayNi3 and LasNi extend parallel to the
La—Ni side.

The analysis of the microstructures of the as-cast samples
showed that most of the investigated alloys are located in the field
of primary crystallization of (yFe,Ni). Typical microstructures of
alloys from this region are shown in Fig. 7 a, b. Black primary
crystals of this phase are clearly visible on the microstructure. This
field is limited by the composition of the alloy #5, which contains
only small amount of primary (yFe,Ni)-phase. The microstructure
of this alloy is shown in Fig. 7 a. The solidification path in the alloys
## 5,11, 38, 42 is rather complex: after primary crystallization of
the (yFe,Ni) phase, the phases LaNis, LayNi7 and LaNis crystallize
by peritectic reactions and the solidification finishes with the for-
mation of the LaNi phase (Fig. 7 a). The XRD patterns of these alloys
have confirmed the existence of all these phases (Fig. 9). It should
be noted, that according to the XRD data, in addition to the (yFe,Ni)-
phase, the (aFe)-phase also can be clearly identified in these alloys
due to consequent allotropic transformation on cooling (Fig. 9).

The alloys ## 4, 16—19, 24, 25, 32, 33 are located in the field of
primary crystallization of the LaNis phase (Fig. 7 c-f). The micro-
structure of alloy # 32 (Fig. 7 c) reveals that the primary phase in
this alloy is LaNis and then the eutectic (yFe,Ni) + LaNis crystallizes
with a composition measured by microprobe method as
20Fe—69Ni—11La. The alloy #35 is complete eutectic



I. Fartushna et al. / Journal of Alloys and Compounds 845 (2020) 156356 13

® 795/,

0

V273 N
= J-‘_.'A-'.‘-‘-A_'—;—
o)

AN

i N

/A
» ) D
i 5 >
/A yikss

Fig. 6. Liquidus (a) and solidus (b) projections and the melting diagram (c) of the La—Ni—Fe system: O — composition of sample, © — two-phase sample, ® — three-phase sample,
A and A — EPMA data of as-cast and annealed alloys, respectively.
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Fig. 6. (continued).

(yFe,Ni) + LaNis (Fig. 7 g). Therefore the monovariant curve L &
(yFe,Ni) + LaNis (eze;Uy), corresponding to joint crystallization of
(yFe,Ni) and LaNis, passes through this composition (see Fig. 6 c).
The position of this monovariant curve is also obvious from the
observation of the primary (yFe,Ni) phase in samples #5 (Fig. 7 a)
and #42 in contrast to the primary LaNis phase in samples #4 (Fig. 7
f) and #19. The solidification of alloy #4 (Fig. 7 f) starts with the
formation of the LaNis phase, followed by the LasNi7, La;Ni3 and
LaNi phases. It should be noted that the equilibrium
L + (yFe,Ni) + LaNis5 along the curve eye;U; changes its character
from eutectic L = (yFe,Ni) + LaNis in the La—Ni binary system to
peritectic L + (yFe,Ni) 2 LaNis in the ternary La—Ni—Fe system and
this curve (eze;Uj) intersects the homogeneity region of the LaNis
phase (Fig. 6 c).

The alloys ##7, 10, 13—15, 21, 22, 28, 29, 34 are located in the
field of primary crystallization of the («Fe)-phase (Fig. 7h—j). The
border of this field is limited by the composition of alloys ## 7, 13,
14, 21, 22, in which only a small amount of primary crystals of the
(aFe)-phase are observed (Fig. 7h and i).

In the La-rich corner and along the La—Ni side the fields of
primary crystallization of phases based on the components (fLa)
and (yLa) and phases based on binary compounds LasNijg, LayNi7,
LaNis, LayNijg, LagNis, LaNi, LayNi3 and LasNi are present. They are
all very small. The fields of (yLa) and (dFe) are shown tentatively.
The field (BLa) was plotted basing on the observation of the primary
(BLa) phase in alloys ##12, 20 and #31 in contrast to the primary
(aFe)-phase in alloys #13 and #14. Moreover, in the last two alloys
the amount of primary (aFe)-phase is very small, therefore, the
monovariant curve of joint crystallization of the phases (aFe) and
(BLa) is located very close to the composition of these alloys. In

alloys #20 and #31 the solidification finishes with the formation of
the ternary eutectic (aFe) + (BLa) + LasNi). The composition of this
ternary eutectic according to the EPMA data of these alloys is 1.4Fe-
77.3La-21.3Ni (Table 5).

Only the alloys #2 and #6 are located in the field of the primary
crystallization of the La;Ni; phase. The microstructure of the alloy
#6 is shown in Fig. 7 k, from which it can be seen that after the
primary crystallization of the LayNi; phase, the LayNi3 phase crys-
tallizes in this alloy and solidification finishes with the formation of
the eutectic (LayNiz + LaNi).

No structures were observed with primary crystallized
LasNiqg phase, but it should be noted that the related region is very
narrow and is limited by the compositions points of alloys #17 and
#2, in which primary are LaNi5 and La;Niy phase, respectively. It is
worth noting that among the as-cast alloys the LasNijg phase was
observed only in alloys ## 16, 18 and #33. The microstructure of the
last alloy (Fig. 7 d) reveals that the primary phase in this alloy is
LaNis, and then the phases LasNig, LagNi7 and LayNi3 form by the
peritectic reactions.

Even though, no alloys were located in the fields of primary
crystallization of the LaNi3 and La;Nig phases as well, their posi-
tion cannot differ substantially from that shown in Fig. 6 a, because
these fields are very small and are limited by the compositions
points of alloys #2 and #6. The monovariant curves L + LayNi; 2
LaNis (pgUs), L + LaNi3 < LasNig (p7U4) and L + LasNijg = LayNis
(p8U4) (Fig. 6 c) do not extend appreciably into the ternary system,
since in alloys #2 and #6 the LayNiy phase is primary, and, more-
over, the LaNi3 and La;Nijg phases in these alloys were not
observed. The intersection of the monovariant curves L + LaNi3 2
LayNiig (p7U4) and L + LajyNijg = LagNis (pgUyg) gives the
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Phase composition of the studied alloys of the La—Ni—Fe system.
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Alloy, at.% Liquidus temperature, °C Solidification path Solidus temperature, °C Phase composition at solidus surface
# Fe Ni La

1 1.5 52.5 46.0 671 L — LaNi® — La;Ni; — eutectic ((aFe) + LayNis + LaNi) 651 (aFe) + LayNis + LaNi
2 3 57 40 698,° L — LayNi; — LayNis — LaNi 652 (aFe) + LayNisz + LaNi
3 30 55 15 1329 L — (yFe,Ni) — LaNis — La,Ni; — La,Nis 824 LaNis + (aFe) + LayNiy
4 10 60 30 1169 L — LaNis — LayNi; — LayNi3 — LaNi 666 LayNi; + (aFe) + LayNis
5 10 55 35 1092 L — (yFeNi) — LaNis — LapNi; — La;Niz — LaNi 665 LayNi; + (aFe) + LayNis
6 5 55 40 681 L — LayNi; — La;Ni; — LaNi — eutectic (LaNi + LayNi3) 652 (aFe) + LayNis + LaNi
7 2 53 45 664] L — (oFe) — LayNi3 — LaNi 650 (aFe) + LayNis + LaNi
8 1 50 49 691} L — LaNi — La;Ni; — eutectic ((«Fe) + La,Niz + LaNi) 655 (aFe) + LaNi

9 1 52 47 686} L — LaNi — La,Niz — eutectic ((«Fe) + La2Niz + LaNi) 653 (aFe) + LayNis + LaNi
10 10 25 65 -— L — (aFe) — LasNi3 532 LasNi + (aFe) + La;Nis
11 25 55 20 1321 L — (yFeNi) — LaNis — LapNi; — La;Ni3 — LaNi 795 La,Niy + (yFe,Ni)

125 10 8 -— L — (BLa) — LasNi - LasNi + (aFe) + (BLa)
132 21 77 548] L — (aFe) — (pPLa) — LasNi 525 LasNi + (aFe) + (BLa)
14 10 10 80 -— L — (aFe) — (PLa) — LasNi 526 LasNi + (aFe) + (BLa)
1510 25 65 615 L — (aFe) — LasNi 533 LasNi + (aFe)

165 75 20 1337 L — LaNis — LasNijg — LayNi; — La;Nijg — LaNis 949 LaNis + LasNijg

175 60 35 1018 L — LaNis — La;Ni; — La,Niz — LaNi 666 (aFe) + LayNiy + LaNis
18 5 70 25 1282 L— LaNis hd LasNi19 g LazNi7 - L37Ni16 - LazNig 667 LAZNi7 + LAzNi3

19 15 65 20 1273 L — LaNis — LayNi; — LayNis 846 La,Ni7 + LaNis

202 18 80 541 L — (BLa) — LasNi — eutectic ((aFe) + (BLa) + La3Ni) 526 (aFe) + (BLa) + LasNi
212 28 70 -— L — (oFe) — La;Nis 532 (aFe) + LasNi + LasNis
222 33 65 558] L — (oFe) — eutectic (LaNi + LasNis3) 525 (aFe) + LaNi + LazNis
23 10 45 45 - L — (yFe,Ni) — LaNi — eutectic ? 651 LaNi + (aFe)

242 68 30 1170 L — LaNis — LayNi; — LaNi3 — La;Nijg — LayNis 668 La;Nije + LayNis + LaNis
252 73 25 1279 L — LaNis — LayNi; — LaNiz — La;Nijg — LazNis 669 La;Nije + LaNi3

26 60 25 15 1421 L — (YFeNi) — LayNi; — LayNiz — LaNi 667 (aFe) + LayNiz + LayNiy
27 40 25 35 -— L — (yFe,Ni) — LaNi — La;Ni3 — eutectic (La;Niz + LaNi) 525 (aFe) 4 LaNi + LasNis
285 45 50 671} L — (oFe) — LaNi — La;Niz — eutectic (LaNi + La;Ni3) 524 LaNi + (aFe) + La;Nis
29 5 35 60 616 L — (o«Fe) — LaNi — La;Ni; — eutectic (LaNi + La;Ni3) 524 LaNi + (aFe) + LasNis
301 27 72 533} L — LasNi; — LasNi — eutectic ((aFe) + La;Ni3 + LasNi) 531 (aFe) + LasNi + LasNis
312 20 78 538} L — (BLa) — LasNi — eutectic ((aFe) + (BLa) + LasNi) 526 LasNi + (aFe) + (BLa)
3210 75 15 1320 L — LaNis — eutectic ((yFe,Ni) + LaNis) 1251 LaNis + (yFe,Ni)

3310 70 20 1302 L — LaNi5s — LasNijg — LayNi; — LayNis 900 LaNis + LasNijg

348 40 52 692] L — (oFe) — LaNi — eutectic (LaNi + LasNis3) 524 (aFe) 4 LaNi + LasNis
3520 70 10 1331} L — LaNis — eutectic ((yFe,Ni) + LaNis) 1265 (yFe,Ni) + LaNis

36 25 40 35 1298 L — (yFe,Ni) — LaNi — La,Nis 653 (aFe) + LaNi + LayNis
37 75 10 15 1456 L — (yFe,Ni) — eutectic (LaNi + La;Ni3) 524 (aFe) + LaNi + LasNis
38 20 55 25 1262 L — (yFeNi) — LaNis — LapNi; — La;Ni3 — LaNi 663 (aFe) + LayNi3 + LayNiy
39 55 10 35 1425 L — (yFe,Ni) — (BLa) — LasNi 525 LasNi + (aFe) + (BLa)
40 50 35 15 1411 L — (yFeNi) — LaNi — La;Ni; 665 (aFe) + LayNiz + LayNiy
41 40 45 15 1374 L — (yFeNi) — LaNis — LapNi; — La,Nis 803 LasNiqg + (yFe,Ni)

42 20 60 20 1272 L — (yFeNi) — LaNis — LapNi; — LayNiz — LaNi 796 LasNiqg + (yFe,Ni)

@ Primary phase is shown in bold.
b | - DTA data on cooling.

composition of the liquid Uy, which contains no more than 1 at.% Fe.
The intersection of the monovariant curves L + La;Ni; 2 LaNis
(psUs) and L + LaNi3 = LayNis (U4Us) gives the composition of the
liquid Us, which cannot contain more than 1.5 at.% Fe (Fig. 6 q, c).

The boundaries of the fields of primary crystallization of phases
LayNis, LaNi, LayNi3z and LasNi were determined mainly from the
microstructure of the alloys located along the isoconcentrates 1Fe
and 2Fe. A very small amount of the primary («Fe) phase in alloys
#7 and #22 indicates that the field of primary crystallization of the
LaNi phase do not extend into the ternary system further than up to
2 at.% Fe. The monovariant curve L = (aFe) + LaNi (E;esU7) of the
joint crystallization of the («Fe) and LaNi phases was constructed
from the observation of primary («Fe) in alloys #7 and #22 in
contrast to primary LaNi in alloys ##1, 8, 9 (Fig. 7 I). Moreover, in
last three alloys, after the primary crystallization of the LaNi phase,
the LapNis phase is formed, and the crystallization ends with the
formation of the ternary eutectic (a.Fe) + LapNis3 + LaNi (Fig. 7 1). The
composition of this ternary eutectic according to the EPMA data of
the alloys #1 and #9 is 1.8Fe-52.3Ni-45.9La (Table 5).

The observation of a very small amount of the primary crystals
of the (aFe)-phase in alloys #21 and 22 with a typical cubic shape of
crystals indicates that the field of primary crystallization of the

La;yNi3 phase also does not extend into the ternary system more
than up to 2 at.% Fe. The location of the curve L = (aFe) + LasNi3
(UzegE>) of the joint crystallization of the («Fe) and La;Nis phases is
evident from the observation of the primary La;Ni3 in sample #30
in contrast to (aFe) in samples #21 and #22. In the alloy # 30 after
primary crystallization of the LayNi3 phase, the LasNi phase crys-
tallizes and the solidification finishes with the formation of the
ternary eutectic (aFe) + LayNiz + LasNi.

The isotherms in the liquidus surface (Fig. 6 a) were constructed
based on DTA results (Table 4), and were additionally refined via
the constructed vertical sections, so that each alloy was involved in
at least two sections.

4.2.3. Solidus projection and invariant equilibria

Fig. 6 b shows the solidus surface projection of the La—Ni—Fe
system in the whole composition range resulting from this
research. The solidus projection was plotted on the basis of a study
of as-cast specimens and after the heat treatment at the subsolidus
temperatures.

The solidus surface of this system is characterized by the co-
existence of (yFe,Ni) and (aFe)-phases with almost all phases
from the boundary systems, forming eight three-phase fields
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Table 5
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Composition of the La—Ni—Fe phases according to EPMA examinations.

#

11

12

13

14

15

16

17

18

Alloy composition, at.%

nominal
Fe
1.5

30

10

10

25

10

10

Ni
52.5

57

55

60

55

55

53

50

52

55

10

21

10

25

75

60

70

La
46.0

40

15

30

35

40

45

49

47

20

85

77

80

65

20

30

25

measured

Fe

1.5

13

24

30.9

30.0

9.8

10.0

9.5

2.7

1.9

0.5

0.9

26.0

20

8.9

10.7

4.8

9.8

5.0

Ni
524

56.8

53.9

58.7

54.9

49.1

52.1

54.8

10.2

20.4

20.8

74.0

68.6

La

46.1

46.3

40.8

16.3

315

424

46.0

50.4

47.0

20.1

20.2

85.1

77.6

81.1

68.5

26.3

Heat-treatment

as-cast

640°C,

6h

as-cast

as-cast

815 °C,
6h

as-cast

660 °C,
6h

as-cast

as-cast

as-cast

as-cast

as-cast

as-cast

780 °C,
15h
as-cast

510 °C,

6h

as-cast

as-cast

as-cast

as-cast

as-cast

as-cast

EPMA data, at.%

Phase

(aFe)

La,Ni3

LaNi

eutectic ((«Fe)+LayNisz+LaNi)

(aFe)
LazNi3
LaNi
La,Ni;
LazNi3
LaNi
(yFe,Ni)
LaNis
LazNi7
L&zNi;
(yFe,Ni)
LaNis
L&sNi]g
LaNis
La,Niy
]..32Ni3
LaNi
(aFe)
]..32Ni7
La,Nis
(yFe,Ni)
LaNis
1.&2Ni7
La,Nis
LaNi
LélzNi7
La,Nis
LaNi
(aFe)
La,Nis
LaNi
LazNi3
LaNi
La,Nis
LaNi
eutectic ((«Fe)+LayNiz+LaNi)

(yFe,Ni)
LaNis
1.&2Ni7
La,Nis
LaNi
(yFe,Ni)
La,Ni;
(BLa)
LazNi
(BLa)
LasNi
(aFe)
(BLa)
(aFe)
LazNi
(aFe)
(BLa)
LazNi
(aFe)
LasNi
LaNis
1.&2Ni7
LazNije
La,Nis
LaNis
]..&2Ni7
La,Nis
LaNi
LaNis
La5Nizg
La,Ni;

Fe

97.7
0.5+ 0.1
0.1 +0.1
1.7

1.9

97.7

0.7 + 0.1
0.1 +0.1
104 + 0.5
09 + 0.1
0.0+ 0.0
59.2 + 0.2
19.7 £ 0.8
140+ 03
20+03
86.5
219+ 04
16.1 £ 0.2
20903
139+ 09
1.1+0.2
0.1+0.2
96.1 + 0.1
129 £ 0.1
08 +03
828 +0.8
19.9 + 0.1
135+ 0.2
12+02
04 +03
14.0 £ 0.6
09 +0.1
0.1 +0.1
97.3
1.1+03
0.0+ 0.0
09+ 0.2
0.0+ 0.0
0.8 £ 0.1
02 +0.1
1.8

1.7

64.2 + 0.2
202 +0.7
134+ 05
1.9+02
09 + 0.2
90.3 + 04
14.0 + 0.2
0.1 +0.1
0.0+ 0.0
0.0+ 0.0
0.1 +0.1
99.0 + 0.2
0.0+ 0.0
98.9
06+03
99.1 £ 0.1
0.0+ 0.0
0.0+ 0.0
989 + 0.6
0.5+ 0.1
6.5+ 0.2
3.7

0.5+ 0.1
0.1 +0.1
209 +0.3
139+ 09
1.1+£0.2
0.1+0.2
7.0+ 0.1
6.0

58 +0.2

Ni

1.5

58.1 £ 0.1
49.0 + 0.2
52.2

524

1.4

58.1 +0.1
48.7 + 0.1
65.9 + 0.7
578 +0.2
49.1+ 0.5
40.1 + 0.2
63.0 +0.9
63.1 +0.3
56.8 +0.3
12.4

60.3 + 0.4
62.1 +0.1
613 +03
62.7 + 0.9
57.7+0.2
498 + 0.3
3.0+0.1
63.8 + 0.1
580+0.2
164+ 0.3
622 +0.3
63.3 +0.1
582 +03
499 + 0.7
624 + 0.6
580+0.2
494 + 0.1
2.3
576+ 04
49.1 + 0.1
575 +0.2
48.8 + 0.2
57.6 +0.2
485+ 0.2
52.3

52.4

349 +0.2
62.3 + 0.6
63.3 £ 0.5
575+ 02
489 + 0.2
9.1+05
62.7 + 0.2
0.0 +0.0
234 +0.1
0.0+ 0.0
238 +0.2
0.1 +0.1
08 +03
0.2

232 +0.2
0.0+ 0.0
0.0 + 0.0
234+03
02 +0.2
232 +0.1
759 + 0.1
724

66.8 + 0.1
589 +0.2
61.3 +0.3
62.7 + 0.9
57.7 £+ 0.2
49.8 + 0.3
754 + 0.1
72.2
710+ 0.2

La

0.8

414 +0.2
509 + 0.3
46.0

45.8

0.9
412+ 0.1
512 +0.1
23.7+0.1
413 + 0.1
50.9 + 0.5
0.7 £ 0.1
173 £ 0.1
229 +0.1
412+ 0.1
0.9

17.8 £ 0.1
21.8 + 0.1
17.8 £ 0.1
234 +0.1
41.1+0.2
50.1 +04
09 + 0.1
233 +0.1
412 +02
0.8 + 0.7
179 +£0.2
23.1+0.1
40.6 £ 0.3
49.7 + 0.6
236 +0.2
41102
50.6 + 0.1
04

413 £ 0.1
50.9 + 0.1
416 +0.2
512 +0.2
416 +0.2
513 +0.2
45.9

45.9

09 + 0.1
17.5 £ 0.1
234+03
40.6 £ 0.1
50.2 +0.2
0.7 + 0.1
233 +0.1
999 + 0.1
76.6 + 0.1
100.0 + 0.0
76.1 £ 0.2
0.9 + 0.2
992 +0.3
0.9

76.2 +0.2
09 +0.1
100.0 + 0.0
76.6 + 0.3
09+03
763 £ 0.3
17.7 + 0.1
239
32.7+0.1
41.0+03
17.8 £ 0.2
234+0.2
411 £0.2
50.1 +0.4
17.7 £ 0.1
21.8

232 +0.1
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Table 5 (continued )
LasNiqg 0.1 +0.0 67.2 £0.2 32.7+02
La;Nis 0.6 + 04 589 +04 40.8 £ 0.3
19 15 65 20 15.1 63.6 213 as-cast LaNis 179 + 0.1 64.7 + 0.1 17.4 + 0.1
La;Niy 12.8 + 0.6 63.9 + 0.8 233+03
La;Nis 1.8+0.2 578 + 04 404 + 03
20 2 18 80 2.0 18.6 794 as-cast (BLa) 0.0 + 0.0 0.0 + 0.0 100.0 + 0.0
LasNi 0.5+ 0.3 233+03 76.2 + 0.4
eutectic ((aFe)+(pLa)+LasNi) 14 213 773
1.5 21.1 774
21 2 28 70 15 274 711 as-cast (aFe) 98.8 0.6 0.6
LasNis 03 +04 285+ 04 712 + 04
22 2 33 65 1.7 325 65.8 as-cast (aFe) 99.0 + 0.3 02+03 0.8 +£0.1
eutectic (LaNi + La;Nis) 0.1 33.9 66.0
0.1 334 66.5
23 10 45 45 10.5 44.0 45.5 as-cast (yFe,Ni) 92.2 6.7 0.9
LaNi 0.3 +0.2 49.0 + 0.1 50.7 £ 0.2
24 2 68 30 2.0 66.5 315 as-cast LaNis 54+02 76.8 + 0.3 17.8 + 0.2
La;Niz 33+02 733 +04 234 +02
LaNi3 23+0.2 713 +0.3 264 +0.2
LasNiqg 0.2 +0.2 673 +03 325+0.1
La;Nis 0.1 +0.0 58.7 + 0.1 412 +£0.1
1.8 66.6 31.6 660 °C, LaNi3 2.7+0.2 709 + 0.2 264 +0.2
8h LasNiqg 0.5+ 0.5 67.0 + 0.5 325+0.1
La;Nis 0.1 +0.0 58.6 + 0.2 413 +02
25 2 73 25 19 713 26.8 as-cast LaNis 32+01 789 £ 0.2 179 £ 0.1
LasNizo 2.5 753 222
La;Niy 24+ 0.1 74.1 + 0.1 235+0.1
LaNis 1.8 £ 0.1 72.0 £ 0.2 262 +0.1
La;Nig 0.1+0.1 672 +0.1 327 +0.1
La;Nis 0.1 58.5 41.4
19 712 26.9 660 °C, LaNis 21+0.2 713 +£0.2 26.6 + 0.1
15h LasNiqg 0.2 +01 67.0 £ 0.1 328 £ 0.1
26 60 25 15 59.7 254 149 as-cast (yFe,Ni) 88.6 + 0.1 10.7 + 0.2 0.7 + 0.1
27 40 25 35 379 253 36.8 as-cast (yFe,Ni) 954 + 0.1 3.9+0.1 0.7 + 0.1
LaNi 04 + 0.5 48.7 + 0.6 51.0 £ 0.2
La;Ni3 0.0 + 0.0 295+03 70.5 £ 0.3
28 5 45 50 5.1 44.0 50.9 as-cast (aFe) 96.6 2.5 0.9
LaNi 0.0 £ 0.0 48.9 + 0.1 51.1 £ 0.1
La;Ni3 0.0 + 0.0 29.7 + 0.1 704 + 0.1
29 5 35 60 4.6 35.7 59.7 as-cast (aFe) 97.5 1.6 0.9
LaNi 0.0 + 0.0 484 + 0.1 51.6 + 0.1
LasNis 0.0 £ 0.0 289+03 711 +£03
4.6 35.7 59.7 510 °C, (aFe) 97.6 + 0.1 1.5+ 0.1 09 +0.1
6h LaNi 0.2 +0.1 484 + 0.1 514 +0.2
LasNis 0.1 +£0.1 289 +0.2 711 +£03
30 1 27 72 1.1 26.8 721 520 °C, (aFe) 97.5 1.6 0.8
6h LasNis 0.2 283 715
LasNi 0.1 0.1 241 +£0.2 758 +0.2
31 2 20 78 1.9 20.1 78.0 as-cast (BLa) 0.0 + 0.0 0.0 + 0.0 100.0 + 0.0
LasNi 0.2 +0.2 240+03 758 + 0.4
eutectic ((aFe)+(pLa)+LasNi) 14 213 773
13 213 77.4
32 10 75 15 10.0 74.0 16.0 as-cast LaNis 6.9+ 04 758 + 0.3 173 + 0.1
eutectic ((yFe,Ni)+LaNis) 199 68.8 11.3
19.6 69.4 11.0
19.5 69.5 11.2
20.9 68.8 103
33 10 70 20 9.9 69.2 209 as-cast LaNis 121+ 0.1 70.6 + 0.1 174 £ 0.2
LasNizo 9.7 68.5 218
La;Niy 8.8 +04 68.5 + 0.4 22.7+02
10.2 68.6 21.2 850 °C, LaNis 125+ 03 69.7 + 0.3 17.8 £ 0.1
2h LasNiqg 9.7+ 04 68.7 + 0.3 216 £ 0.2
34 8 40 52 7.5 39.8 52.7 as-cast (aFe) 97.6 1.5 0.9
LasNis 0.0 30.2 69.8
LaNi 09 +0.38 48.2 + 0.1 509 + 0.8
35 20 70 10 20.5 69.5 10.0 as-cast LaNis 10.1 + 0.1 729 £ 0.1 17.0 + 0.1
(yFe,Ni) 349 + 04 644 + 0.5 0.7 + 0.2
eutectic ((yFe,Ni)+LaNis) 20.62 69.65 9.74
20.68 69.43 9.89
20.99 69 10
20.05 69.98 9.97
36 25 40 35 239 39.5 36.6 as-cast (yFe,Ni) 90.6 +£ 0.2 8302 09 +0.1
La;Nis 1.3+0.5 572 +04 415+02
LaNi 0.1 +0.1 48,5 + 0.2 514 +0.2
42 20 60 20 18.9 60.1 21.0 790 °C, (yFe,Ni) 89.2 10.1 0.7
8h LasNijo 15.9 + 0.1 62.6 + 0.1 215+ 0.1
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Fig. 7. Microstructure of as-cast alloys of the La—Ni—Fe system:

a — 10Fe—55Ni—35La (#5), x 2000, (yFeNi) + LaNis -+ La;Niy + LapNis + LaNi;

b — 25Fe—55Ni—20La (#11), x 2000, (YFe,Ni) + LaNis + La,Ni; + LaNis + LaNi;

¢ — 10Fe—75Ni—15La (#32) x 1000, LaNis + eutectic ((yFe,Ni) + LaNis);

d — 10Fe—70Ni—20La (#33), x 2000, LaNis +LasNiqg + LayNiz + LaoNis;

e — 2Fe—73Ni—25La (#25) x 2000, LaNis + La;Ni; + LaNis + LasNiyg + LayNis;

f — 10Fe—60Ni—30La (#4) x 2000, LaNis + La;Niz + La,Nis + LaNi;

g — 20Fe—70Ni—10La (#35) x 2000, eutectic ((yFe,Ni) + LaNis);

h — 2Fe—21Ni—77La (#13), x 2000, (aFe) + LasNi + (BLa);

i — 10Fe—10Ni—80La (#14), x 2000, (yFe,Ni) + (BLa) + LasNi;

j — 8Fe—40Ni—52La (#34) x 2000, (aFe) + LaNi + eutectic (LaNi + La;Nis);

k — 5Fe—55Ni—40La (#6), x 2000, LayNi7 + LayNi3 + LaNi + eutectic (LaNi + LayNis3);
1 — 1Fe—52Ni—47La (#9), x 300, LaNi + La;Ni; + eutectic ((«Fe) + LaNi + La;Nis).

(yFeNi) + LaNis + LasNiyg, (yFeNi) + LasNijg + LapNiy
(yFe,Ni) + (aFe) + LayNiz, (aFe) + LapNi; + LapNis,
(aeFe) + LaNi + LayNis, (aFe) + LaNi + LayNis, (aFe) + LasNi + La7Nis,
(aFe) + LasNi + (BLa) and appropriate two-phase regions. Two
narrower three-phase regions without the participation of the
(yFe,Ni) and (aFe)-phases are present in the La—Ni—Fe system:
LayNi7 + LaNi3 + LayNi3 and LayNi3 + LaNi3 + La7Nijg. The corners
of these triangles were plotted using the microprobe results for
individual phases (Table 5). The solidus temperatures of three-
phase regions, as measured by DTA (Table 4), are shown in the
solidus projection (Fig. 6 b).

Fig. 8 a represents the micrograph of sample #3 annealed at
subsolidus temperature (815 °C, 6 h). Evidently, this alloy is in a
three-phase equilibrium (yFe,Ni) + LaNis + LasNiqg. The boundaries
of this three-phase region were established based on SEM and
EPMA data. The heating curve of this alloy shows an invariant effect
at 824 °C (Table 4). In samples ##4, 5, 11, 38, 40—42 the thermal
effect at 824 °C was also observed, corresponding to four-phase
invariant equilibrium L + (yFe,Ni) + LaNis + LasNijg and resulting
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in formation of narrow (yFe,Ni) + LaNi5 + LasNijg solidus region.
Consequently, this three-phase region forms via transition type
reaction Ly; + LaNis 2 (yFe,Ni) + LasNiqg at 824 °C.

Existence of (yFe,Ni) + LapNiy; (alloys #41 and #42) and
(YFe,Ni) + LasNiqg (alloy #11) two-phase equilibria suggest that
there should be a three-phase (yFe,Ni) + LayNi7 + LasNijg equi-
librium. This three-phase region is narrow, and there were no alloys
within it, so exact location was not established. However, it cannot
differ significantly from that shown in Fig. 6 b due to the proximity
of neighboring three-phase areas. The heating DTA curves of the
alloys ##4, 5, 11, 38, 40—42 show an invariant effect at 795 °C,
which can be ascribed to four-phase invariant equilibrium
L + (yFe,Ni) + LaaNiy + LasNiyg, resulting in formation of narrow
(yFe,Ni) + LayNiy + LasNijg solidus region. This three-phase region
forms via transition type reaction Ly + LasNijg 2 (yFe,Ni) + LayNiy
at 795 °C.

The three-phase microstructure of annealed at subsolidus
temperature (660 °C during 6 h) sample #4 allows to locate this
sample within the (aFe) + LapNiy + LapNis triangle. Three phases
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Fig. 8. Microstructure of annealed at subsolidus temperatures alloys of the La—Ni—Fe system:
a — 30Fe—55Ni—15La (#3), 815 °C, x 2000, (yFe,Ni) + LaNi5 + LasNio;

b — 10Fe—60Ni—30La (#4), 660 °C, x 2000, (aFe) + La,Niy + La,Nis;

¢ — 2Fe—68Ni—30La (#24), 660 °C, x 2000, La;Ni;g + LayNiz + LaNis;

d — 1.5Fe-52.5Ni-46.0La (#1), 640 °C, x 1000, (aFe) + La,Nis + LayNis + LaNi;

e — 5Fe—35Ni—60La (#29), 510 °C x 2000, (aFe) + LaNi + La;Nis;

f — 5Fe—10Ni—85La (#12), 510 °C, x 2000, (BLa) + LasNi + (aFe).
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can be well distinguished in microstructure of this alloy (Fig. 8 b).
The composition of the solid phases in this equilibrium was
measured by microprobe method (Table 5). The heating curve of
this alloy, as well as alloys ##5, 17, 26, 38, 40, shows an invariant
effect at 665 °C (Table 4). Therefore, this three-phase region also is
formed via a U-type reaction Lyg + LagNi; = (aFe) + LayNiz at
665 °C.

In view of existence of the isothermal planes
(yFe,Ni) + LagNi7 + LasNijg and (aFe) + La;Niy + LayNis (see above),
the very narrow isothermal plane (yFe,Ni) + (aFe) + LayNi; should
also exist. Even though there is no experimental evidence con-
cerning the exact position of this region, it could not differ sub-
stantially from that shown in Fig. 6 b. The position of the vertices of
the respective tie-line triangle was determined from the mutual
arrangement of the regions of phase homogeneity. DTA curves of
the samples ##5, 11, 26, 38, 40—42 contained the thermal effect at
about 720 °C, which was ascribed to the solidus temperature of this
region. This three-phase region also is formed via transition type
reaction Lys + (yFe,Ni) 2 (aFe) + LayNiy at 720 °C.

Two very narrow three-phase regions La;Nijg + La;Ni3 + LaNi3
and LapNi7 + LaNis + LapNis with the participation of the LaNij
phase are present on the solidus surface of the La—Ni—Fe system.
The microphotograph of the sample #24 annealed at the subsolidus
temperature (660 °C during 8 h) is shown in Fig. 8 c. This sample is
placed in the tie-triangle LasNiyg + LapNi3 + LaNiz and its micro-
structure clearly shows these three phases. The composition of the
solid phases in this equilibrium was measured by microprobe
method (Table 5). The heating curve of this alloy shows an invariant
effect at 668 °C (Table 4). There were no alloys within the three-
phase region LapNiy + LaNi3 + LayNis, so exact location of the
La;Ni; corner was not established. However, it cannot differ
significantly from that shown in Fig. 6 b because the alloy #18 is
two-phase LayNi; + LayNisz. The solidus temperature of this
isothermal plane was estimated as 667 °C. Both three-phase re-
gions La;Nijg + LayNis + LaNis and LayNi; + LaNis + LapNis are
formed by transition type reactions Ly4 + LayNijg 2 LaNis + LayNis
and Lys + LaNi3 2 LayNiy + LayNis at 668 and 667 °C, respectively.

The alloy #1 annealed at subsolidus temperature (640 °C during
6 h) is located in three-phase region (aFe) + La;Nisz + LaNi (Tables 4
and 5, Fig. 8 d). According to the DTA data of this alloy, as well as
alloys ##6, 7, 9, 36, the temperature of the corresponding
isothermal plane is 652°C (Table 4). This three-phase region is
formed due to the occurrence of four-phase invariant equilibrium
of the eutectic type L = (aFe) + LayNis + LaNi at 652 °C. Location of
the invariant liquid point within this three-phase field in the soli-
dus projection evidence that equilibrium is of eutectic type. The
eutectic type of this equilibrium is also confirmed by observation of
the ternary eutectic ((aFe) + LayNi3z + LaNi) on microstructure of
the alloys ##1, 8, 9 (Fig. 7 1). Composition of this eutectic was
established by the microprobe method for these alloys. Moreover,
the solidus temperature of the three-phase field
(aFe) + LayNis + LaNi is lower than the temperature of the eutectic
L =2 LayNi3z + LaNi (DTA analysis of the binary alloy 45La—55Ni
(Fig.1 e, Table 2) indicates the temperature of the eutectic reaction L
2 LayNisz + LaNi to be 658 °C).

The existence of the three-phase region (aFe) + LaNi + La;Ni3
and its location were established based on the results of SEM and
EPMA of alloy #29 which was annealed at 510 °C during 6 h
(Tables 4 and 5, Fig. 8 e). The microstructure of this sample defi-
nitely shows three phases: dark, grey and light-grey (Fig. 8 e). These
correspond to (aFe), LaNi and LasNis, respectively. The heating
curves of this alloy, as well as alloys ##22, 27, 28, 34, 37, show that
the temperature of the respective isothermal plane
(aFe) + LaNi + La;Nis is 524 °C (Table 4). This three-phase region of
the solidus surface results from a four-phase invariant transition

type reaction Ly7 + (aFe) = LaNi + La;Nis at 524 °C, rather than a
eutectic type. The arguments for this conclusion are as follows: (1)
the solidus temperature of the field (a«Fe) + LaNi + LasNis is higher
than the temperature of the eutectic L = LaNi + LajNi3 (DTA
analysis of the almost eutectic binary alloy 65La—35Ni indicates the
temperature of the eutectic reaction L = LaNi + La;Nis3 to be 523 °C
(Fig. 1 f, Table 2)); (2) in alloys ##22, 27—29, 34, 37 the binary
eutectic (LaNi + La;Ni3) was observed. This could not have been
observed in these alloys if the invariant equilibrium was of the
eutectic type L 2 (aFe) + LaNi + LayNis.

According to the SEM and EPMA results the alloy #30, annealed at
the subsolidus temperature (520 °C/6 h), is located in the three-
phase (aFe) + LasNi3 + LasNi region. The DTA curves of samples
##10, 21, 30 shows the solidus temperature 532 °C (Table 4), indi-
cating their location within the same three-phase region
(aFe) + LayNiz + LasNi. This three-phase region also forms via
eutectic type reaction Lg; = (aFe) + LayNi3 + LasNi at 532 °C. The
eutectic type of this equilibrium is also confirmed by observation of
the ternary eutectic ((e.Fe) + LasNi + LayNi3) on microstructure of the
alloys #21 and #30. Moreover, the solidus temperature of the three-
phase field (2Fe) + LasNi + La;Nis is lower than the temperature of
the binary eutectic L 2 La3Ni + LayNiz (DTA analysis of the binary
eutectic alloy 74.5La-25.5Ni (Fig. 1 g, Table 2) indicates the temper-
ature of the eutectic reaction L = LasNi + LayNis to be 534 °C).

The boundaries of three-phase region (aFe) + LasNi + (BLa)
were established based on SEM and EPMA data for the three-phase
alloy #12 annealed at the subsolidus temperature (510 °C/6 h)
(Tables 4 and 5, Fig. 8 f). In microstructure of this alloy, which is
shown in Fig. 8 f, three phases (aFe) 4 LasNi + (BLa) are well
distinguished. The temperature of this isothermal plane was
measured as 524 °C (Table 4). This three-phase region also forms
via eutectic type reaction Lg3 = (aFe) + LagNi + (BLa) at 524 °C. The
eutectic type of this equilibrium is confirmed by observation of the
ternary eutectic ((aFe) + LasNi + (BLa)) on microstructure of the
alloys #20 and #31. Composition of this eutectic was established by
the microprobe method for this alloy. Moreover, the solidus tem-
perature of the three-phase field (aFe) + LasNi + (BLa) is lower than
the temperature of the eutectic L = LasNi + (BLa) (DTA analysis of
the binary eutectic alloy 77La—23Ni indicates the temperature of
the eutectic reaction L = LasNi + (BLa) to be 531 °C (Fig. 1 h,
Table 2)).

The superposition of the liquidus and solidus surfaces, shown as
the melting diagram, is given in Fig. 6 c. The three-phase regions of
the solidus surface are the result of three eutectic type and
remaining U-type four-phase invariant equilibria Ly; + LaNis =
("{FE,Ni) + LasNijg, Lyz + LasNijg 2 (yFe,Ni) + LapNiy, Lys + (yFe,Ni)

Table 6
Invariant equilibria in the La—Ni—Fe system.

Type Invariant equilibria Temperature, °C Composition of

liquid, at.%

Fe Ni La
Uy Ly1 + LaNis 2 (yFeNi) + LasNi;g 824 6 56 38
U, Lyz + LasNijg 2 (yFe,Ni) + LapNi; 795 55 555 39
Us Lus + (YFe,Ni) 2 (aFe) + LayNiy 720 45 55 405
Uy Lys + La;Niyg 2 LapNis + LaNis 668 1 56.5 425
Us Lys + LaNi3 2 La,Ni7 + LayNis 667 1.5 56 425
Us Lys + LagNi; 2 (aFe) + LayNis 665 25 54 435
Uy Ly7 + (aFe) 2 LaNi + LasNi3 524 0.5 34 655
Eq Lg1 2 (aFe) + LayNis + LaNi 652 1.8 523 459
E, Lpp =2 (!‘LFE) + LasNi + La;Nis 532 1 25 74
Es Lgs 2 (PLa) + (aFe) + LazNi 525 14 213 773
e1 L.y = (yFeNi) + LaNis 1302 205 69.5 10.0
es Ls 2 (aFe) + LaNi 655 1 49 50
e7 L7 2 (aFe) + LasNi 533 1 26 75
eg L.g = (aFe) + LasNi3 >532 1 29 70
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Fig. 10. Scheil reaction scheme for solidification of the La—Ni—Fe alloys.

2 (aFe) + LagNiy, Lys + LayNijg 2 LayNis + LaNis, Lys + LaNiz 2
LayNiz + LapNis, Lyg + LayNi; 2 (aFe) + LayNis, Lyy + (aFe)=
LaNi + LasNi3, Lgg 2 (aFe) + LaNi + LaNis, Lg
(aFe) + LasNi + LayNis, Lgz = (aFe) + LasNi + (BLa), taking place at
824,795, 720, 668, 667, 665, 524, 652, 532 and 525 °C, respectively.

The monovariant curves L = (Ni) + LaNis, L 2 (aFe) + LaNi,L 2
(aFe) + LasNi3 and L = (aFe) + LasNi have saddle points corre-
sponding to the folds of maximum temperatures on the solidus

=

surface (yFe,Ni) + LaNis, (aFe) + LaNi, (aFe) + LasNi and
(aFe) + LayNiz at 1302, 655, 533 and > 532 °C, respectively. All
invariant equilibria are summarized in Table 6. Fig. 10 shows the
Scheil reaction scheme for the solidification of the La—Ni—Fe alloys.

In general, the solidus projection of the La—Ni—Fe system con-
structed in this work is somewhat contradictory to the isothermal
sections at 400 °C [35] and 550 °C [37]. Differences can be formu-
lated as follows:
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1. The isothermal sections at 400°C [35] and 550 °C [37] do not
include the binary compound LasNijg9 and consequently do not
show equilibria with its participation.

2. Instead of (aFe) + LayNijg two phase equilibrium, shown by
Ref. [37] at 550 °C, alternative equilibrium La;Ni7 + LayNi3 exists
at the solidus temperature, as shown by us, and at 400 °C [35].
Possibly, between the solidus temperature and 550 °C phase
transformation occurs, resulting in equilibria, established by
Ref. [37]. However, this does not explain the existence equilib-
rium LayNi; + LaNis, which was found by Refs. [35] at 400 °C.

3. The LaNi; compound reported in the work [35] at 400 °C cannot
exist. The LayNijg compound should exist instead of LaNis.

4. The isothermal section at 400°C reported in the work [35] does
not include the binary compound LasNi and consequently do not
show equilibria with its participation.

5. Conclusions

The phase diagram of the binary La—Ni system is revised. Phase
equilibria in the La—Ni—Fe system over the whole concentration
range during solidification have been studied for the first time
using DTA, X-ray diffraction, SEM and electron probe microanalysis.
Liquidus and solidus projections, as well as the melting diagram
and a Scheil reaction scheme were constructed for this system.

This study shows several important points:

1. The existence of nine compounds LaNis, LasNijg, LapNi7, LaNis,
La;Nijg, LagNis, LaNi, La;Ni3 and LasNi and five eutectic reactions
in the La—Ni system were confirmed. Only LaNi5 phase has some
homogeneity range.

2. The phases LaNis, LasNijg and La;Ni7, originating from the binary
La—Ni system, have the widest homogeneity ranges in the
La—Ni—Fe system. At the solidus temperature these phases
dissolve up to 21.9, 16.1 and 14.0 at.% Fe, respectively.

3. The liquidus surface of the La—Ni—Fe system is characterized by
13 primary solidification fields of the component-based solid
solutions and solid solutions based on binary phases. The
(yFe,Ni)-phase has the widest region of primary crystallization.

4. The solidus surface of the La—Ni—Fe system is characterized the
presence of 10 three phase regions formed by invariant four-
phase equilibria: three of them are of the eutectic type and
the remaining are of the U-type.
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