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Dear Professor

I am submitting herewith a manuscript titled “Microstructure evolution and phase analysis
of SmeoNiso alloy” by G.Vijayaragavan, D. Prabhu, M. B. Ponnuchamy, K. R. S. Preethi
Meher, Ravi Gautam, Mainak Saha, R. Gopalan, K. G. Pradeep, to be considered for
publication in Intermetallics.

Sm based binary alloy systems with low melting eutectics are studied with interest as
they are considered potential bonding materials for consolidation of Sm-Fe-N magnets at low
temperatures. Sm-Ni is one such system with one of the eutectic reactions at 630 °C. In this
report, we present the experimental results on the microstructure and phase evolution of the
Sm60NI40 alloy both in as cast and annealed (630 °C for 100 hr) states in comparison with the
thermodynamically predicted phase formation sequence at various temperatures. Interestingly,
we were able to stabilize significant (80% area fraction) proportion of the high temperature
stable Sm3Ni2 phase at room temperature. Though the crystal structure of this phase is reported
in Open quantum material database OQMD to be rhombohedral based on DFT calculations
with certain assumptions, in the present work our experimental observation is providing a new
information i.e. the structure of SmsNi2 being Monoclinic in contrast from the one reported
in OQMD. We have also resolved the crystal structural of SmsNi2 phase using XRD Rietveld
analysis an information which was not available in literature prior to this work. Further, we
have also reported the magnetic properties of this phase in this paper.

We believe the information provided in this paper is novel and would be most suitable
to the journal exclusively dedicated to “intermetallics”, and we hope you will find it worthy of
publication in your valued journal.

Thank you

Yours sincerely
On behalf of the team of authors,

(D PRABHU)



Highlights

Highlights of the paper

e The paper reports the structural and magnetic properties of a high temperature stable
SmsNi2 phase, not reported experimentally earlier in literature to the best of our
knowledge.

e The structure is determined to be monoclinic (space group C2/m) with a Curie

temperature of 110 K.
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Abstract:

The paper investigates the microstructure evolution and phase analysis of the SmeoNiso alloy.
The arc melted sample retained the high temperature stable (> 600 °C) Sm7Niz and SmsNi;
phases along with the congruently melting SmNi phase. Annealing the as-cast sample at 630
°C for 100 hours stabilized the high temperature stable (600 °C - 630 °C) SmsNiz phase.
Rietveld refinement was performed to resolve the crystal structure of SmsNi, phase and it was
observed that SmsNi2 phase stabilizes in monoclinic crystal structure (space group: C2/m) with
a lattice parameter of a=13.49 A, b=3.75 A, ¢=9.68 A and p=106.6°. The Curie temperature of
the SmaNi2 phase was determined to be ~110 K. The high squareness ratio of 82% along with
high coercivity of 3 T indicates that the SmsNi2 phase possess spontaneous uniaxial magnetic

anisotropy.
Keywords: Sm-Ni alloy, Annealing, Microstructure, Magnetic property and Crystal structure
1. Introduction

Recently, Sm-based low melting eutectics are being explored in literature as a potential metal
binder for consolidation of Sm-Fe-N due to its good wettability and strong reducing ability [1].
In particular, Sm-Cu and Sm-Ni based alloy systems with eutectic melting points below the

decomposition temperature of Sm2Fe17Nz are considered prospective materials.

Sm-Ni binary system consisting of multiple eutectic compositions could be explored for its
suitability as an ideal binder alloy. Recently, a few reports emerged investigating the phase
formation in Sm-Ni system. Pan et al. [2] studied the Sm-Ni system across the entire
composition range and developed the phase diagram using differential thermal analysis and X-
ray diffraction techniques. SmNi and SmNis, SmsNi were identified to be congruently melting

phases while, SmNi2, SmNis, Sm2Ni7, SmsNiig and SmzNiy7 phases form by peritectic reaction.
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The binary Sm-Ni phase diagram has further been evaluated by Xuping et al. [3] and the
observations were consistent with the reported literature. Independently, G. Borzone et al. [4]
reported the formation of two new metastable phases SmzNi> and Sm7Nis by peritectic reaction
which decompose at temperature below 600 and 619 °C respectively. The crystal structure of
the Sm7Nis phase was reported based on the indexing of diffraction pattern to hp20-FesTh;
structure type. To the best of our knowledge, no experimental data has been reported for the
crystal structure of SmsNiz apart from the one available in the open quantum data base which
is theoretically predicted structure using density function theory calculations [5][6]. However,
intermetallic phases with composition RsNi, form via peritectic reaction as reported in the
literature for R = Th, Dy, Ho, Er, Y and Gd. The crystallographic information is also available
for ThsNiz, DysNi2, HosNi2, ErsNiz and GdsNi> compounds. Monoclinic structure for ThaNi2
and DysNi2 [DysNi2 type, mS20, C2/m] [7], hexagonal for ErsNi2 [ErsNiz type, hR45, R-3] [8]
and tetragonal structure for Y3Ni2 [Y3Ni2 type , tP80 , P412:2] [9] exist. The HozNi: exist at
low temperature [DysNi2 type, mS20, C2/m] [7] as well as at high temperatures [EraNia type,
hR45, R-3] [8]. Recently, monoclinic structure was reported for GdsNi2 [DysNi2 type, mS20,
C2/m] with lattice parameters [a = 1.3418, b = 0.372, ¢ = 0.9640 nm and 3 = 106.2 °] [10]. In
this study, we have investigated the Sm-Ni system close to the eutectic reaction (E3) having
substantially lower reaction temperature (623 °C) as indicated in Fig. 1a. i.e. a fixed Ni content
of 40 at. % towards understanding the microstructure evolution, phase stability and their

magnetic properties.

2. Experimental details

The SmeoNigo (at. %) composition was melted using vacuum arc melting technique under inert
Argon atmosphere. Elemental Samarium (Sm) and Nickel (Ni) with purity higher than 99.9%
was used for preparing the alloy ingots. To compensate for the losses during melting, 1 wt.%

excess Sm was added. In order to understand the phase formation as a function of temperature,
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Sm-Ni phase diagram was generated using CALPHAD (Calculation of Phase Diagram)
approach with the thermodynamic data available elsewhere [NIMS CPDDB
(https://mits.nims.go.jp)] [11], [12]. The annealing temperature of 630 °C for 100 hours just
above the corresponding eutectic reaction temperature (i.e. 623 °C for the composition under
study) was determined from the phase diagram in order to obtain a homogeneous
microstructure. The arc melted bulk alloy ingot was wrapped in a tantalum foil and sealed in a

quartz tube filled partially with argon for heat treatment.

Phase analysis and crystal structure investigation were carried out by X-Ray diffraction (XRD)
using Cu-k, radiation (Panalytical, X’pert pro, Netherlands). The XRD patterns were obtained
from fine powder samples by crushing the as-cast and annealed ingots. Phase identification of
the as-cast sample was performed utilizing crystallographic data from the Inorganic Materials

Database (Atom Work) of NIMS, Japan (https://mits.nims.go.jp) [13]. The XRD pattern of

annealed samples were subjected to Rietveld refinement using Fullprof software for discerning
the different phases. Crystal structure information of RaNi2 stoichiometry phases with other
rare earths such as Th, Dy, Ho, Er, Y, Gd is available in literature [10]. The XRD patterns
were fit using pseudo-Voigt profile with axial divergence asymmetry. Microstructure imaging
and composition analysis was performed using FEG-Scanning electron microscope (SEM)
(Zeiss, Merlin Compact, Germany) attached with an energy dispersive X-ray spectrometer
(EDS) (EDAX, Octane plus, USA). Three-dimensional elemental distribution analysis at near
atomic-scale was performed using a local electrode atom probe tomography (LEAP) (Cameca,
5000XR, USA). Site-specific atom probe tomography (APT) tips was prepared using a dual-
beam Focused ion beam (FIB) (Thermofisher scientific, Helios G4 UX) following the lift out
procedure described elsewhere [14],[15]. APT measurement was carried out in the laser pulsing
mode with laser pulse frequency of 250 kHz and 30 pJ pulse energy while the tips were

maintained at 60 K. Data reconstruction and analysis was performed using IVAS 3.8.10
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software provided by Cameca Inc. The magnetic properties were measured using Physical
property measurement system (PPMS) with vibrating sample magnetometer attachment
(Quantum Design, Dynacool, USA). The Magnetisation (M) vs Applied Field (H)
measurements were carried out from 300 K down to 20 K by applying a magnetic field between
+9 T to -9 T. Thermomagnetic (Zero field cooled and Field cooled) measurements were carried

out in the temperature range of 20 K to 300 K with an applied field of 0.05 Tand 5 T.

3. Results and Discussion

Fig. 1la shows the generated equilibrium phase diagram of Sm-Ni. It can be noticed that 3
different eutectic reactions namely, E1 (1275 °C), E2 (821 °C) and E3 (623 °C) are possible,
and it can be observed that the reaction temperature decreases with increasing Sm content.
Table 1 summarizes all the possible reactions and the associated phases that are products of the
various reactions [12]. The enlarged portion (in fig. 1b) shows the phase field around E3 where
the composition under study lies. The schematic of microstructure evolution as a function of
temperature is shown for the desired composition of SmeoNiso in fig. 1b. Accordingly, the ideal
microstructure at room temperate should consist of SmNi and SmsNi with phase fraction of 60
and 40 vol.% respectively. Fig. 2(a) shows the backscattered electron (BSE) image of the as
cast sample. Three different phases corresponding to varying contrast (dark, white, and grey
phase) are identified. To estimate the composition of the individual phases, EDS line scan was
performed along the red dotted line shown in fig. 2(a) cutting across the three phases. The
concentration profile obtained from EDS is shown in fig 2(b) and the three phases could be
identified as SmNi (dark), Sm7Nis (white) and SmaNi: (grey). The intensity distribution of Sm
and Ni in the elemental map (fig. 2 (c & d)) is in agreement with the concentration profile. The
as-cast microstructure consisting of high temperature stable SmsNiz and SmsNi> phases
retained along with SmNi suggests non-equilibrium solidification of the molten liquid due to

the water-cooling of the copper mold used in the arc melting furnace. According to fig. 1b,
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SmNi should be the first solid phase emerging out of the SmeoNiso liquid phase at 850 °C as
indicated in the schematic. Upon further solidification, a peritectic reaction between the
remaining liquid and SmNi solid phase is expected at 630 °C. The observation of SmsNi2 being
spatially separated from the SmNi phase suggests the suppression of peritectic reaction [P1 in
table.1]. The remaining liquid therefore should have undergone eutectic solidification at 623
°C resulting in the formation of 17 VVol.% SmasNi2 and 43 VVol.% SmzNis phases. However, the
thermodynamically predicted phase fraction of SmsNi2> and Sm7Nis phases at 623 °C are 12

Vol.% and 46 Vol. % respectively, indicating no further phase change.

Fig 3. shows the XRD powder diffraction pattern of the as-cast sample. Most of the peaks
correspond to the SmNi and Sm7Niz phases. Few unknown peaks were observed which did not
correspond to either of the phases. it is plausible that SmsNi, phase (detected in SEM analysis)
could contribute to diffraction resulting in the observation of additional peaks. However, it
should be noted that, peak position was not in agreement with crystal structure predicted in

OQMD for SmsNi: [5][6].

Therefore, to obtain equilibrium microstructure, the sample was annealed at 630 °C for 100 h
based on fig. 1b followed by furnace cooling. Fig. 4 shows the Rietveld refined XRD pattern
for the annealed sample which indicates the presence of SmsNi> and SmNi phases. The
microstructure of the annealed sample is shown in fig. 5a which contains three different regions
of varying contrast. The grey contrast region appears to be the major phase while the dark and
white regions are present as minor fractions. SEM-EDS line scan was carried out along the red
dotted line shown in fig. 5a cutting across all three contrasting regions to obtain their local
chemical composition. Fig. 5b shows the concentration profile and based on the contents of
Sm and Ni present, the three phases were identified to be SmsNi. (~80 % area fraction, grey
phase), SmNi (~10 % area fraction, dark phase) and SmsNi (~10% area fraction, white phase).

The elemental maps of Sm and Ni corresponding to the BSE image in fig. 5a confirm the
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presence of three phases. The sporadic distribution of equilibrium SmNi and SmsNi phases
along with their spatially separated nature suggest that the precipitation of these two phases are
due to the partial decomposition of the SmsNi. phase below 600 °C. Further, close observation
of the SmsNi precipitate (in fig. 5¢) revealed an intragranular phase contrast which are distinct,
indicative of the coexistence of multiple phases within, possibly in their metastable states.
SEM-EDS line scan performed along the dotted line in fig. 5¢ does not show any significant
variation in chemical composition across the metastable region which was also confirmed by
the elemental mapping in fig. 5d. To further ascertain their phase constituents, site-specific
APT measurement was performed along the multiphase contrast (metastable) region. Fig. 6a
shows the elemental distribution map of Ni which appears to be inhomogeneous. 1D
concentration profile along a 10 nm diameter cylindrical region of interest indicates local
composition variations corresponding to Sm, SmNi, SmzNi and Sm-Ni-O. To further visualize
the distribution of Oxygen rich regions, and to determine their local chemical composition, an
8 at.% isoconcentration surface was used to delineate the atom map of O as shown in inset of
Fig. 6b. The proximity histogram corresponding to one of the O rich regions (marked in
rectangle) is constituted with 24.9 £ 0.89 at.% O, 15.8 + 0.75 at.% Ni and 59.1 + 1.01 at.% Sm.
Significant amount of O seems to have been incorporated in the sample post-annealing even
though annealing was performed under controlled Ar atmosphere. Based on the APT
determined local chemical composition, it can be inferred that the Oxygen rich regions could
be metastable and may not be related to any stable oxide phases. However, the SmsNi> is
resolved to be monoclinic with space group C2/m. The refined lattice parameter values are a =
13.487 A, b =3.754 A, and ¢ = 9.682 A & B = 106.6° different from the crystal structure and
parameters reported in the OQMD for this structure [5][6]. However, it could be noted that the

reported data is similar to isostructural GdsNi: reported by et al [10].
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Having stabilized significant fraction (80% area fraction) of high-temperature stable SmsNi>
phase in the annealed condition, detailed magnetic property evaluation has been performed.
The temperature dependent magnetization measured with an applied field of 500 Oe for the as-

cast alloy is shown in fig. 7a which shows two magnetic transitions. The first transition
identified as Tc1 at 45 K correspond to the curie temperature of SmNi compound which was
found to be in good agreement with the value reported in literature [16],[17]. The second Curie
transition identified as Tc2 at 110 K should be that of either Sm7Nis or SmsNiz, but it could not
be ascertained as the magnetic properties of these high temperature phases are not yet reported.

Fig.7b shows the hysteresis loop measured for the as-cast alloy at 20 K (below Tc1), 100 K

(below Tc2) and 120 K (above Tc2). The hysteresis loop at 20 K exhibited a two-phase
behaviour suggesting that two ferromagnetic phases are magnetically decoupled. At 100 K
(above the Tc of SmNi phase), a well-defined hysteresis loop can be observed with a coercivity
of 1 kOe corresponding to either of Sm7Niz or SmsNi; phases. At 120 K, the hysteresis vanishes

and a linear change in magnetization typical of a paramagnetic behaviour observed since it is

well above the curie temperature of all the ferromagnetic phases present in the as-cast alloy.

Figure 8a. shows the temperature dependent magnetization curve measured for the annealed

sample which contains ~80% (area fraction) of SmsNi2 phase. The Curie transition at 45 K

(Tca i.e. of SmNi) was observed but only as a small slope change due to the low volume fraction

of the SmNi phase present in the annealed sample. Whereas the T¢2 remained similar to the as-

cast sample at 110 K. The inset shows the derivative of the M vs T to clearly identify the two
Curie transition temperatures. Based on the SEM microstructure obtained area fraction of
phases and taking into account the thermomagnetic behaviour of the as-cast and annealed
samples, the transition at 110 K should correspond to the Curie temperature of SmsNi> phase.

The Sm7Nis and Sm3Ni phases present in the as-cast and annealed samples respectively may
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be diamagnetic or have a Curie temperature below 5 K. The hysteresis loop of the annealed
sample shown in fig. 8b is similar to the as-cast sample for the 120 K and 100 K. The dominant
SmsNi2 phase present in the annealed sample exhibits a very high coercivity ~3 T at 20 K. The
high coercivity and squareness (82%) of the hysteresis loop clearly suggests that the SmsNi> is
a hard magnetic phase with high uniaxial anisotropy. The high magnetocrystalline anisotropy
of the Sm3Ni2 phase could be due to the Sm ion having a positive Stevens coefficient (ay =4
x 107) [18] with a prolate shell [19]. The large separation distance between the zero-field
cooled and field cooled thermomagnetic measurements carried out at an applied field of 5 T
for the annealed sample shown in fig. 8b as inset further confirms the strong anisotropy of the
SmsNi2 phase [20]. Recently, it was reported that Sm based alloys could act as binders for the
consolidation of Sm-Fe-N powders. The magnetic properties of the binder alloy which will be
present in the intergranular/interparticle regions is crucial and is considered favourable if they
are paramagnetic as they can decouple the ferromagnetic interactions. The paramagnetic nature
of SmsNi> phase at room temperature highlights the possibility of further exploration as a

potential binder material towards consolidation of Sm-Fe-N based bulk magnets.
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4, Summary

The microstructure evolution, phase formation and magnetic properties of SmeoNiso alloy both
in as cast and annealed (630 °C for 100h) conditions were investigated. The major observations

are summarized below,

1. Significant fractions (~80% area fraction) of high temperature stable SmsNi can be
stabilized at room temperature by annealing the as-cast material slightly above the E3
temperature.

2. The crystal structure of SmsNi> phase has been determined using XRD Rietveld
analysis to be monoclinic.

3. At room temperature SmsNi2 phase is paramagnetic which can exhibit high uniaxial
magnetocrystalline anisotropy below 110K.

4. The very high coercivity of ~ 3 T observed at 20 K combined with 82% squareness

ratio confirms the hard magnetic nature of SmsNi; phase.

Based on the above observations, it can be concluded that appropriate heat treatment protocols
could be devised to synthesize phase pure SmsNi> alloy which offers the potential of utilizing

them as binder material for the synthesis of high-performance Sm-Fe-N based bulk magnets.
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Table.1. shows reaction in enlarged portion of the Sm-Ni phase diagram [12]

Reaction Type Temperature (°C) ID

L — a-Sm + Sm2Ni7 Eutectic 1275 El
L — SmNi + SmNi> Eutectic 821 E2
L — SmsNi2 + Sm7Ni3 Eutectic 623 E3
L + SmNi — SmaNi> Peritectic 630 P1
L + Sm3sNi — Sm7Nis Peritectic 652 P2
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Figure captions

Fig. 1 a) Sm-Ni binary phase diagram b) Enlarged region around the SmeoNis composition

with the inset schematic presenting the evolution of phases and microstructure as a function of

temperature.

Fig. 2 (a) SEM-BSE microstructure of the as cast SmeoNiso alloy; (b) 1D concentration profile

obtained along the dotted line (red color) in (a); EDX elemental map of (¢) Sm and (d) Ni.

Fig. 3 X-ray diffraction pattern of the as cast sample obtained in powder form.

Fig. 4 X-ray diffraction pattern (red) of the annealed sample (630 °C for 100h) in powder form

overlayed with the Rietveld refined pattern (in black).
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Fig. 5 (@) SEM-BSE microstructure of the annealed sample (630 °C for 100h); (b) 1D
concentration profile obtained along the dotted line (red color) in (a) along with the
corresponding elemental maps of Sm and Ni. (c) Magnified SEM-BSE image of the SmsNi
precipitate showing the metastable intragranular region; (d) 1D concentration profile obtained
along the dotted line (red color) in (c) along with the corresponding elemental maps of Sm and

Ni.

Fig. 6 a) Elemental distribution map of Ni along with the 1D concentration profile obtained
along a 10 nm diameter cylindrical region of interest with 0.5 nm bin width; (b) Oxygen rich
regions in the elemental map (inset) delineated with 8 at.% isoconcentration surface and the
representative proximity histogram obtained from the rectangular (red color) region with 0.1
nm bin width. Inset SEM-BSE micrograph also shows the region of interest (ROI) from where

site-specific APT tips were prepared for composition analysis.

Fig. 7 a) Thermomagnetic curve of the as-cast sample showing two curie transitions at Tc1 and
Tco; b) Hysteresis loop measured at various temperatures showing the magnetic property of the

as-cast alloy.

Fig. 8 a) Thermomagnetic curve of the annealed sample showing two curie transitions at Tc:
and Tc2 and inset shows the derivative of the curve highlighting the two indicated transitions.
b) Hysteresis loop measured at various temperatures showing the high coercivity of the SmsNi>
phase and inset shows the difference (vertical double headed arrow) between FC and ZFC
measured for the annealed sample with an applied field of 5 T exhibiting the anisotropy of the

SmzNi2 phase.
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