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ABSTRACT 

The thermodynamic properties of Nd-Fe alloys with varying mole fractions of Nd (xNd = 0.05‒

0.78) were investigated via electromotive force measurements in molten chloride at 773–1073 K. 

The Nd-Fe alloys were heat-treated at 923 K for 7 days to stabilize equilibrium phases, and the 

phase transition properties are confirmed by X-ray diffraction, electron microscopy, and 

differential scanning calorimetry. Employing less reactive Nd-Sn alloys (xNd = 0.10, L + NdSn3) 

for a reference electrode, the measured emf values were consistent between alloy compositions, as 

shown by equivalent thermal trajectories in distinct two-phase regions of [Fe + Nd2Fe17], [Nd2Fe17 

+ Nd5Fe17], [Nd5Fe17 + Nd], [L + Nd2Fe17], and [L + Nd5Fe17]. The measured emf results were 

further validated using open-circuit potentiometry in which Nd was deposited onto an Fe electrode 

at 973 K, resulting in a difference of less than 18 mV for the identical two-phase alloy between the 

two methods.  
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1. INTRODUCTION 

Neodymium metal is a key component of rare earth magnets (NdFeB), which are widely 

used in enabling green energy technologies (e.g., wind turbines, electric vehicles)[1,2] and 

currently produced via molten salt electrolysis (e.g., LiF-NdF3-Nd2O3) at elevated temperature 

(~1373 K) in commercial scales.[3] In recent years, new electrochemical approaches have been 

investigated for the sustainable production of rare-earth alloys with improved efficiency at reduced 

emissions and recovery from secondary resources (e.g., NdFeB).[4,5] 

Examples include (1) the recovery of rare-earth metals (Nd, Dy, Pr) from NdFeB scrap in 

molten salt electrolytes (LiCl-KCl and NaCl-KCl) at 873‒1123 K,[6] (2) direct synthesis of Nd 

alloys (e.g., Nd-Fe and Nd-Ni) by electrodeposition of Nd onto a reactive cathode (Fe and Ni) in 

molten salt electrolytes (e.g., KCl-NdCl3, LiF-CaF2-NdF3) at 1148 K,[7,8] and (3) direct 

electrolytic reduction of sintered (Nd, Fe)2O3 oxide into Nd-Fe alloys in CaCl2-CaO at 1123 K.[9]  

Despite recent efforts for direct electrochemical synthesis of Nd-Fe alloys and the 

popularity of NdFeB magnets in clean energy technologies, the thermodynamic and 

electrochemical properties of Nd-Fe alloys are not fully understood. Inconsistent results in the 

literature challenge the assumption of reliable control of electrode processes across published 

works. Thus, this work investigated the thermodynamic properties of binary Nd-Fe alloys by 

electromotive force (emf) measurements which are crucial in developing electrolytic processes for 

rare-earth alloys (e.g., Nd-Fe) and in materials simulation for reliable prediction of rare-earth 

alloys and compounds. 

Broadly, thermodynamic properties of the Nd-Fe system were investigated via (1) emf 

measurements between pure Nd and Nd-Fe alloys using solid CaF2 electrolyte by Hennemann et 

al.[10] and Gozzi et al.[11] and (2) open-circuit potentiometry following electrodeposition of Nd 
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onto an Fe electrode in molten salt electrolytes.[8,12,13] Henneman et al. conducted 

comprehensive emf measurements at a broad temperature range and reported a nearly constant emf 

value of ~0.08 V (vs. Nd) between 898‒1073 K for two-phase [Fe + Nd2Fe17] compositions.[10] 

These results contrast with emf measurements of ~0.06 V between 998‒1048 K using a CaF2 

electrolyte by Gozzi et al.,[11] ~0.32 V at 873 K by Konishi et al.,[13] and ~0.13 V at 1123 K by 

Kawaguchi and Nohira[8] via open-circuit potentiometry, illustrating inconsistencies in emf values.  

To better understand the equilibrium potentials of Nd-Fe alloys, this work conducted emf 

measurements over a wide range of neodymium mole fractions (xNd = 0.05‒0.78) and temperatures 

(773–1073 K) using a low-melting eutectic LiCl-KCl electrolyte (Teutectic = 626 K) with the 

addition of NdCl3. These emf measurements were also compared with the open-circuit 

potentiometry at 973 K to validate the results. Compared to prior works, this work employed a Nd-

Sn alloy (xNd = 0.10) as the reference electrode (RE) in LiCl-KCl-NdCl3 electrolyte due to its 

exceptional stability with two  [L + NdSn3] phases; this stability was demonstrated in the authors’ 

previous work in which an identical electrode showed a deviation of less than 3.5 mV over 45 days 

at 773‒973 K.[14] In addition, the fabricated Nd-Fe alloys were characterized by differential 

scanning calorimetry (DSC) to determine phase transitions and by scanning electron microscopy 

(SEM) and X-ray diffraction (XRD) to ensure the presence of expected equilibrium phases. 

To determine the emf of Nd-Fe alloys, the potentials of working electrode (WE) alloys 

with varying Nd alloy concentrations were measured relative to the RE (Nd-Sn alloy, xNd = 0.10), 

as described in the following electrochemical cell: 

Nd-Sn (xNd = 0.10) | LiCl-KCl-NdCl3 | Nd-Fe alloy       (1) 

The measured cell potential (EI) is related to the ratio between the activity of Nd in Fe (aNd) and 

the activity of Nd in Sn (𝑎୒ୢ
∗ ) based on the Nernst equation as below: 
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𝐸I ൌ െோ்

ଷி
ln ൬

௔Nd

௔ొౚ
∗ ൰          (2) 

where R is the universal gas constant, T is the Kelvin temperature, and F is the Faraday constant. 

Using the emf relation (EII)  between the RE and pure Nd at 724-1075 K as established in previous 

work [15],  

𝐸୍୍ = െ ோ்

ଷி
lnሺ𝑎୒ୢ

∗ ሻ ൌ 0.590 + 1.52 × 10ିସ 𝑇 [V]   vs.  Nd(s)   (3) 

, the cell potential (EI) was converted to the emf (Eeq) of Nd-Fe alloys vs. Nd(s) at a given 

temperature. The determined emf was utilized to investigate thermodynamic properties such as the 

change in partial molar Gibbs energy (∆GഥNd ) and chemical activity for Nd in Fe.  

𝐸ୣ୯= 𝐸୍ ൅ 𝐸୍୍ ൌ െ ோ்

ଷி
lnሺ𝑎୒ୢሻ ൌ െ ∆ீ̅ొౚ

ଷி
  vs.  Nd(s)   (4) 

2. METHODOLOGIES  

2.1 Fabrication of Nd-Fe alloys and characterization  

Nd-Fe alloys with specific compositions were prepared using a laboratory arc-melter 

(MAM-1, Edmund Bühler GmbH) from pure Nd (99.1%, Alfa Aesar) and Fe (99.98%, Alfa Aesar) 

metals under an inert Ar atmosphere. Phase transition temperatures of the Nd-Fe alloys (xNd = 

0.05–0.78) were obtained using a thermal analyzer (Netzsch, STA 449 F3 Jupiter). Inert tungsten 

foil was placed between the sample alloy (20–50 mg) and the alumina crucible to block side 

reactions, and heat flow was measured at 473−1273 K with repeated heating/cooling at a rate of 

5−20 K min-1 under flowing Ar (20 mL min-1). The transition temperature for each alloy was 

determined by averaging the onset temperatures detected for all scan rates. 

The microstructure of the Nd-Fe alloy was observed through a scanning electron 

microscope (SEM, FEI Quanta 200), and the composition of the arc-melted and heat-treated 

samples was analyzed using an energy dispersion spectrometer (EDS) to identify the phase 
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constituents. The Nd-Fe alloys were heat treated at 923 K for 7 days under an inert Ar atmosphere. 

The alloys were mounted in epoxy resin and surface-polished using SiC abrasive paper (2000 grit) 

with a constant flow of isopropyl alcohol for lubrication. The phase constituent of the heat-treated 

(equilibrated) Nd-Fe alloys was determined by X-ray diffraction (XRD, PANalytical Empyrean, 

Co Kα-radiation, 2-theta angles of 20−80°) analysis.  

2.2 Electrochemical cell components 

Electrolyte: The electrolyte was prepared by pre-melting a mixture of LiCl (Ultra dry, 

99.9%, Alfa Aesar), KCl (Ultra dry, 99.95%, Alfa Aesar), and NdCl3 (anhydrous, 99.5%, Alfa 

Aesar) with a composition of 57.9-41.6-0.5 mol% in a furnace (Mellen, CC-12) to ensure 

homogenization of the electrolyte. The salt mixture was placed in a quartz crucible within a 

stainless-steel vacuum chamber.  The chamber was then sequentially heated to 373 K and held for 

12 h under vacuum (~1 Pa) to dry, held at 543 K for 12 h for cell purging with Ar, and then held at 

973 K for 3 h under flowing Ar (50 mL min -1) to melt the salt. The pre-melted electrolyte was 

then crushed using a mortar and pestle.  

Electrodes: The reference electrode (RE) was prepared using a Nd-Sn alloy (xNd = 0.10) 

and a BN crucible (8mm inner diameter, 2mm thickness, 35mm height) with two capillary holes 

(1 mm diameter) at a height of 7 mm. The Nd-Sn alloy for the RE was fabricated by arc-melting 

pure Nd (99.1%, Alfa Aesar) and Sn (99.9999%, Alfa Aesar) metals. 3 g of the arc-melted alloy 

was then placed in the BN crucible and remelted using an induction heater (IH15A-2T, Across 

International) in an Ar-atmosphere glovebox to insert the lead wire (tungsten, 99.95%, Thermo 

Shield, 1mm diameter ).  

In two-electrode cells (Figure 1a), the heat-treated Nd-Fe alloys served as the WEs for emf 

measurements. The Nd-Fe alloys were pulverized into granules using a mortar and pestle in the 
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glovebox and then pressed into a pellet (15 mm height, 8 mm diameter) by uniaxially pressing the 

powder at 20 MPa.  The pellet was then placed into the BN crucible and a lead wire (molybdenum, 

99.94%, Thermo Scientific Chemicals, 1mm diameter) was inserted into a vertical groove 

fabricated inside of the BN crucible to connect with the pellet.  

In three-electrode cells (Figure 1b), the WE was prepared using tungsten (99.95%, Thermo 

Shield) and iron wires (99.9%, Alfa Aesar) with 45 cm length and 1mm diameter. The surface of 

the wires was polished with silicon carbide abrasive paper (1200 grit) in the glovebox to remove 

the oxide layer. The counter electrode (CE) was fabricated using a graphite rod (15 mm diameter, 

35 mm length) tapped to accept a threaded stainless steel rod (3mm diameter, 45 cm length).  

[Figure 1] 

2.3 Electrochemical cell assembly and measurements 

The electrochemical cells used in this work were prepared in an inert atmosphere glovebox 

filled with Ar. The pre-prepared electrodes were positioned in an alumina container (250mL, 

Advalue Technology), the electrical-leads were insulated by alumina tubes and closed with epoxy, 

and the electrolyte was poured into the alumina container to cover the electrodes (Figure 1). The 

test chamber was inserted into a stainless-steel vacuum chamber and assembled in the glove box. 

The prepared cells were transferred and loaded into a furnace and heated up to the operating 

temperature, through the same procedure described for electrolyte pre-melting.  

A potentiostat/galvanostat (Autolab PGSTAT302N) was used for electrochemical data 

acquisition, and the operating temperature was recorded using a K-type thermocouple connected 

with a data collector (NI 9211, National Instruments).  

3. RESULTS and DISCUSSION 
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To determine the thermodynamic properties of Nd-Fe alloys via emf measurements at 773–

1073 K, the alloy electrodes must be in equilibrium during the measurements. However, the arc-

melted Nd-Fe alloys exhibited non-equilibrium phases during solidification, necessitating heat 

treatment to stabilize the equilibrium phases. Thus, the phase behavior Nd-Fe alloys are first 

established via DSC to determine an appropriate temperature for stabilizing equilibrium phase 

constituents and to specify phase transitions during emf measurements. 

3.1 Phase transition and constituents of Nd-Fe alloys 

Phase transitions: DSC results for Nd-Fe alloys (xNd = 0.05–0.78) measured at 20 K min-1 

heating rate are presented in Figure 2a, indicating three characteristic transitions (I-III). Each 

transition temperature (Ttrs) was determined from the average of onset points for peak detected at 

four heating rates (5–20 K min-1) from three different samples at each composition, and 

summarized in Table 1. These transition temperatures represent the eutectic reaction at 939 K [I: 

L ↔ Nd5Fe17 + Nd], peritectic reaction at 1033 K [II: L + Nd2Fe17 ↔ Nd5Fe17], and allotropic 

transition at 1209 K [III: Fe(ht) ↔ Fe(rt)], which are consistent with the prior experimental works 

[10,16–22] and overlaid on the binary Nd-Fe phase diagram (Figure 2b).[23] 

[Figure 2] & [Table 1] 

Phase constituents: The Nd-Fe alloys were prepared by arc-melting alloy compositions of 

xNd = 0.05, 0.15, and 0.50, representing distinct two-phase regions of [Fe + Nd2Fe17], [Nd2Fe17 + 

Nd5Fe17], and [Nd5Fe17 + Nd], respectively. However, the presence of non-equilibrium phases was 

evident for arc-melted alloys according to microstructural characterization by SEM-EDS (marked 

in red in Figure 3a), including the formation of unstable Nd-rich phases (xNd = 0.05, 0.15) and the 

absence of the equilibrium compound Nd5Fe17 (xNd = 0.15, 0.50). Thus, these alloys were heat 

treated in the solid state, below the eutectic transition at 939 K (Table 1), at 923 K for 7 days under 
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an inert argon atmosphere. After the heat treatment, the alloys exhibited two primary phases 

(Figure 3b), the compositions of the observed phase across the three alloys correspond to the 

expected equilibrium compounds of Fe, Nd2Fe17 (xNd = 0.11), Nd5Fe17 (xNd = 0.23), and Nd for 

each alloy. Two primary phase constituents of each alloy were also verified using XRD (Figure 

3c), by comparing the diffraction pattern to the reported crystal structures in the Nd-Fe system,[24–

29] summarized in Table 2. Overall, the heat treatment in the solid state was effective in stabilizing 

the equilibrium phases, required for emf measurements of Nd-Fe alloys.   

[Figure 3] & [Table 2] 

3.2 Emf of equilibrated Nd-Fe alloys 

The cell potential of equilibrated Nd-Fe alloys (xNd = 0.05–0.78) was measured using a two 

electrode cell configuration (Figure 1a) in LiCl-KCl-NdCl3 at 773–1073 K.  The temperature was 

raised in increments of 25 K per 1.0 h during the heating cycle (Figure 4a). In general, the cell 

potential reached a steady value within 30 min at each temperature and the potential drift (dEI/dt) 

in the steady state was minimal (< 0.18 mV min-1). The notable exceptions include a near-eutectic 

composition of xNd = 0.78 which exhibited an unstable potential above 944 K due to the eutectic 

transition during the heating cycle. When the eutectic composition (xNd = 0.78) is held above the 

eutectic temperature at 977 K for 4 h in a separate experiment, a stable potential was obtained at 

977‒1073 K in the liquid state (Figure 4b).  

[Figure 4] 

The steady potential in the last 5 min was averaged as the emf (EI) versus Nd-Sn (xNd = 

0.10) at each temperature. EI was then converted to Eeq relative to pure Nd based on the Eqs. (3–

4). The emf of Nd-Fe alloys (Eeq vs. Nd) are plotted as a function of temperature for each 

composition (Figure 5). The emf of xNd = 0.05 with two phases [Fe + Nd2Fe17] increased 
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monotonically with temperature with no indication of a phase transition. For xNd = 0.15, a peritectic 

transition at 1033 K delineates a phase transition from [Nd2Fe17 + Nd5Fe17] to [L + Nd2Fe17]. At 

temperatures above 1033 K, the emf trajectory of xNd = 0.15 was comparable to that of xNd = 0.30 

and 0.50 due to their identical phase behavior, [L + Nd2Fe17]. Emf values of xNd = 0.30 and 0.50 

were close to each other (< 5 mV) and followed a similar emf trajectory at 773‒1073 K (Figure 

4a) due to their identical phase behavior across this temperature range.  

[Figure 5] 

For xNd = 0.78 near the eutectic composition, the emf for temperatures just below the 

eutectic temperature (939 K) were close to those of xNd = 0.30 and 0.50 as all three compositions 

exhibit similar phase behavior, [Nd5Fe17 + Nd]. However, the emf values of xNd = 0.78 were 

consistently up to 21 mV lower than xNd = 0.30‒0.50, possibly due to an increased fraction of the 

highly reactive Nd phase. Interestingly, the emf trajectory above the eutectic temperature (939 K) 

diverged from that of xNd = 0.30 and 0.50 due to its transition into single-phase liquid, distinct from 

two-phase [L + Nd5Fe17] behavior for xNd = 0.30 and 0.50. 

After completing the measurements discussed, the Nd-Fe alloy electrodes were cooled 

from 1073 K to room temperature and characterized by SEM-EDS (Figure 6). The electrode at 

xNd = 0.05 maintained [Fe + Nd2Fe17] phases after the measurement since no phase transitions 

below 1073 K. However, non-equilibrium phases were observed in all other compositions (xNd = 

0.15‒0.78) due to the non-equilibrium cooling process from the liquid phase. The post-mortem 

characterization suggests that the emf measurements during cooling from the liquid phase will be 

less reliable owing to the formations of these non-equilibrium phases.  

[Figure 6] 
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3.3 Thermodynamic properties of Nd-Fe alloys  

The emf results of equilibrated Nd-Fe alloys were internally consistent, as can be seen from 

their decreasing value with increasing xNd at each temperature (Figure 5). Furthermore, a similar 

emf trajectory was observed between compositions in an identical two-phase region due to 

invariant activity, i.e., identical emf value, within these regions. Guided by characteristic transition 

temperatures from DSC (Table 1), the temperature-dependent emf (Eeq vs. T) was fitted for each 

distinct phase region using the following equation by least-squares regression :[30] 

 Eeq = A + BT + CT ln T  [V] vs. Nd(s)     (5) 

The fitting parameters (A, B, C) and the standard error for the fitted line are shown in Table 3. 

Using this non-linear relation, the emf (Eeq), natural log of the activity (ln 𝑎୒ୢ), and the excess 

partial molar Gibbs energy (𝐺̅୒ୢ
ா ) were calculated at 873 K and 973 K:  

𝐺̅୒ୢ
ா ൌ 𝑅𝑇ሺln 𝑎୒ୢ െ ln 𝑥୒ୢሻ ൌ 𝑅𝑇 ln 𝛾୒ୢ     (6) 

where 𝛾୒ୢ is the activity coefficient of Nd (Table 4). At 973 K, the Eeq of Nd-Fe is described as a 

function of xNd, demonstrating constant emf value at each two-phase region as well as the decrease 

in emf as Nd composition increases (Figure 7). 

[Table 3] & [Table 4] 

[Figure 7] 

3.4 Emf measurements by transient techniques at 973 K  

Using the Fe and inert W WEs in the three-electrode cell (Figure 1b), cyclic voltammetry 

(CV) and the transient technique of open-circuit potentiometry were employed in efforts to detect 

characteristic potentials relevant to phase behavior at 973 K. In CV measurements (Figure 8a), a 
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high current response was observed for Fe compared to the inert W electrodes by the alloying 

reaction between Nd and Fe beyond pure Nd deposition. However, no clear characteristic potential 

was observed related to the specific Nd-Fe alloy formation. 

[Figure 8] 

In contrast, the open-circuit potential measurements following constant current electrolysis 

at ‒50mA cm‒2 for Nd deposition resulted in five characteristic potential plateaus, one for W and 

four for Fe electrodes (Figure 8b). For the inert W WE after Nd deposition, a potential plateau  

was observed near 0.0 V vs Nd(s), marked as (i) in Figure 8b, followed by rapid rise in potential 

due to the dissolution of pure Nd metal. For the Fe electrode, four characteristic potential plateaus 

(ii‒v) were evident during the open-circuit potentiometry, suggesting the presence of four two-

phase regions at 973 K. The potential at each plateau was determined from a steady value or 

inflection point for rapid transitions (iii‒iv). According to the assessed phase diagram (Figure 2b), 

each potential represents two-phase behavior of [L + Nd] at 0.007 V, [L + Nd5Fe17] at 0.108 V, 

[Nd5Fe17 + Nd2Fe17] at 0.181 V, and [Nd2Fe17 + Fe] at 0.282 V, respectively. These plateau 

potentials at 973 K are in close agreement with the emf measurements of equilibrated alloys with 

a difference of less than 18 mV (Figure 7). 

3.5 Comparison to prior works 

Emf measurements of Nd-Fe alloys were performed by a number of researchers [8,10–13] 

based on (1) the equilibrated Nd-Fe alloys similar to the approach in section 3.2 and (2) open-

circuit potentiometry of Fe electrode following electrodeposition (Li and Nd), similar to the 

approach in section 3.4. Hennemann et al.[10] and Gozzi et al.[11] employed a solid CaF2 

electrolyte and pure Nd RE for emf measurements of equilibrated Nd-Fe alloys, and reported the 

emf values of [Fe + Nd2Fe17] and [Nd2Nd17 + Nd5Fe17] phases, marked in blue and red in Figure 
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9, respectively. Compared to this work, their emf values were substantially lower and remained 

nearly constant across the phase transitions at 939 K (eutectic) and 1033 K (peritectic). Such low 

emf values are thought to originate from the pure Nd RE with high reactivity which may react with 

the solid electrolyte and result in unreliable emf measurements. A similar issue was observed with 

a pure Nd RE as reported in an emf study for Nd-based alloys (e.g., Nd-Bi and Nd-Sn) in a solid 

CaF2-NdF3 electrolyte by Lichtenstein et al..[15] In their work, an irreversible decrease in emf 

values was noticeable after 20 h of emf measurement between 760‒1035 K using pure Nd as the 

RE while the use of less-reactive Nd alloy (e.g., Nd-Sn) REs improved the reliability of emf 

measurements and extended the cell lifetime (> 50 h). 

[Figure 9] 

In contrast, Konish et al.[13], Kawaguchi and Nohira[8], and Yang et al.[12] reported the 

emf of Nd-Fe alloys based on the potential plateaus observed during open-circuit potentiometry 

following electrodeposition of Nd onto an Fe electrode in electrolytes of LiCl-CaCl2-NdCl3 (873 

K), LiF-CaF2-NdF3 (1123 K), and LiF-NdF3 (1221 K), respectively. When the prior emf values for 

[Fe + Nd2Fe17] phase behavior are compared at different temperatures (solid blue in Figure 9), the 

results do not exhibit a proper thermal trend (Eeq vs. T) and deviate from the results in this work. 

The inconsistency of these results may originate from the use of a transient open-circuit 

potentiometry technique where the detection of potential plateaus and assignment of relevant phase 

behavior are highly uncertain in the absence of reliable reference potential for Nd(III)/Nd and 

further complicated by co-deposition of Li and Nd in the preceding electrodeposition step. 

4. CONCLUSIONS 

Reliable emf measurements of Nd-Fe alloys were achieved by equilibrating the phase 

constituents of Nd-Fe alloys (xNd = 0.05‒0.78) and utilizing a stable two-phase Nd-Sn alloy (xNd = 
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0.10) reference electrode in the LiCl-KCl-NdCl3 (57.9-41.6-0.5 mol%) electrolyte at 773–1073 K. 

The measured emf values of Nd-Fe alloys in distinct two-phase regions were consistent between 

alloy compositions and were corroborated by thermal analysis and electrode characterization by 

XRD and SEM-EDS. In addition, the emf results agreed with the potential plateaus observed 

during the open-circuit potentiometry following electrodeposition of Nd onto Fe electrode at 973 

K, suggesting the utility of this transient technique for estimating the thermodynamic properties 

and investigating the electrolytic formation of Nd-Fe alloys. Temperature-dependent emf values 

were employed to estimate thermodynamic properties of Nd in the Fe, including activity and 

excess partial molar Gibbs energy. This work suggests that reliable electrochemical property 

measurements of Nd alloys necessitate a stable reference electrode in place of reactive pure Nd. 

The reliable data and approach established in this work will provide a solid foundation in studying 

the thermodynamic properties of complex rare-earth alloys (e.g., Nd-Fe-B). 
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FIGURES 

 

   

Figure 1. (a) Two-electrode cell for emf measurements of Nd-Fe alloys (xNd = 0.05–0.78) using 
Nd-Sn alloys (xNd = 0.10) as the RE and (b) three-electrode cell using W and Fe as the WE and 
graphite as the CE in LiCl-KCl-NdCl3 (57.9-41.6-0.5 mol%) electrolyte.  
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Figure 2. (a) DSC measurements of the Nd-Fe alloys (xNd = 0.05–0.78) at 20 K min-1 heating rate 
and (b) binary Nd-Fe phase diagram by Thermocalc®,[23] where roman numerals (I–III) represent 
detected characteristic phase transitions by DSC. 
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Figure 3. SEM images of Nd-Fe alloys at xNd = 0.05, 0.15, 0.50: (a) arc-melted samples, (b) heat-
treated samples at 923 K for 7 days, with approximate phase composition (at%) in the parenthesis 
by EDS, and (c) XRD patterns of the heat-treated Nd-Fe alloys compared to the reported patterns 
of Fe, Nd2Fe17, Nd5Fe17, and Nd. [24–29] 
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Figure 4. The cell potential of (a) equilibrated Nd-Fe alloys (xNd = 0.05–0.78) versus Nd-Sn (xNd 
= 0.10) during the heating at 773–1073 K and (b) liquid Nd-Fe alloy (xNd = 0.78) at 977–1073 K 
after melting at 977 K for 4 h above the electrolyte.  
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Figure 5. Emf (Eeq vs. Nd) of the Nd-Fe alloys (xNd = 0.05–0.78) as a function of temperature 
(773–1073 K), where the dotted lines are non-linear fits to the data for each phase region. 
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Figure 6. SEM images of the Nd-Fe alloys (xNd = 0.05‒0.78) after emf measurements at 1073 K 
with phase composition by EDS for estimating each phase constituent.   
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Figure 7. Emf (Eeq) of Nd-Fe alloys as a function of xNd, compared to characteristic potentials 
detected in open-circuit potentiometry at 973 K.  
 

   



25 
 

   
 

   

Figure 8. (a) Cyclic voltammograms (E vs. Nd)  at 25 mV s-1 and (b) constant current electrolysis 
for Nd deposition at −50 mA cm-2 for 5 min (left), followed by open-circuit potentiometry (right), 
using iron and tungsten WEs in molten LiCl-KCl-NdCl3  at 973 K.  
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Figure 9. Emf of Nd-Fe alloys in two-phase regions as a function of temperature in this work 
compared to the results from prior works indicated in blue for [Fe + Nd2Fe17] and in red for 
[Nd2Fe17 + Nd5Fe17], respectively [8,10–13].  
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TABLES 

 
Table 1. Three characteristic transition temperatures (Ttrs) and reactions of Nd-Fe alloys from DSC 
measurements compared to the prior experimental works. 
 

Transition 
(Type) 

Reaction 
Ttrs (K)  

This work Previous works 

I (Eutectic) L ↔ Nd5Fe17 + Nd 939 (±3.6) 920–958 [10,16–22]  

II (Peritectic) L + Nd2Fe17 ↔ Nd5Fe17 1033 (±4.5) 1044–1071 [10,17–19,22]  

III (Allotropic)  Fe (ht) ↔ Fe (rt) 1209 (±1.5) 1183–1208 [10,16–19]  

 
 
 
 
Table 2. Phase constituents of Nd-Fe alloys from arc melting and after heat treatment at 923 K for 
7 days by SEM-EDS and XRD. Non-equilibrium phases in arc-melted alloys are underlined. 
 

xNd 
Detected phase constituents 

arc-melted alloy heat-treated alloy 

0.05 Fe, Nd2Fe17, Nd Fe, Nd2Fe17 

0.15 Fe,  Nd2Fe17, Nd Nd2Fe17, Nd5Fe17 

0.50 Nd2Fe17, Nd Nd5Fe17, Nd 
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Table 3. Non-linear fits of the temperature dependence of emf data for xNd = 0.05–0.78 in Figure 
5 using Eeq = A + BT + CT ln T ([V] vs. Nd) for each phase region. The standard errors in the 
parentheses represent the 95% confidence interval of the fit. 
 

xNd Phase behavior T (K) A B [×10-3] C [×10-3]   adj-R2 

0.05 Fe + Nd2Fe17 775–1073 
1.7235 
(±0.44) 

-18.389  
(±3.77) 

2.4549  
(±0.48) 

0.992 

0.15 Nd2Fe17 + Nd5Fe17 775–1023 
-0.1496  
(±0.22) 

-2.0101  
(±0.19) 

0.3395  
(±0.02) 

0.998 

0.15–0.50 L + Nd2Fe17 1047–1073 
3.3073  
(±0.02) 

-33.648 
(±0.19) 

4.4168  
(±0.02) 

1.000 

0.30–0.50 Nd5Fe17 +Nd 775–921 
3.9140  
(±0.79) 

-38.689  
(±7.24) 

5.0600  
(±0.93) 

0.996 

0.30–0.50 L + Nd5Fe17 944–1023 
21.172  
(±4.92) 

-178.07  
(±39.5) 

22.731 
(±5.01) 

0.977 

0.78 Liquid 944–1073 
3.1364 
(±1.59) 

-27.890  
(±12.5) 

3.6001  
(±1.59) 

0.988 

 
 
 
 
Table 4. Measured emf of Nd-Fe alloys, natural log activity (ln aNd), and excess partial molar 

Gibbs energy (𝐺̅୒ୢ
ா ) of Nd at 873 K and 973 K. 

 

xNd 
Eeq (V) vs. Nd ln aNd 𝐺̅୒ୢ

ா  (kJ mol-1) 

873 K 973 K 873 K 973 K 873 K 973 K 

0.5 0.184 0.258 -7.38 -9.22 -31.7 -50.3 

0.15 0.101 0.169 -4.06 -6.04 -15.6 -33.5 

0.30 0.039 0.095 -1.55 -3.40 -2.5 -17.8 

0.50 0.034 0.088 -1.34 -3.14 -4.7 -19.8 

0.78 0.024 0.069 -0.95 -2.48 -5.1 -18.1 

 


