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Abstract

The effects of temperature and electrolysis potential on the alloying rate, structure, and
mechanical strength for the Dy-alloyed Hastelloy C-276 samples, where Hastelloy C-276 is a Ni-
based alloy containing Cr and Mo, were investigated in a molten LiF—CaF,—DyF; (0.30 or 0.50 mo1%)
system at 1123-1323 K and a molten LiCI-KCI-DyCl; (0.50 mol%) system at 873 K. The
microstructure was studied by electron microscopy and energy-dispersive X-ray spectrometry
analyses, and the mechanical strength of the formed Dy-alloys was evaluated using punch tests. The
alloying rate was influenced by the electrolysis potential and significantly by the temperature. Phase
separation into DyNi, and Cr—Mo was observed, and a layered structure perpendicular to the depth
direction was formed. The pitch of the layered structure was found to depend on the electrolysis
potential, suggesting that the diffusion rate of Cr and Mo determined the structure. The Dy-alloyed
samples electrolyzed at a more negative potential in the LiCI-KCIl-DyCl; melt exhibited a higher
mechanical strength. The Dy-alloyed samples obtained in the LiF—CaF,—DyF; melt at 1223 K and
1323 K exhibited a low mechanical strength owing to the large grain size of the agglomerated Cr—

Mo alloy phase.

Keywords: rare earth, molten salt, recycling, electrochemical formation, Dy alloy, Hastelloy C-276

1. Introduction

The development of new energy vehicles (NEVs), such as hybrid electric vehicles (HEVs),
plug-in hybrid vehicles (PHVs), battery electric vehicles (BEVs), and fuel cell vehicles (FCVs) has
attracted considerable recent attention. The use of numerous permanent magnets in the motors of
NEVs has led to an increase in demand for Nd—Fe—B magnets with high magnetic performance. The

addition of Dy to Nd—Fe—B magnets is necessary to preserve their strong magnetic properties at high
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operating temperatures (above 473 K) for use in NEVs. Dy is also added in Nd—Fe-B magnets used
in wind power generators and air conditioners. Recycling of magnet scrap is essential for facilitating
the permanent and widespread use of NEVs because the rare earth (RE) elements used in Nd—Fe—-B
magnets are produced only in a few countries due to uneven resource distribution. Therefore, a new
and efficient recycling method must be developed to recover RE metals from magnet scrap. Several
pyrometallurgical processes have been proposed and investigated for recycling RE metals, such as
extraction into molten metal [1],[2], molten salt [3],[4], and molten slag [5], electrolysis in molten
salt or ionic liquid [6],[7], and selective vaporization [8].

A process for the separation and recovery of RE metals from magnet scrap using molten salt
and an alloy diaphragm has been developed by our group [7],[9]-[18]. The principle of the process is
based on our finding that certain RE metals are rapidly alloyed and de-alloyed with iron-group (IG)
metals via electrochemical methods in molten salts [19]. In this process, two molten salt electrolytes
are separated by a RE-IG alloy diaphragm. Scrap of RE magnets is used as an anode and RE ions are
dissolved into the molten salt in an anode chamber. Systematic separation of Nd/Pr and Dy is realized
through the alloy diaphragm by exploiting the differences in the formation potential of RE-IG alloys
and the diffusion rate of RE metals in the RE-IG alloys with respect to Nd/Pr and Dy. Certain RE
element selectively penetrates alloy diaphragm to be recovered as a cathode deposit in the cathode
chamber, and the other RE element remains in the anode chamber. The possibility of highly effective
separation of RE metals has been demonstrated by the selective and electrochemical formation of
RE—Ni alloys (RE = Nd, Pr, and Dy) in molten LiF-CaF,—REF; and NaCl-KCI-RECls salts at 1123
K [10]-[12],[16] and 973 K [13]-[16], respectively. Moreover, Konishi et al. reported the selective
formation of RE-Ni alloys using the same technique in a LiCI-KCI] melt at 723 K, and achieved a
high separation mass ratio of Dy:Nd = 72:1 in the alloy sample [20]-[23]. Selective permeation of
Dy through an alloy diaphragm consisting of RENi; in LiCI-KCI eutectic melts containing RECI3

RE =Nd, Dy, and La; 0.50 mol.%) at 723 K was recently demonstrated by our group [24]. However
( , Dy, ; ) y y our group [24] )
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the brittleness and inferior durability of the RE—Ni alloys hindered their long-term use. Therefore,
several Ni-based alloys containing elements inert to Nd and Dy, such as Cr and Mo, were employed
to develop a more durable alloy diaphragm in our subsequent study; the mechanical strength of the
Dy-alloyed samples prepared in a molten LiF—CaF,—DyF3 salt at 1123 K was also measured [18].
Consequently, the mechanical strength of the Hastelloy C-276 alloy was confirmed to be improved
via precipitation strengthening.

The Dy-alloying behavior of Ni-based alloys in molten LiF—CaF, were investigated only at
1123 K in our previous study [18]. Therefore, since higher reaction rate is expected at increased
temperatures, the effects of temperature from 1123 to 1323 K on alloying behavior and mechanical
strength were investigated in the present study. In addition, the results were compared with those
obtained in molten LiCI-KCI-DyCl; at 873 K to further discuss the effects of temperature. The effects
of the electrolysis potential on alloying behavior and mechanical strength were also explored. The
fabricated Dy alloys were examined by X-ray diffraction (XRD), cross-sectional scanning electron
microscopy (SEM), scanning transmission electron microscopy (STEM), and energy-dispersive X-
ray spectrometry (EDX). The mechanical strength of the formed Dy-alloys was evaluated using punch

tests.

2. Experimental

Details of the experimental setup and procedures employed for preparing the molten fluoride
system have been reported in our previous studies [13],[18]. LiF (Fuji Film Wako Pure Chemical
Corp., >98%) and CaF, (Kojundo Chemical Laboratory Co., Ltd., 99.9%) were mixed to the eutectic
composition (LiF:CaF, = 80.5:19.5 mol%). The eutectic mixture (300 g) was loaded into a graphite
crucible (Toyo Tanso Co., Ltd., IG-110, i.d. 90 mm x height 120 or 150 mm) and dried under vacuum
at 453 K for 72 h. The crucible was subsequently placed at the bottom of a stainless-steel vessel in an

airtight Kanthal container and further dried under vacuum at 773 K for 24 h. Electrochemical
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measurements were conducted under an Ar atmosphere. DyF; powder (Kojundo Chemical Laboratory
Co., Ltd., 99.9%) was added directly to the melts. For the experiments in the molten chloride system,
LiCl (Fuji Film Wako Pure Chemical Corp., >99%) and KCI (Fuji Film Wako Pure Chemical Corp.,
99%) were mixed to the eutectic composition (LiCL:KCl = 58.5:41.5 mol.%). The eutectic mixture
(200 g) was loaded into an alumina crucible (Nikkato Corp., SSA-S, i.d. 64 mm x height 160 mm),
which was subsequently placed at the bottom of an airtight Kanthal container. Some of these
experiments were conducted in an Ar glove box. The residual moisture was removed by Ar bubbling
at 873 K for several hours. DyCl; powder (Kojundo Chemical Laboratory Co., Ltd., 99.9%) was
added to the melts.

Three types of electrodes were used as the working electrodes: wire (1.0 mm in diameter),
plate (10-mm-wide x 10-mm-long x 0.1-mm-thick), and flag (diameter: 3.0 mm, thickness: 0.1 mm,
lead wire diameter: 0.1 mm) [25]. Hastelloy C-276® (Nilaco Corp.), Ni (Nilaco Corp., >99%), and
Mo (Nilaco Corp., 99.95%) were used as materials for the working electrodes. Hastelloy C-276"
contains Ni as the primary constituent element (Ni, Cr, Mo, Fe, and W: <57, 14.5-16.5, 15-17, 4-7,
and 3—4.5 wt%, respectively). A Pt wire (Tanaka Kikinzoku Kogyo Corp., 99.95%, diameter: 1 or 2
mm) immersed in the bulk melt was used as a quasi-reference electrode in the fluoride melt. A Ag
wire (Nilaco Corp., 99.99%, diameter: 1 mm) immersed in LiCI-KCIl-AgClI (1.0 mol%) contained in
a Pyrex tube with a thin bottom (diameter: 6 mm) was used as a reference electrode in the chloride
melt. The potentials of the reference electrodes were calibrated with reference to the potential of the
Li"/Li dynamic reference electrode, which was prepared by electrodepositing Li metal on a Mo
electrode. The potentials obtained in voltammetry and open-circuit potentiometry are given with
reference to this Li'/Li potential. On the other hand, the electrolysis potentials are shown with
reference to the equilibrium potential of DyNiz/DyNi; in the respective molten salts [described
henceforth as E.q (DyNi3s/DyNi)]. A glassy carbon rod (Tokai Carbon Co., Ltd., diameter: 3.0 mm or

5.0 mm, immersion depth: 10 mm) was used as the counter electrode. During certain experiments in
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the fluoride melt, a graphite rod (Nippon Techno-Carbon Co., Ltd., IGS-743K II, diameter: 9.0 mm)
was inserted into the melt and contacted with the bottom of the graphite crucible. In this case, both
the graphite rod and the interior part of the graphite crucible served as the counter electrode. An
electrochemical measurement system (Hokuto Denko Corp., HZ-7000 or HZ-Pro) connected to a
personal computer was used for the measurement. Alloy samples were prepared by potentiostatic
electrolysis of the plate-type electrodes. The samples electrolyzed in the fluoride melt were analyzed
without washing. By contrast, the samples electrolyzed in the chloride melt were washed with ion
exchange water. Cross-sections of the alloy samples were analyzed by SEM (Thermo Fisher Scientific
Inc., Phenom Pro Generation 5, or Hitachi Hitech Co., Ltd., TM—4000 plus) and STEM (Philips,
Tecnai Osiris). Samples were embedded in resin and polished with emery paper and polycrystalline
diamond or alumina suspension for SEM analysis. Certain samples were coated with Au to impart
conductivity. The compositions of the samples were analyzed by EDX (Thermo Fisher Scientific Inc.,
SE1200-8001, or Oxford Instruments, AZtecOne). After SEM analysis, the fluoride salts covering
the alloy samples were removed using a hand grinder (Kiso Power Tool Mfg. Co., Ltd, No. 28525-
S). Subsequently, the alloy phases were identified by XRD (Rigaku Corp., Ultima IV, or Bruker Co.,
Ltd., D2 PHASER). To evaluate a durability of alloy diaphragm, the mechanical strength of the alloy
samples was evaluated using shear punch tests. Each alloy sample (10-mm-wide % 10-mm-long x
0.17-mm-thick) was sandwiched between two acrylic plates and subjected to the shear punch test at
around 293 K room temperature using a 2-mm-diameter stainless-steel punch attached to a load cell
(IMADA, ZTS-500N). The feed rate of the punch was manually controlled to approximately 0.1 mm
s~!, and the maximum load prior to sample cracking was measured. The maximum load was measured
at several different locations to obtain an average value, which was used to evaluate shear stress as a

parameter to estimate the mechanical strength.

3. Results and Discussions
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3.1. Formation rate of Dy alloys
3.1.1 Fluoride system

Figure 1 compares cyclic voltammograms obtained using the Hastelloy C-276 (HC) flag
electrode in the molten LiF—CaF,—DyF3 (0.30 mol%) system at 1123 [17], 1223, and 1323 K.
Voltammograms for the Ni flag electrode are also shown for reference. The cathodic currents (A) of
the Ni electrode at 1123 K (Fig. 1(a)) observed from 0.7 V (vs. Li"/Li) in the scan along the negative
direction correspond to the formation of Dy—Ni alloys, as reported previously [17]. The formation of
Dy—Ni alloys with high concentrations of Dy are indicated by the cathodic currents (B) and (C). The
voltammogram for the HC electrode at 1123 K shows smaller cathodic currents and larger
overpotentials than those for the Ni electrode owing to the agglomerated Cr—Mo phase impeding the
diffusion of Dy in the alloy layer. Four anodic peaks corresponding to the dissolution of Dy from the
different Dy—Ni alloy phases are observed after the reversal of the scanning direction. With the
increase in temperature, larger cathodic currents for the voltammograms at 1223 K and 1323 K (Figs.
1(b) and (c)) than that at 1123 K (Fig. 1(a)) are observed. The larger cathodic currents for peaks (A)
and (B) result in the disappearance of peak (C) at 1323 K. Additionally, the overpotential required for
the formation of the Dy—Ni alloy becomes small or negligible. The peak shapes of the anodic current
are ambiguous at higher temperature owing to the fast diffusion of Dy in the formed Dy—Ni alloys.
Whereas these differences are observed, there are no other dramatic change in the voltammograms.
These behaviors are not surprising because the alloys are almost identical intermetallic compounds

at these temperatures, except for Dy;Ni, according to the phase diagram of the Dy—Ni system [26].

**% Figure 1 ***

Similar electrolysis conditions were used for the preparation of Dy-alloyed samples from

HC plate electrodes at —0.03, —0.08, —0.13, and —0.18 V vs. E¢q (DyNi3z/DyNiz) for 10 min in molten
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LiF—CaF,—DyF; (0.50 mol%) at each temperature. The values of E.q (DyNiz/DyNi,) determined by
open-circuit potentiometry for the HC wire electrode were 0.38 V (1123 K), 0.37 V (1223 K), and
0.36 V (1323 K) vs. Li"/Li. All the cathodic current densities measured during the preparation of the
alloy samples were above 100 mA cm 2. Figure 2 shows the XRD patterns of the samples prepared
at —0.08 V vs. E¢q (DyNis/DyNiy) at 1123, 1223, and 1323 K. The formation of DyNi, and DyNi3 was
confirmed at these temperatures. The intensities of the peaks attributed to DyNi; increase with the
increase in temperature. In contrast to the reported rapid and preferential formation of RENi; in
molten salts at 723—-1123 K [10]-[23], especially in LiCI-KCI melts, the preferential formation of

only the DyNi, phase is found to be less significant in the LiF—CaF, melt at high temperatures.

*F% Figure 2 ***

The rate of formation of the Dy alloys was evaluated by cross-sectional SEM analysis of all
the prepared samples, as shown in Fig. 3. The potentials mentioned in yellow on the images indicate
the values with respect to Li"/Li. The alloy layers are 20—40-pm-thick at all investigated temperatures
at —0.03 V vs. E¢q (DyNi3/DyNi,), and increase in thickness at more negative potentials. The increase
is more prominent at higher temperatures, and the entire electrode appears to be alloyed at —0.18 V
at 1223 K and —0.13 V and —0.18 V at 1323 K. The theoretical thickness of the alloyed sample when
DyNi, is formed over the entire electrode is approximately 170 um, which is in good agreement with
the thickness of the samples at —0.18 V at 1223 K and —0.13 V at 1323 K. On the other hand, a thicker
sample (~300 um) is obtained at —0.18 V and 1323 K. This can be explained by the formation of the
DyNi phase in addition to DyNi,; EDX analysis indicates that the atomic ratios of the dark and bright
grey areas in the cross-section are Dy:Ni=1:1.9 and 1:1.1, respectively. This sample was considered
to be in a transition state during the preferential and rapid formation of DyNi,, followed by DyNi,

which is the stable phase at this potential. The thicknesses of the Dy—HC alloy layer at each potential
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and temperature are plotted in Fig. 4. The thickness of the alloy layer clearly tends to increase as the
potential becomes more negative; the increasing trend becomes more pronounced as the temperature

Increases.

*** Figure 3 *#%*

**% Figure 4 ***

3.1.2 Chloride system

Cyclic voltammetry and potentiostatic electrolysis were also conducted in molten LiCl-
KCI-DyCl; (0.50 mol%) at 873 K. Figure 5(a) shows cyclic voltammograms for the HC and Ni
electrodes. In the scan along the negative direction, the cathodic currents (A) representing the
formation of Dy—Ni alloys start at approximately 1.0 V vs. Li"/Li for both the HC and Ni electrodes.
In the case of the Ni electrode, the cathodic currents (B) sharply increase at 0.6 V owing to the
formation of Dy-Ni alloys with high concentrations of Dy. The equilibrium potentials of Dy**/Dy
and DyNis/DyNi, are known to be 0.48 V [27] and 0.77 V [28] vs. Li"/Li at 873 K, respectively. In
the case of the HC electrode, the increase in current (B) proceeds more slowly; However, the peak
current density (approximately —0.1 A cm™) is almost similar for both the Ni and HC electrodes. This
value is smaller than that of the molten fluoride system at 1123 K (Fig. 1(a)), indicating that the rate
of alloy formation is lower in the LiCI-KCI-DyCl; system at 8§73 K than that in the LiF-CaF,—DyF;
system at 1123—-1323 K. Therefore, the effect of temperature on the rate of alloy formation rate is
significant.

The Dy-alloyed sample was prepared by potentiostatic electrolysis of the HC plate electrode
at 0.60 V vs. Li'/Li for 262 min; this potential was selected because it corresponded to the rapid
increase in current (B) shown in Fig. 5(a). The potential is equivalent to —0.17 V vs. Eq

(DyNi3/DyNiy) = 0.77 V [28], which can be regarded as almost the same overpotential as —0.18 V vs.
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E.q (DyNi3/DyNi) in the fluoride system shown in Fig. 3. The cathodic current during the electrolysis
was as low as approximately 10 mA cm 2. The XRD pattern of the sample (Fig. 5(b)) indicates that
the obtained alloy is primarily composed of the DyNi, phase. Alloy samples for cross-sectional SEM
analysis were prepared by electrolysis at —0.17 V for 87 min and at —0.27 V for 33 min. As shown in
Figs. 5(c) and (d), the formed Dy—HC alloy layers are 40- (—0.17 V for 87 min) and 50-um-thick
(—0.27 V for 33 min), respectively. Compared to the thicknesses of the Dy—HC alloy layers formed
in 10 min in the LiF-CaF,—DyF3 melt at 1123-1323 K (Fig. 3), the growth rate is ten to thirty times
smaller in the LICI-KCI-DyCl; melt at 873 K, even at nearly the same overpotential required for
DyNi, formation. Additionally, the growth rate was observed to be nearly zero when the HC plate
electrode was electrolyzed in the LiCI-KCI-DyCl3 melt at 723 K at a similar potential. This result
also shows that temperature has a significant effect on the rate of formation of the alloy layer.
Although the effect of constituent anions of molten salts on the formation rate of the alloy
layer was not investigated by using HC electrodes in this study, it can be discussed based on the
previously reported formation of DyNi, from pure Ni substrates, since the main component of HC is
Ni. In molten LiF-CaF,-DyF3 (0.30mol%) at 1123 K, a 90-pum thick DyNi, layer was obtained by
potentiostatic electrolysis at —0.20 V vs. E.q (DyNi3/DyNi,) for 120 min [12]. Meanwhile, in molten
NaCl-KCIl-DyCls (0.50 mol%) at 973 K, a DyNi, layer with a thickness of more than 200 um was
obtained at —0.23 V vs. E¢q (DyNiz/DyNi,) for 40 min [14]. Since the electrolysis potentials are almost
the same, these results clarify that the formation rate of DyNi, is higher in molten chlorides even at a
lower temperature. Regarding the kinetics of DyNi> formation, there is a report on the electrolysis of
pure Ni substrates in molten LiCI-KCI at 700 K [29]. The growth of the alloy film was observed to
increase linearly in thickness with respect to the electrolysis time at least up to 300 minutes, indicating
that the growth cannot be explained by the lattice diffusion mechanism. The large Dy diffusivity was
explained by the possibility of formation of microscopic cracks and/or grain boundaries that serve as

fast diffusion paths, which was supported by cross-sectional TEM for Pr—Ni alloys prepared in LiCl-
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KCI-PrCls (0.50 mol%) at 723 K [30]. The larger rate of DyNi, formation in the molten chlorides

may be due to the microscopic cracks and/or grain boundaries.

*** Figure 5 *#*

3.2. Structure and mechanical strength of Dy alloys

The structural changes associated with phase separation in the Dy-alloying reaction were
analyzed by cross-sectional SEM/EDX of the samples shown in Fig. 3. Fig. 6 shows representative
cross-sectional SEM images and EDX mapping images of the samples obtained at (a) 1123 K, —0.18
V vs. Eeq (DyNis/DyN1p), (b) 1123 K, —0.03 V, (¢) 1323 K, —0.18 V, and (d) 1323 K, —0.03 V. The
object elements of EDX analysis are Dy, Ni, Cr, and Mo. Dark spots are visible in the bright matrix
for all the samples in the SEM images. This observation is similar to the results previously obtained
by our group at 1123 K and —0.18 V vs. E¢q (DyNi3/DyNi) [17],[18]. The dark spots correspond to
the agglomerated Cr-rich Cr—Mo or Mo-rich Mo—Cr phases, whereas the bright matrix corresponds
to the formed Dy—Ni alloy. The typical compositions of the Dy alloy and the agglomerated phases are
summarized in Table 1. Phase separation occurs owing to the absence of the Cr—Dy and Mo—Dy alloy
phases [31].

A comparison of the structures of the samples prepared at —0.18 V at 1123 K (Fig. 6(a)) and
1323 K (Fig. 6(c)) reveals the effects of temperature on the structure of the formed alloy in terms of
the size and composition of the agglomerated phases. The Cr—Mo and Mo—Cr phases were found to
be 0.2-1 pm and 50-100 nm in size, respectively, at 1123 K through TEM/EDX mapping in our
previous study [18]; the SEM image in Fig. 6(a) shows a similar result. The dark spots in the SEM
image in Fig. 6(c) are clearly larger at a high temperature of 1323 K. Considering the composition of
the agglomerated phases, the formed Dy-Ni alloy has a composition corresponding to DyNi, at all

investigated temperatures; however, the agglomerated phases exhibit differences, with Cr-rich Cr—

11
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Mo and Mo-rich Mo—Cr phases being present at 1123 K and a single Cr—Mo phase at 1323 K. The
phase separation behavior at 1123 K was explained in our previous study [18] by the fact that the
solid miscibility gap exhibited by the Cr—-Mo system at ~39 at.% of Mo at the critical temperature of
1153 K [32]. According to the reported phase equilibria in the Ni-Cr—Mo system at 1123 K (Fig. 7(a))
[33], the value of the nominal composition of the phase precipitated from the Dy-alloyed HC plate
varies along the blue arrow toward the final composition (A), Mo:Cr = 52:48 at% (excluding other
elements). Consequently, the phases are separated into (B) Cr-rich Cr—Mo and (C) Mo-rich Mo—Cr
phases. On the other hand, the phase equilibrium at 1323 K (Fig. 7(b)) indicates that the precipitated
phase does not undergo phase separation because of its temperature being higher than the critical
temperature. Therefore, a single Cr—Mo phase is precipitated.

The effect of electrolysis potential on phase separation can also be analyzed using the results
shown in Fig. 6. At 1123 K, the sample at —0.18 V (Fig. 6(a)) exhibits homogeneous phase separation
at the indicated magnification, whereas the sample at —0.03 V (Fig. 6(b)) shows ~0.5-pm-thick
repeated Ni/Dy-rich and Cr/Mo-rich layers in the direction perpendicular to the depth direction. The
latter suggests the formation of a layered structure, which is denoted as a mille-feuille structure
henceforth; the separation is more evident at 1323 K. In the sample at —0.18 V (Fig. 6(c)), 0.5-3-pm-
sized dark spotted patterns corresponding to the Cr—Mo phase are uniformly distributed in the Dy—Ni
alloy matrix. Here, the composition of the Cr—-Mo phase was almost constant. Additionally, the mille-
feuille structure is partially visible in the EDX mapping results. At a more positive potential of —0.03
V (Fig. 6(d)), the mille-feuille structure consisting of Ni/Dy-rich and Cr/Mo-rich layers is clearly
observed; these appear as bright and dark grey layers in the SEM image, respectively. The EDX
mapping images suggest that the thicknesses of the Cr/Mo-rich and Ni/Dy-rich layers are 2—5 pm and
5-12 pm, respectively. The interval of the mille-feuille structure is approximately 10—-15 um. These
images indicate that the structure exhibits a clear mille-feuille arrangement at positive potentials

where the alloying rate is slow. On the other hand, the agglomeration of the Cr—Mo phase progresses
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more at negative potentials where the alloying reaction is faster.

*** Figure 6 ***
*#k Table 1 ***

*** Figure 7 *#*

The relationship between the rate of alloy formation and their structures is clearer for the
samples electrolyzed in the chloride melt. Figure 8 shows the cross-sectional SEM images for the
alloy samples obtained at (a) —0.17 V, (b) —0.22 V, and (¢) —0.27 V vs. E¢q (DyNiz/DyNiy) in the
LiCI-KCI-DyCl; melt at 873 K. The charge density was set to 50 C cm 2. Mille-feuille structures
consisting of dark and light grey areas are observed in all the samples. Figure 9 shows the cross-
sectional EDX mapping images of the sample at —0.17 V (shown in Fig. 8(a)), which indicate that the
bright and dark grey areas correspond to the DyNi; and enriched Cr—Mo phases, respectively. The
interval of the mille-feuille structure observed in the SEM images is larger at more positive potentials,
that is, 2-3 umat —0.17 Vand 1 pm at —0.27 V (Fig. 8). This relationship between the phase separation
distance and the electrolysis potential is similar to that observed in the fluoride melt. These trends
indicate that the alloy structure is determined by the balance between the alloying rate and the rate of
atomic diffusion. During the rapid formation of the alloy, the duration for atomic diffusion is short
and agglomeration occurs over a small range, resulting in short intervals and/or small agglomerates.
Moreover, Ni and Dy are considered to diffuse faster to form Dy—Ni alloys owing to the large driving
force of diffusion, whereas Cr and Mo are expected to diffuse comparatively slowly. In the case of
the slow formation of alloys, diffusion occurs over long distances, and forms a mille-feuille structure

at long intervals.

*** Figure 8 *#*
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*** Figure 9 *#*

The difference in the structure of the precipitated phases in the alloy layer presumably affects
their mechanical strength; therefore, the strength at which cracking occurs in the Dy-alloyed samples
was measured and converted to shear stress. Figure 10 compares the converted shear stresses of the
Dy-alloyed HC plates prepared at several potentials in LiF-CaF,—DyF; at 1123-1323 K and LiCl-
KCI-DyCl; at 873 K. In the chloride system (Fig. 10(b)), the shear stress is higher at more negative
potentials, for example, 32 +5 N mm 2 at —0.195 V and 140 + 50 N mm 2 at —0.27 V. In the fluoride
system (Fig. 10(a)), the effect of the potential on shear stress is comparatively smaller at 1123 K, for
example, 14 N mm 2 at —0.13 V and 24 + 6 N mm 2 at —0.18 V; almost no dependence is observed at
1223 K and 1323 K. However, the effect of electrolysis temperature is observed in the fluoride melt.
The shear stress of the sample at —0.18 V decreases from 24 £+ 6 N mm 2 at 1123 Kto 15+ 1 N mm 2
at 1323 K.

The effects of electrolysis temperature and potential on the mechanical strength of the
formed Dy-alloyed samples are possibly caused by the structure of the Cr—Mo phase. Two
representative samples were examined by STEM to confirm this. Figure 11 shows the STEM and
EDX mapping images of the center of the Dy-alloy layer of the samples prepared in the fluoride melt
at 1323 K and the chloride melt at 873 K. In the fluoride system (Fig. 11(a)), the 200—1000-nm-sized
Cr—Mo phase is separated from the Dy—Ni phase. The large size and distance of the Cr—Mo particles
are due to the high rate of diffusion of Cr and Mo. Shorter distances between the precipitated particles
are known to be key for facilitating precipitation strengthening; therefore, the long distance between
the Cr—Mo particles deteriorates the mechanical strength, especially at temperatures higher than the
critical temperature of the Cr—Mo system (1223 K and 1323 K). Typical precipitation strengthening,
including Ni-based alloys, requires a fine dispersion of the phases at less than 100 nm in distance

[34]-[36]. In the case of the sample at —0.18 V at 1123 K (Fig. 6(a) and Ref. [17][18]), the
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374

agglomerated Cr—Mo phase is evenly distributed in the form of spots in the DyNi, phase. Although
this distribution is larger than the 100-nm scale, the even distribution is likely responsible for its
relatively higher mechanical strength compared to that of the other samples.

The dispersion state of the Cr—Mo phase is noticeably different in the chloride system.
Although the Cr/Mo-rich layer seems to contain only Cr and Mo in the SEM image (Fig. 9), the
images in Fig. 11(b) measured at the boundary of the Cr/Mo-rich and Ni/Dy-rich layers of the mille-
feuille structure indicate that this layer contains both the Cr—Mo and Dy—Ni phases. Cr—Mo particles
(10-20 nm in size) are dispersed in the Dy—Ni matrix. The distance between the Cr—Mo particles is
also 10-20 nm, indicating their significant contribution to precipitation strengthening. Additionally,
the higher shear stress at more negative potentials is attributed to the shorter interval of the mille-
feuille structure. As previously mentioned, this tendency can be explained by the balance between the
rate of alloy formation and the rates of diffusion of Cr and Mo. At a lower experimental temperature
in the chloride system, Cr and Mo are almost immobile. More quantitative discussions can be
facilitated if the original state of the substrate can be evaluated using, for example, the effect of rolling.
In summary, the occurrence of the mille-feuille structure can be explained by the difference in the
relative rates of diffusion of Dy/Ni and Cr/Mo.

The present study reveals that the control of the structure is important to achieve a diaphragm
with a high mechanical strength for use in the RE separation process. In this regard, it is desirable to
perform electrolysis at a temperature not exceeding the critical temperature of the Cr—Mo system and
at a more negative potential, to aim for a narrow-pitch mille-feuille structure and/or a structure with

fine aggregated phases.

sxx Figure 10 %%

*4% Figure 11 ***
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4. Conclusion

This study investigated the Dy-alloying behavior of Hastelloy C-276 in molten LiF—CaF,—
DyFs at 1123-1323 K and molten LiCI-KCI-DyCl; at 873 K to develop a durable alloy diaphragm
for use in the separation of rare earth metals from magnet scrap. The effects of temperature and
electrolysis potential on the Dy-alloying rate, structure, and mechanical strength were examined. A
mille-feuille structure perpendicular to the depth direction was observed in samples prepared in both
the melts under conditions for the formation of DyNi,. The interlayer distance of the mille-feuille
structure was found to be affected by the electrolysis temperature and potential. Dy-alloyed samples
with high mechanical strength were obtained when the interlayer distance was short. Electrolysis at
a more negative potential was found to be preferable for obtaining a durable alloy diaphragm,
especially in the chloride melt. In the fluoride melt, electrolysis at a temperature lower than the critical

temperature of the Cr—Mo system was desirable.
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Figure 2

Figure 3

Figure 4

Figure 5

Typical composition of the Dy alloy and separated phases determined by point EDX

analysis of samples obtained by potentiostatic electrolysis of HC plate electrodes.

Cyclic voltammograms for Ni and HC flag electrodes in molten LiF—CaF,—DyF; (0.30

mol%) at (a) 1123 K [17], (b) 1223 K, and (c) 1323 K at a scan rate of 50 mV s .

XRD patterns of samples prepared by potentiostatic electrolysis of HC plate electrodes
at —0.08 V vs. E¢q (DyNis/DyNi,) for 10 min in molten LiF—CaF,—DyF; (0.50 mol%) at

(a) 1123 K, (b) 1223 K, and (c) 1323 K.

Cross-sectional SEM images of samples prepared by potentiostatic electrolysis of HC
plate electrodes at each potential vs. Ecq (DyNiz/DyNi,) for 10 min in molten LiF—CaF,—
DyFs3 (0.50 mol%) at (a) 1123 K, (b) 1223 K, and (c) 1323 K. The values in yellow

represent potentials vs. Li'/Li.

Thickness of the Dy-HC alloy layer obtained by potentiostatic electrolysis at each
potential for 10 min in molten LiF-CaF,—DyF; (0.50 mol%) at 1123, 1223, and 1323 K.
(a) Cyclic voltammograms for Ni and HC electrodes at a scan rate of 50 mV s™! in
molten LiCI-KCI-DyCl; (0.50 mol%) at 873 K. (b) An XRD pattern of the sample
prepared by potentiostatic electrolysis of an HC plate electrode at —0.17 V vs. Eq
(DyNi3/DyNiy) for 262 min. Cross-sectional SEM images of samples prepared by

potentiostatic electrolysis of HC plate electrodes at (¢) —0.17 V for 87 min and (d) —0.27

21



516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

V for 33 min.

Cross-sectional SEM and EDX mapping images of samples obtained by potentiostatic
electrolysis of HC plate electrodes in molten LiF—CaF,—DyF; (0.50 mol%) for 10 min.
Electrolysis conditions: (a) —0.18 V vs. E¢q (DyNi3z/DyNiy) at 1123 K, (b) —0.03 V at

1123 K, (¢) —0.18 V at 1323 K, and (d) —0.03 V at 1323 K.

Phase changes estimated using the evaluated isothermal sections of the Ni—Cr—Mo

ternary phase diagram at (a) 1123 K and (b) 1323 K [33].

Cross-sectional SEM images of samples obtained by potentiostatic electrolysis of HC
plate electrodes at (a) —0.17 V, (b) —0.22 V, and (¢) —0.27 V vs. E¢q (DyNiz/DyNi) in

molten LiCI-KCI-DyCl; (0.50 mol%) at 873 K. A charge density of 50 C cm 2 is used.

Cross-sectional SEM and EDX mapping images of samples obtained by potentiostatic
electrolysis of the HC plate electrode at —0.17 V vs. E¢q (DyNiz/DyNiy) for 260 min in

molten LiCI-KCI-DyCl; (0.50 mol%) at 873 K. A charge density of 25 C cm 2 is used.

Shear stress of samples prepared by potentiostatic electrolysis of HC plate electrodes in
(a) molten LiF-CaF,—DyF3 (0.30 or 0.50 mo1%) at 1123—-1323 K and (b) molten LiCl-

KCIl-DyCl; (0.50 mol%) at 873 K.

High-angle annular dark field STEM images and EDX mapping images of samples
obtained by potentiostatic electrolysis of HC plate electrodes at (a) —0.08 V vs. E¢q

(DyNi3/DyNiy) for 30 min at 1323 K in molten LiF—CaF,-DyF; (0.50 mol%) and (b)
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541 —0.17 V vs. E¢q (DyNiz/DyNi,) for 260 min in molten LiClI-KCIl-DyCl; (0.50 mol%) at
542 873 K.
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544  Table 1 Typical composition of the Dy alloy and separated phases determined by point EDX analysis

545  of samples obtained by potentiostatic electrolysis of HC plate electrodes.

546
Condition Composition of element 7, x; / at%
Potential
Phase Temperature )
K /' V vs. Eeq Dy Ni Cr Fe Mo
(DyNi3/DyNi,)

1123 ° —0.18 30.9 66.1 0.5 1.9 0.6
Dy alloy 1323 ° —0.03 30.3 67.4 0.7 0.9 0.2
873" —0.17 30.8 61.9 2.2 4.6 0.7
. 7.9 0.9 76.7 2.9 11.2

1123 —0.18
n.d. 10.7 44.2 14.0 29.2

Agglomerated 5

1323 —0.03 5.6 20.2 37.6 11.3 23.1
873" —0.17 21.2 43.7 18.2 6.6 10.3

547  a: Measured by TEM/EDX in Ref. [18]
548  b: Measured by SEM/EDX
549  n.d.: not detected
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Fig. 2 XRD patterns of samples prepared by potentiostatic
electrolysis of HC plate electrodes at —0.08 V vs. E
(DyNi;/DyNi,) for 10 min in molten LiF-CaF,—DyF; (0.50
mol%) at (a) 1123 K, (b) 1223 K, and (c) 1323 K.
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Fig. 3 Cross-sectional SEM images of samples prepared by potentiostatic electrolysis
of HC plate electrodes at each potential vs. £, (DyNi;/DyNi,) for 10 min in molten
LiF-CaF,—DyF; (0.50 mol%) at (a) 1123 K, (b) 1223 K, and (c) 1323 K. The values in
yellow represent potentials vs. Li*/Li.
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Fig. 6 Cross-sectional SEM and EDX mapping images of samples obtained by potentiostatic
electrolysis of HC plate electrodes in molten LiF—CaF,—DyF; (0.50 mol%) for 10 min. Electrolysis
conditions: (a) —0.18 V vs. E, (DyNiy/DyNi,) at 1123 K, (b) —0.03 V at 1123 K, (¢) —0.18 V at 1323 K,
and (d) —0.03 V at 1323 K.
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Fig. 7 Phase changes estimated using the evaluated isothermal sections of the Ni—
Cr—Mo ternary phase diagram at (a) 1123 K and (b) 1323 K [33].
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Fig. 8 Cross-sectional SEM images of samples obtained by potentiostatic
electrolysis of HC plate electrodes at (a) —0.17 V, (b) —0.22 V, and (c) —0.27 V
vs. E,, (DyNi;/DyNi,) in molten LiCI-KCI-DyCl; (0.50 mol%) at 873 K. A
charge density of 50 C cm 2 is used.
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Fig. 9 Cross-sectional SEM and EDX mapping images of samples obtained by
potentiostatic electrolysis of the HC plate electrode at —0.17 V vs. E

(DyNi;/DyNi,) for 260 min in molten LiCI-KCIl-DyCl; (0.50 mol%) at 873 K. A
charge density of 25 C cm 2 is used.



(a) Fluoride system at 1123-1323 K
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(b) Chloride system at 873 K
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Fig. 10 Shear stress of samples prepared by potentiostatic electrolysis of HC
plate electrodes in (a) molten LiF-CaF,—DyF; (0.30 or 0.50 mol%) at 11231323
K and (b) molten LiCI-KCI-DyCl; (0.50 mol%) at 873 K.
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Fig. 11 High-angle annular dark field STEM images and EDX mapping images of samples
obtained by potentiostatic electrolysis of HC plate electrodes at (a) —0.08 V vs. E

(DyNi,/DyNi,) for 30 min at 1323 K in molten LiF—CaF,-DyF; (0.50 mol%) and (b) —0.17 V
vs. E., (DyNi;/DyNi,) for 260 min in molten LiCl-KCI-DyCl; (0.50 mol%) at 873 K.



