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This study demonstrated the superiority of the reduction-diffusion (RD) process in synthesizing the high-purity Nd,Fe,,B fine
powders and the potential of RD powders in developing high-performance Nd-Fe-B sintered magnets without heavy rare-earths. By
systematically characterizing the RD behavior in relation to Fe particle size (micron, submicron, and nano level) and RD temperature,
the size-dependent RD reaction pathways were rigorously elucidated. Based on the results, it was concluded that the submicron Fe
particles should be used as the precursor for RD process to synthesize the high-purity Nd,Fe,4B single-crystalline particles with a size
of ~1 um. In addition, to prevent the severe oxidation of RD product during washing for CaO elimination, a multi-step anti-oxidation
washing process was developed. As a result, the low-oxygen Nd,Fe 4B particles with high magnetic properties were successfully
synthesized, which led to the successful fabrication of fine-grained Nd-Fe-B sintered magnets using the RD powder. The hard
magnetic properties of RD-magnets obtained in this work were comparable to those of the N48-grade sintered magnets. The synthesis
mechanism of Nd,Fe 4B fine particles by RD reaction and the roles of each washing step on the anti-oxidation of RD particles was
clarified in this work. Based on the results obtained to date, the state-of-the-art and future directions of RD process development will
be discussed.
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Meggletsin AaAETEgYy, He =9 T2 232, 01811
BEAlE AT WAl S AT, A AR FLH=E 797, 51508
(2026 59 159 WhE, 20261 69 179 HETFHE Wb, 20261 69 22 AAEHY)
E Ao Me 3-8 (reduction-diffusion, RD) 349 o]dE 7Wko g 715%E w4 Nd,Fe,,B B84 YA=S A8l o)
£ &8l FIE A 1485 Nd-Fe-B 2R S A3t A9E Hudh} Fe A7Ale] 9= 2 34 259 u}2 RD ®F
S5 AAHLE B3l Fe Yol ©F3Rh= NdoFe,B B4 WAYZES F4319.2H, submicron FeS 243k RD 34088

Bl Nd>Fe,B W @& B0 o] F30r}. B3l Ca0 AAE 913 AW gellr] 2Ash= RD 249 2138ks 2Alshr]

afl, AHs} WAE A S8S ARSIt 2 A GAZE Ak = Al vl 4 Qs AAHCR EATeEN, HE

o= %o ¥apial ghg UEhlE | um 2719) A4k NdFe, B F2& AZ3Sith Uoph, Tsew A4k2e] RD #2 of

831] NasFe] 2713 35S JeERE vIAEAY Nd-Fe-B 22214 Azl 4313t RD Whe 2= 47 A 34 &

Hgle THOE Nd-Fe-B % T 7IES /WEd A7 235 F8lo], RD 7Iee] &5 23 W&ol sl =ojsiart .
FH0] : Nd-Fe-B 222, hel-8ht o4, A4 vlAls), $3)= A, Ade-
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& AD Ao}, 12314 FEE T AR tE AF 210
8 7Fssk s ®ES art STkl lem, REY] 3
Al 24191 Nd-Fe-B F7AH] 9] 3-8 Eopda 53l &
7] A4 A} QTHTH4,5). 53], Al olg} 1L
oxe] E HEC] PRI TS fElA, =2 AGEE
2 AEUE PSS TAll ZEE Nd-Fe-B Aol thgh &
27 STkl JJem[4,5], ol& flEl, €3 virty A=
A 4= A== Nd-Fe-B A9 g2 7 BA=E(H,)S
PIATIE o Aol HEEAL ATH6,7]. Nd-Fe-B A1
o] BAES A7) fIg AR AR WS Dy, Thek 2
2 F 3 EF(heavy rare-earth, HRE) 94E 718t
Nd,Fe;sB(2-14-1) 2] A7 (HA S 7M7)
ZoltHe6,8]. LU} o|&, HRE Akde] ga/dd] weE 3+
B2y TAIE Rk, HRES}F Fe 71] wPdzbd Zjfo=z
Qlal Ao} ZHFARSH4M,) E HHAE 1A ATE (BH)may)
7h sk A7 dtH6.8]. WA HZoll=, HRES] A}
|8 HA43) FE HiAREAE 2 BAES 1A 9
3 wMlTE A8} 7ake] H walo] &hd] dtEar 9l
tH6-9].

Kronmiiller 32/(Hg = aHa — NegMy)oll W2, HRE
71810l Nd-Fe-B AH4e] HALES A7 WS 27
T 72 FEEN10]. 3=, NdE HREZF ofd tE 3
ER 94 A8l 2-14-1 739 HaE 2ol Zoltt
[11-13]. 28U}, HRES A|9JPH 2-14-19] H S A2
T AUE JEF dbe Pro] U3, o2 I8 Y A
He pr &3 T Pr YAIEAHTH(grain boundary
diffusion process, GBDP)O. 2 A|SHETH12,13]. &=, A4
o] mAIHZEE Alofste] mAE wiI/IHRI o S A
7)& Z°]tH9,14-17]. Nd-Fe-B A}AJe] A& 7)to] w2,
Zpa] ol 92 o|31 B]ZERY (non-ferromagnetic) S4<
7} Nd-rich YA’ (grain boundary phase, GBP)°| &A=
W, A-3 2-14-1 AFH 7] A7) 2 3HE F(exchange
coupling)®] ¢Fs}E|o] o gho] F7tslal B o] RFETH9,
14-17]. o] mMlTE= 22 2 EXE] BgolA] Nd-rich
Aol §HS FFHFE Cu, Al, Ga 5 HIEAM] Ho] 345
AR 7V =A FEE = ATH18,19]. AR, o]H S
o= B8kl HRES H7ISHA] %2 Nd-Fe-B A9
Hy/Hy Bl 73] oF 1/3 50l #E2] 3lem[20], ©]
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= FHER mATR S 58 Hyt Us e Jte
Aol EAE FAIRITH20].

Nd-Fe-B #A}49] Z2AHE wMgsle 8 PAE NS
A7 Hgg 702 3P3AE 4 doH9,21-25]. A
12991 TellA A o] 2714 FoF & 2] &
w7t e, AR A7 Al wek A gHe] g
ZHE AR YA WA= wEo] A (stray field)ye] Al7)7F
Asle, Nep ghol 7hasiar xAe] Hajgo] Z7sich,
21,22]. T3 AAY Z77F Al wet 249 218} wE
A HAYEE A o5 (domain wall motion)o|A] ] &
A FeS zk= DA 3)% (coherent rotation) 02
ojlo], BAFHS AAY A7|(DyF FATTE Hy « 1/nD
o] IAIS wle} 713 23-25]. Z2AY vAlshs Ao B
A1 2EAGF(P) GA G mAH, ] G2 (B = AHY/
(HRT-AT)ll Kronmiiller *73241& thAT 7% Ny 7l
2o mAEZAA A B S A4S 5 o] EEET
[26-28]. ©]oll W}, T2 58 Nd-Fe-B AR 9] 7l
Aox AR wAg) 7o) 84 Us Axdh A%
Hol mAlglE Nd-Fe-B A2AMS Alxsl] flsiMe U8
Q] 2-14-1 2 QA 715 vAgksks Tlso] A
g=lojof d}. A A& Nd-Fe-B 2 2EY 7)2E
(strip casting) - 4-F3H hydrogen decrepitation) - 24~ A|
E I (nitrogen jet milling)>Z ©|oJA|= top-down 3=
B3] AlzEar JrH29,30]. 2L}, olHEk B4 7)EF 3o
2 Az B9 dA 1 FE gel FF oAy A
o] FdstA] 7] WiEel, F pm FEERECE oF 3
um oPhel Ak =719k Y A= BEES Ve, | um
olsle] YPA= FY3HA Axsh= © TEAH] IS AW
tH29,30]. HT He 7F=E o83 AE LHS T3
submicron 9] Nd-Fe-B "4 A= #3138 A7t A}
Hyg v} Qou}31,32], He AR 2 Qg &2 34 vl
o2 Q3 2HdA Hgolle 73] AlHHolT}H31,32].

HZ, 7= top-down 349 IHAIE FES}L °F | um
T 2-14-1 A JAE A3 93 o R g
32 H(reduction-diffusion, RD) 3780 FE-2 al JUH33-
36]. RD ¥4 JEF 94S I3 231E A (oS
7 Nd,0; 9 2815 5 Nd-Fe-B-0 59 B3 413}
)2 AF BEE Sl 2-14-1 SE7EME-S ek
bottom-up o2 ZFAE (calciothermic reduction)Ol]
ofd) SEF AkelE ATAERE AP 5 Nd7} Fe 9
AL W2 B} A Bhaste] 2-14-1 S FAshs wks
HAUSS Z5=TH33-36). 19k 22 St 7IRE A 34 A
5o A7A el =) 2 A4 BXS GUsHA AAIFRe

[e)

24 wkg FrE aEor Ao & e ovisiH, 2

S
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A O F submicron T 2-14-1 EEA AR S 7}
S3H gt £3], Nd,0s2F FeE 283k RD F3cIM =
Fe A7AIL] 717} 2-14-1 JAR] 2715 A= F2 <)
A2 Zg3itial deA dem[34], Fe JAF I71E <F 50
umell A 4 um 02 AAID 739 HF A AR =)
T oF 60 pmollA 7 pm FEOE FAShs AEe] ®Hard
vl ITH37]. WERA, RD 342 Fe A4 29 = 7+
A5 B3 7€ B4 7NE o2 E 2] ofEe |1
um 2] YA 2715 FEE 4= = HollA 71E Nd-
Fe-B 2Z2A19] Z2A4Y vAlg} HAIE 553 4 e 7
Sk u)d B A% Ve GrkEnh SR, @A) Ax 71
3k RD B@e o £ug 93] A Nd-Fe-B H2heF
160 emu/g o) the] w:& F3px3h4aM,) 7S YehiE
Aog BT 9om[33-3538], ©]o] w2} RD HZ-& o]
£3l] 14T HAAS AXsks d 2 ol#eo] Ak
RD 29| 57} ofslEe 8 d9le thae] 7 7=
FRAG. A, Fe A7A ] F7)o) wa} 2-14-1 Ae] A
A= 9 Rk 7177t AsksARE, ool gk AAIZQL ol
7F 7531 ko] v B S 91 HHe] RD ¥
A 7o) oA FYEA] kth34,37]. ol= RD ¥k
Ao A o-Fe, FesB, NdA| 2klE3 28 2apde] dAS
Zefstd HE g ApH B8-S AsirRIvH39-41]. =
A, Caoll I3t SER Ake}Ee] 4 WRE(Nd,0; + 3Ca
— 2Nd + 3Ca0) F4H=21 Ca0Z AA3) 93+ A1F 3
Aol 2-14-1 B2 AL Alspy} ISt HF AYAIE
Bulo] Aks FEE Z7MAZITH42-44]. Nd-Fe-B £ U 4F
2 ¥5o /K= Nduich A9 88 A5AA 422
Nd-rich AF2] F4S AIgITH42-44]. o= AR 9] X
USE Weld Wk ofue}, B8 83k HIXMY Nd-rich AkkE
o] PAS FF3kaL, Nd-rich YAVFY] A&4S osAA 2
A 2 A71A AT FAS WeEdeZR A} e) Hap
g Agls opIgitH17]. olggt olf=, RD 348S &3
submicron =719] 2-14-1 & 34 AT il Hue= &
AS}ARH42], RD 8-S o] 83 AA4Ax ] 4343 Alx
© AR Bag v itk webs, Fe 74 2719 &
RD 7179] ©J3lE 53l 1= vA| 2-14-1 RS A=
g 5 e A RD S FYsta, 2Ee AskE H
28}sA CaO RD FAHES G0 Axd 4 Qe
A A MRS T8 2E RD 229 44k 55 A7
3l= o] RD %S o83t v 2gY Nd-Fe-B 244
7ike] a4l Aot}

B =FoXe= RD BRS A= ddd A 34 HF3E
FTAHOE RD 38 AAlst ek mA] 2-14-1 23
AR A AR ] A7 )1H e S ol e

o\

=

L

o

[e] & [e]
R I Rl C TS )

ARE B3 34,45]. A7A 2719 ©2 FE RD 9AF
o] mAlTt% % RD ¥HS AR W3l AL o sm,
submicron Fe A7AS 83 ¢F 1 pm 7|9 ITE 2-
14-1 &2 dAE P 5 J= A9 RD 348 g4
31934, T3, RD B9 3w slE 943 A5t Ak} v
2 AR 714S WsATH4s). TAIFCE, (1) A F &
o] AkSlE WIR|EE7] $J3h ethylenediamine(EDA) coating
@, (2) CaO BI=E F7MAIA 80l AR Has)sal
Foto] &0 =& ARRS ©=5h7] 93F ammonium  nitrate
(NH,NO;) £ Al &, I8]al (3) acetic acid(AcOH)E
o] 83t 2-14-1 YA} W AkelFo] 38H4 27 GAR o]F
oAl A F8ES MLetder, 1 Ax He Esxs} 3
S ZHe IR 2-14-1 EA RS eI Yot
AT ALk RD 2ES o]88t N4sw9d] 2714 5485
A vAAAH IS AZShe o Agsiddh. F2t
o] ATAINE upEbo Z HRE-free PAAAHY Nd-Fe-B
22X AZE $I3F HZF 2] RD ¥4 A WEks AAs
31, RD 349 A, 974, 283 &% -8 W o
A =3l Bz} gt

II. RD 23 S8t =T -MAA OJM
o

1. &= 2-14-1 OJM| Xt &S 2|8 RD HHS A2 0]3)

Fe A7A19] 9= A4S B3l HF 2-14-1 29 =5
vMElE 4= = RD 349] ool " AFS 53
5o JYATH37], ololl thgk U1} RD wkS<l 2)sh

AGE 7] Alofol]l ofzfzo] Ut webA, Fe A4

7t #E RD 29| 4= 2 A A miXe FEFs

313) qrEslaL, o RS R 2-14-1 ©ge] vlA UAF A
= 9 HHe) 3 2as ANshe AL Hke- T8
AFA J=d e &3 AFstax}, A= oE A7
(micro, submicron, nano)s Z¥= Fe A4 HE2 FHls}
S ThFig. 1a). Micro 2Z(6~10 pm, 99.5%, Alfa Aesar)}
nano +%(35~45 nm, 99.5%, US Research Nanomaterials,

Inc. ) g8 AES AFESIH 2™, submicron EHL o3}

5 EaEl] 2 A 3l S Bl A skt =
HlE Fe A7AS] AA+= B4 A(Fig. 1b), micro
submicron Fe HE-& 53t o-Fe(#ICPDS 06-0696)% -
/JE ¥1H, nano Fe 8- =2 3t Aol| wE 2FA At

3ke] ggog o-Fe 29 maghemite()-Fe,0;, #ICPDS 39-
1346) 7do] EAlsE AS FRIEA). 3F Fe TLEY
Ndy05(99.99%, Alfa Aesar), B(=95%, Sigma-Aldrich), Ca
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Fig. 1. (Color online) (a) FE-SEM images and (b) XRD patterns of the micro, submicron, and nano Fe powders; the micro and nano Fe powders
are commercial products, and the submicron Fe powder was synthesized via spray pyrolysis combined with hydrogen reduction. The figure was

reconstructed based on reference 34.
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Fig. 2. (Color online) (a) FE-SEM images and (c) XRD patterns of the Nd-Fe-B powders synthesized by the RD process using micro, submicron,
and nano Fe powders as precursors, respectively. (b) Particle size distributions of the Fe and Nd-Fe-B RD powders. The figure was reconstructed

based on reference 34.

A (16 mesh, 99.5%, Alfa Aesar)s 217 7 &35}
Ar E9714142] @4EE B8l RD 38 319, &
A o] AAEE Ca0 Tk AAE s A 3A-S
AA, Y=7 ME TUE Fe wUE AXE 2-14-1 RD %
S AAY}. Fig. 2a¢} Fig. 2be Fe A7A] Z7)0) w&
RD 29 dxF &4 2 =9 Wsls HolFoh Fig. 2a00
Uel=o], micro Fe AFAIE ALEsle] A|ZH 2-14-1 ¥
(RD-Micro)?] 75, B2kl ok F4S LeERT

HHFH | submicron Fe ATAZ5E $44E RD-Submicon ¢
A AtF R vAslal 24 @S UERITE Nano Fes
AREGE RD-Nano A= 74| Fest ARG 33 2715
FABA=, o12HE 2-14-1 2] I E o] a7
Aoz o]FRA] kS FFL 5 Aok FFA| Fed] A
719} RD % Z7|E AHEA ¢ 23, Fig. 2094 & 5
J5o], Fe Z7A] =717} 420 pm(micro Fe)ollA 470
nm(submicron Fe), 89.38 nm(nano Fe)& Aol we}l
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oM F=3 nano Fe T2olX9] 2-14-1 IR & 3 3%
A @S YS3he Aol Fig. 13 2& Fe 749
Tof wjE} RD B<te] A 34 9 it Ase] gEkicks
< AR HojFH, old tigk FAFS] wAYUSTS
F7HQ PAlTER A ARE 7He R SE3leE St

AFA Fe £ 715 1133 RD 34 HZAsE 53l
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S AAE] YA, micro2t nano Fe %€ RD 33
255 WslAz o, s9 AFE Fig. 30l YeERNA. Fig.
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L5 1,000 °ClA 1,200 °CZ F7AZ0ZH 2H3] AlA
HAk o= RD FAS 530 2-14-1 2] A= A8
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Bo| Fe YAke] HHAXREE FANE k=] 2-14-15 3
Jsh= RD ®kg9] &dshd E54& 11#shH[33], Fig. 2c
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gt HZe] RD 2% 7] FAIA= v EFgsith
, AFA Fe 29 A7P7F 715kl wet, 2-14-1 @
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RD-Micro %S 4& = USAN, Fig. 304 & 5
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1 A =719 AAES O] s ER18 & Q). Wb
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o7 kst 3], Fig. 3dollA ERIEE 1,000 °CollA
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Fig. 3. (Color online) (a) XRD patterns of the Nd-Fe-B powders
synthesized at 1,000 and 1,200 °C using micro Fe (RD-Micro), and
(b) FE-SEM images of the RD-Micro powder synthesized at
1,200 °C. (c) XRD patterns of the Nd-Fe-B powders synthesized at
900, 1,000 and 1,100 °C using nano Fe (RD-Nano), and (d) cross-
sectional SEM image and corresponding EDS mapping image of the
RD-Nano powder synthesized at 1,000°C. The figure was
reconstructed based on reference 34.

1,100°C ool WAsk= S4I a-Fe YA 78 (not
shown here), nano Fe Z7A|S] €73 E<PgAS HoFr)
o]&&t nano Fe H7Ae] B4 Y HEL, 2-14-1 4 3
e 9% A1 99 7Y i 2 FE R A gHE
Wallshs alo g 2kg-eb, wbx RDO ATAHZEA] nano
Feo] A}-8-& F2|g}s}tt.

Fe 7419 4=} RD 257} HF RD A=Y &4 3
4 2 ol HRle GRS AR S ATE vl g,
Fig. 49l Fe 4= RD %k3-9] wIAUSS AR A%
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Final product : Nd,Fe 4B (= 1 um)
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Fig. 4. (Color online) A schematic diagram showing the hypothetical reaction pathways of Nd-Fe-B phase formation during the RD process,
depending on the particle size of the Fe precursor. Pathway A, B, and C correspond to the RD reaction using submicron, micron, and nano Fe
powders, respectively, with pathway A illustrating a reaction route suitable for synthesizing ~1 um Nd,Fe 4B single-phase particles. The figure was

reconstructed based on reference 34.

oz d# nloll w2, Caoll 23] Nd,0,24HF e
=% Nd 92k B9 $7 Fe A} IR-E k=™ ([33], o]
£ Nd&7} Fe2 o]538l= Fe-NdAl ©HEF 4k 7)1 <J3)
ZujETH46]. Submicron FeE 83k RD A= 8
¥ Ndo} B 927} Fe YAt W72 4E3] ghleo], 1 7
HollX AAIE 2-14-1 & A F AFo] Fe THF7HA A
THo 7 FPHATH( Pathway A). WHH, FU3 2% ofA2]
micro FeE ©]83SF RD 3°4<9] 7%, pathway B9} 2ol &
oz Zuigh Fe wde] A== A3l 2-14-1 T YRS
P37 A8l 87E= Ndok B YA EE ARt S8
&, Fig. 2collA UERGS0] Fe 2] HHPNE 2-14-102
W= AP= o FeQ 2 EAI5H| Hth o|ZHE, Fe &
TA2] ol s AFHE= Nd © B 9Ake] o b
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Fig. 5. (Color online) Schematic illustrations of the RD and post-RD processes, including anti-oxidation ethylenediamine coating, first washing
with an NH,;NO;3/DIW/MeOH solution, and second washing with AcOH solution. The figure was reconstructed based on reference 45.

Nd-Fe-B + CaO




<34 E=1>> Journal of the Korean Magnetics Society Vol. 36, No. 3, June 2026

- 185 -

As-RD-treated |

*
*

After NH,NO, washing

:_uLL.GJJJLIlUAlv‘Lle_JW
[ After Acetic acid treatment |

* *

- Nd,Fe,,B (P4,/mnm) |
(I ATIROR IV | DY TUN BTY O]

0 30 40 5 60 70 80

20 (deg.)
(c) (@) '
- *Ca0
=1l =3
<! <
> 2+t
£1 =
= =

20 (deg.)

20 (deg.)

Fig. 6. (Color online) (a) BSE images of the RD powders obtained in this work. (b) Systematic changes in XRD signals following each step in the
washing process. Enlarged views of the areas marked with red and blue asterisks in panel (b) are shown in panels (c) and (d), respectively. The

figure was reconstructed based on reference 45.
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Table I. Oxygen concentrations of the RD powders subjected to post-RD treatment under various conditions. A detailed post-RD conditions for
preparing each sample (Sample 1, 2, 3, 4) are clearly seen in this Table.

Samol Post-RD treatment conditions O corc.
ample

P EDA coating - NH4NO; washing — AcOH washing (ppm)
1. NH,NO; washing only (standard) - O - 44,000
2. EDA coating added o (¢ - 30,000
3. AcOH washing added - (6] o 7,500
4. EDA coating & AcOH washing added (optimal) (¢ (6] o 2,700
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Fig. 7. (Color online) (a) BSE and oxygen elemental mapping images for the samples. To avoid false oxygen detection from interparticle voids, the
dark contrast regions in the BSE image were excluded from the oxygen mapping image. (b) M-H curves for the samples measured by VSM under
a maximum magnetic field of + 25 kOe. (c) Comparison with previously reported 4w/ (or 47Msskoe) and H; values for RD particles [34,39-
44,51,54-74]. The current RD sample is indicated by the red star. The range for commercial jet-milled powders is indicated by the red rectangle.
Note that the 47zM values of particles was converted from the emu/g using the theoretical density of 2-14-1 (7.6 g/cm®). The figure was
reconstructed based on reference 45.
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Fig. 8. (Color online) (a) Demagnetization curve of the Nd-Fe-B sintered magnet fabricated from the RD powder synthesized in this work. The
bulk RD-magnets were fabricated by press-less sintering process (PLP) (b) Comparison of hard magnetic properties between the RD magnet
developed in this work (red star) and commercial sintered (black dotted line) fabricated from jet-milled powders [75]. The figure was reconstructed

based on reference 45.
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