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REFRIYIAE: P53 BT EBMEMEHIER TR ESUFE; R R REER TR IR A R R R
LS4 HR AR E TSR E R R G E . SRR ERMRRETHERY,
Fe7oNi12B1aSia WK i F AU FI R AL 38 FE (Bs) 165.78 emu/g, FR#(Br) 7.29 emu/g, HFHi/](Hcb) 10.63
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Abstract

To optimize the thermal stability and magnetic properties of magnetorheological fluids, Fe-based
soft magnetic alloy nanocrystals were prepared using the mechanical alloying method. After surface
modification, they were mixed with a high-viscosity carrier liquid, and through stirring and heat
treatment, magnetorheological fluids with high magnetic performance and thermal stability were
obtained. The phase of the magnetic particles was analyzed using X-ray diffraction; the microscopic
morphology characteristics of the magnetic particles were observed with scanning and transmis-
sion electron microscopes; the hysteresis loop parameters of the magnetorheological fluid were
tested using a vibrating sample magnetometer; and a rotational viscometer was used to evaluate
the viscosity changes and thermal stability of the magnetorheological fluid. The results showed that
in two magnetorheological fluid systems, Fe7oNii12B14Sis nanocrystals had a saturation magnetiza-
tion (Bs) of 165.78 emu/g, remanence (Br) of 7.29 emu/g, and coercivity (Hcb) of 10.63 kA/m;
Fes2B14Sis had a Bs 0f 160.19 emu/g, Br of 6.98 emu/g, and Hcb of 11.19 kA/m. After surface modi-
fication, the magnetic performance of both alloy nanocrystals showed a slight decrease. Regardless
of whether they were modified or not, the Fe7oNii12B14Sis particles had higher saturation magnetiza-
tion and remanence than the FeszB14Si4 particles, indicating that the Ni element effectively enhances
the alloy’s magnetic performance. With the increase in the mass fraction of magnetic particles, the
magnetic properties of both magnetorheological fluids were significantly improved, while the vis-
cosity gradually decreased with increasing temperature. At 25°C, when the mass fraction of mag-
netic particles was 35%, the Fe7oNi1zB14Si+ magnetorheological fluid had Bs of 75.60 emu/g, Br of
7.35 emu/g, Hcb of 9.18 kA/m, and viscosity of 7.56 x 104* mPa-s; the FeszB14Si« magnetorheological
fluid had Bs of 60.91 emu/g, Br of 7.05 emu/g, Hcb of 8.51 kA/m, and viscosity of 7.08 x 104 mPa-s.
These magnetorheological fluids possess high magnetic performance and excellent thermal stabil-
ity, providing an important basis for high-performance magnetorheological fluid materials.
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¥E[13][14]. Suzuki 5 A[15]LL Fe-M-B (M = Zr/Hf/Nb/Ta %) &4y NANOPER &4, KHEGEEH Fe
i, WUBFIRLBN R, Zr IR BAEE MU BT AR T S B E L LD R R . R
FE, BHAG RREEME, R4 T2 E RSB &S, KMUBE I JFRERIE A & it e, B
DLIE I A AR B AR5 0 SR ) S e Pk R, R b A AL A YR A 1) % 5 7 M A S FH R 52 281 7% A R i
Willard 25 \ & [ 16]LL(Fe, Co)-B-M-Cu (M = Zt/Hf/Nb/Ta 25)dE i 40K 5 & 47K 2 4 HITPERM &4, H
VANHEIRR S5 B2 (Bs) e, TS B il 3 38 5 AR I s e SRR Fe L3R S8/ 4K S M R i) £ 1 14
WA, BRI S m e . AR K R AR e [ 11]. Nastb 28 A[17] DA B B REZ
# 1) FegoB1oSisNbiCuy JE 9K A & B A S BB SR /). Pan % A[18]-[20]4&H, Ni JIA Fe-
Si-B Ja it % Fe-Si [i%, it Ni-Si HERFERE Si 18] a-Fe(Si)l¥, MIEH ALK A I Fe-B #;
[EJEF, NS D05 A SR AS WA o] BRI s 5 1l e, DRI AR ) 63 R B, v R T. 7EER &
Yk ESE AP, Si CRMGINTTEE T ARSI, TR ST (bee) G54 1) a-Fe(Si)EVA A, Z%AH
BEREA UK A S MRIEUD 48 R4, X B3R HHE 323 [21]. A2 IR PTIE AT £ 1) Mn B3+ 4L 8 A
A R T Vi i e YA B R PR R e A TR L R R A AR e M [22] . Wang [23155 N IR LR B
TN Ni TR A & A AR XN 49 K FHE 2 75 K, AR TG S ivdae 5 5tk GE . FeNi &40
WA &) B S ML RRE . R R R R e i, KBS Fe EA TR “ W RGN
TR R G RE[24]

AR SCR MU A &5 ) %5 By Si, Ni ] Fe JEBLG &M A, Rt LA Z 4, Hf
NI Ni TG AT FRAR A o A FH e BRI VR 5 VRO R TR T 79, AT Wb 2 T b o K ek S )
RPN s LS RER . 7501 5705 ol B Rk 2 R R SR kb, il 46 HE DL Fe JRIRNE & G M REME R
THIBGR AW . BRI T Fe FEFME G S b T RIS I REMEBE IR PE AR DU R Vi e PS5 1 e

2. LW
2.1. SLIE[EH
FF FH S22 J50RE L 1

Table 1. Experimental materials and reagents

F 1. KB RR R

RS ) RS /4 FE HFETR
7R A 99.90% PLBHTH R S50
Bk 99.99% PLBHTH R S50
Si-Fe &4x(Si & &) 75% VLB T R S50
B-Fe && (B & &) 20% PLBHTH R S50
R (C1sH3402) srirat PREAIIPNG 4= v il
i (CisHao) srirat PREAIIPNG YA viil
To7K LI (C2HsO) e KA E TR TABRA
o HL S R 295-3 JBE i A PR A )
T e JBE i)t A PR A )
T 7501 PR SOl A R A 5
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2.2. BRI RIS

il % FeroNinBiaSis A1 FesoB14Sia B & & WATMERL T, 1 Jefdm AL AT & He T 75 25 EOR I
JiE. fEH AL-104 B HF T R UEMRR & & SR, IR & &R E N 25 g. W ELGF RS T
VSD-450 A4S B IS R . 7E 0.05 MPa S SURY R N T IR, IR TG 13k 2 e Bh i b
REIEHEOR AR5 WG, BIEGARIN & S RIEARE R, @RETHENHTEEK
N5 3 gy BUTHTEEAT [ A AL B o [T 5 106 4 B T I i 0 B 28 1 v 0 2 P I 8 R e il e o IR R Ay
Mo KRB AT M B T A RS, MTEEEYE, BTy hiltiriveEl. BiZeemME
T GN-2 B REEREEN L, DA BN, $ZERRHEE 10:1 LR /NERE AN 10 mm. 8 mm. 3 mm
(IECEE N 5:4:3, (E#ECA 70 r/min R ) HIBREE 8h, 12h, 16h, FRFTKARRREMERERISEMT . BREESE UG
KRS T 60°C I TRAAT T 12h. MEEARRTEMTICEH R, S50 2IRANGENESE
Rt
2.3. EEMERIFRYRE S

wiE 1, KRR S AR 2:1 TR B, BT 60°CAKB AR 30 4Bl KIS 4
b TR INAZIE R, B )5 BT EE 30 408, DIV ITELA K, #iki 778020 AR5
KRG RERE KQ-100 A RIFES Y, T 60C AL 2 h, FEEN TR . BBEA
HH-1 BB AR R KB, 78 60°C NHUMAERE 4 h, (MR FIER T RITEM AW 508, MG
{5 R AR R B IR B 2 R OMAR . BN DZF-6050 BB T-HRFE N, £ 200°CIEIR T A
T4 2 h, BT 65C FEATHE 12 h, XTELFHIRES TN 2h, SR RISER . 28 R i
&SR T . Fe B ARE/KSENAES, MROESERRFSEETR, HRRTKEKE.

/O 4
e
=
HER+IEHRER 60°C{RR1h

60°CT#&12h 200°CT#2h BERRESRRIR 60 ClEIRHIF4h

Figure 1. Flowchart of surface modification of magnetic particles

B 1. BN TRE I RIERE
2.4. BRTHNEIE
ek 2 b 4 WREA BRG], oS EASEERS . 7501 SEMER S Sk RE, BT 30°CIEEMES,
IS HUEEE 2h TR A, BRERIMARIA R 5] BER NGRS & SR T, kS 2 h,

FHSEBRFA RS, RIER TG RIS E 2 hRERBRARR: Kl 2(a) Rk RS T R AR
W & 2(0) AESINEEIZ 26 AF T RGBT RAR
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Table 2. Content of each component in the ferrofluid
®2. HIRERERSOE

285 BT e R P R 7501 55 e U M
A 20% 40% 15% 25%
B 25% 40% 15% 20%
C 30% 40% 15% 15%
D 35% 35% 15% 15%

Figure 2. Prepared magnetic fluid (a) without magnetic field, (b) with magnetic field
B 2. FIZHHRER () RIMEMERTS, (b) MRS

2.5. MK 5RAE

SKFH BAR BE & BE S E 47 R AE - B FH MiniFlex-600 %Y X 5 28 A7 51 (XRD) 43 B s 7 B P AH 2 s
K BKT-4500Z FURSHFE S GG TV SMY) IR P K71 ARG AR V0 (0 i [ 2% 5 388 3ok O bt B SO H A 4
BT HRAR S A o A RM100T 24 e Ak B2 V1 S R AR v R B2, I 25 s HL B TR P AR (i FH
i LT AR (SEM) LSRR i R T3 3% 4 LB (TEM) LS i OWL T S

3. ER5i1i8
3.1. ¥MEBIRIE

FIF XRD X} Fr il 2 (PR R & SR AT YIAR 24T, 5 5 WIE 3 B, RRRE i 9 AT S T
20=44.67° 4k ZEN a-Fe M(110)H IATH A, M5 FesSi MHATHIEAIE, V&4 Fe-Si B %
TR . 7E 20~ 65° A B K K5RIE, )8 a-Fe (11(200) 81 . BLAt, 7E 20~ 45 FHmtail 3 —g5#7 5
I, 5 Fe,B AHII(002) 4 THIVLHD, £ IAGILFEH FeB A #45 Fe & ALK Fe.B (&Y. K 3(a) R
)72 FezoNiB14Sis #f i, Ni JER 5] NS AT 0G4 7k — B 52m . 51 3(b)Fi7n FesoBiaSia FE A AH EL,
HF gt — S mAE T wmE, Ni 5N SEERN SRk, ([EATHE%. Fe 5 Ni iR T
LA (53 A8 126 pm 5 124 pm), X&) RS B BCA R T2 B4 . X B et /i fS ) XRD ]
T, O JE R S PR AR AR AT S 0 B R R AR IR AR, EL ARSI BT R 40 e At A R AT S . X R
2 T 0 PR AL T O R B2 & Skl T IO Oy SR AR G5 . SR, SO JE AT S e () B0 R 0 5 [ T 0
ARG, ARYE XRD 3, A7 e S5 4 ARG, 11w T S s RS RO R AR 5% . B b ek
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PEHT 5 A <M AR 2 SIS R R FeroNinBiaSia FIEKL T SRR/ 4.64 nm, BePE)S N
5.21nm; Fes:BiaSia WAL iR KN 4.93 nm, SPERL 78 5.63 nm.  FIRARMRE], it 72 5]
ONTHTBR AL A A A 3 B0 e FEM A B B AR A 480 . 482 XRD 0 #rR W, ZRI e PE AR B 3 AR R
TR ERNZR, IFARBIRI NI SR G R e B, X O] & S5 WA E IO RL AR BLE 1 M)
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Figure 3. XRD spectra of the initial particles and modified particles (a) Fe7oNi12B14Si4 powder, (b) Fes2B14Sis powder
& 3. ¥IIERTF SRR XRD iE(a) FernoNiBisSis #7K, (b) Fes2B14Sis #3 K

3.2. BMARIRER

SEM JEF (18] 4(a)« 14 4(d) R, PRl & RV T B 2 AR AR, R R, LR SR pEAH
HARHIM AR AR RIS, TR — IR %, Sl ok b . 2RIk fm, TEM ER (A
4(c)~ F 4(D)THMT o, PRIRL TR I ) QORI T — R BCE IR B )Z o FeroNiinBiaSis & &R 142
Fes:B1Sis &b FUBERENIY L), X 2R 5HRIMEERER R Ni uRI oIS MR RIS
THER > T IR e, BUE FeroNiioB1aSia R R 1A Z AT 35,

3.3. BHERIRIE ST

JE R A R AR AR AT . RIEIE 5. K 6 nI R, TEANFEERBEENR R, TRV R Ik 2
HUERL T, FesaBiaSia & <BRL T IR K T FeroNinBiaSia &KL 1o 411% 5(a)BREENF Ay 8hy 12h. 16
h ] FesoNii2B14Sis FIEEHLT D50 73514 10.12 pm. 8.65 pm. 6.82 pm; M7 D50 2054 11.49 um.
9.68 um. 7.42 um; U1K 5(b) FesoBuaSis HIUEHFIF D50 43 %04 10.85 um+ 9.21 pm. 7.24 um; 2k D50
5329 12.46 pm. 10.66 pm. 8.36 um. FKEABRKEEN RS, Kiftlh. K& 6 NMME Sk RERRE 8h T
fIRiE A, 1 6(a), & 6(b)7r 5N FeroNiBiaSia A &8 R IR T AR 7, sk D50
N 1149 pm, BEIT 13.54%; &l 6(c), &l 6(d)7 A FesoB1aSis & k0 R BRI AR T AR 1, ek
PERLT D50 A 12.46 um, 38007 14.84%. ¢ L, otk FRiEE i b 3% i a5 o .

3.4. BHERIRMERE

R FCHEERL T ROREERE, KA VSM XS AS[R)ER B B[] 7 22 1 20 PE R J5 ) FeroNiiBi4Sis 5 FesaB14Sis
PR & ok FREATIAR ARYE IR 7 W50, AN R RL T8 & Stk 7, BREEI Ay 8 h BEYEREY & T
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BREEIT ]y 12 h A1 16 h &SR, HIRESE G, HURBREAE e 7, RFRiARiii N vk
FiA /NG, R R T A R R, SRR T o LT e 2R T A R B AR A0 SR T R R S R
&, BRFHIPRE, S806 A S FHO8 D, FEW ERIN B B R OSSR R SF 208 5 nm,
J& T B SR AH W B AR R SR N2 S BUR R S Y 2, R R FROERIFETC T, 3 — 155
BRI, FEB PR, MERESNTEY 8 h B, FenoNiBi4Sis i 7 M MHARLE R & 8(a)fin, ¥k
i 7FH Bew B Al Ha 20514 165.78 emu/g. 7.29 emu/g Al 10.63 kA/m, ZFimlt)E, Be Bl Ha

e — BER

b a1 111
et SRy

Figure 4. SEM and TEM images of alloy particles (a) Morphology of initial Fe70Ni12B14Sis particles, (b) Morphology of
modified Fe70Nii12B14Sia particles, (c) FezoNii2B14Sia modified particle TEM, (d) Morphology of initial FesaB14Sia particles, (e)
Morphology of modified Fes2B14Sis particles, (f) Fes2B14Sis modified particle TEM

4. B&RF SEM & TEM [El(a) FeroNii2B14Sia ¥R FH5R, (b) FeroNinB1aSia SR FRER, () FeroNinBiaSis
MR TF TEM; (d) Fes2B14Sis ¥IIERLFHFR, (e) FesaB1aSia iUMERITHIER, (f) Fes2B14Sia BRI F TEM
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Figure 5. Particle size of alloy particles under different ball milling times (a) Fe70Ni12B14Sis alloy particles, (b) Fes2B14Si4
alloy particles

& 5. TEIKERE T & &R TR R(a) FeroNinnB14Sis EEHRITF, (b) Fes:BuSis BERLTF
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Figure 6. Particle size distribution of alloy particles after 8 hours of ball milling: (a) FezoNii2B14Sis initial particles, (b)
Fe70Ni12B14Sis modified particles, (c) Fes2B14Si4 initial particles, (d) Fes2B14Si4 modified particles
6. TKEE 8 h Bf, & &R FHIKITE 5376 (a) FeroNinBiaSia ¥IERIF, (b) FeroNiaB1aSia BRI T, (c) Fes2B14Sia ¥3E %L

F, (d) Fes2B14Sia BRI F
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Figure 7. Magnetic properties of particles before and after modification with different ball-milling times: (a) FezoNi12B14Sia initial
particles, (b) Fe7oNii2B14Sis modified particles; (c) Fes2B14Sis initial particles, (d) Fes2B14Sis modified particles

7. A[EIBKEERT B B BTSSR F AU H 1% BE (2) FeroNii2B1aSis #IEHRIF, (b) FeroNinnBiaSia BRI T, (c) Fes2B14Sia HIIRHRITF,
(d) Fes2B14Sis MR F
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Figure 8. Magnetic properties of alloy particles after 8 hours of ball milling: (a) Fe7oNii12B14Sis powder before and after mod-
ification, (b) Fes2B14Sia powder before and after modification

& 8. BkEERT(E) )y 8h B, & &R TRIFLIERE(a) FeroNiBisSis UL RIEH AR, (b) Fes:BisSis iR &

S R BT 49 13.04% 17.28%F1 24.64%. FesoBuaSis Fi T 145 AN 8(b)Fon, HAIGGKIT Bsw B Fl
He, 735108 160.19 emu/g. 6.98 emu/g Al 11.19 kA/m, KHSKMESE, =FH 55 T T4 18.86%. 12.46%
N 23.6% . ST M B P A SR 1) TURE T RE S 5035 I — @ PR BE I N B8, (H A ORKF T8¢
= By, RFHAZOHEPEREARP™ EIR . B LA SRR SMERTS, FeroNinnBiaSis KL 1)
B 5 B ¥R E E T FesaBuaSia KL T o [AINF, FezoNiioBiaSia FIHF /I tHIG LK T J5# o FeroNiinBiaSis /MY
TEVIMEAS BA BRI RE , AR SOV 5 PO RE T B8 P I 5 306 /N T FegoBiaSise BUHE J5 AT 3 Th 60,78 T
BRI I, TR RLAR G K, K1 B[R] R4 G178 2 40T, REABRMRAH BLAE FHOSS, — ERRE B2l 1 REFE AR
M, AHFEILAEE AR GHERIR N 2, FRE T REMERZ ORI S EG, FrRL, WEVERES TR TR
P58 5 IR FREF B VIR DG, Ni 5] N W46/ & 4 Fe JRFIRI-FIEFIEE[25], HIR P& d 2
HF 250 Fe JRF IR T o ZHAEH, M Fe 8P MR T = ESFEE; I E g
AR AR B R TR T R RS [26], BZ&4RFE Fe Ji X5 0PI IR AR, SR AT RE A0 5 FE
4Tt
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3.5. WRTRIVRIE

FRAE 3.2 1, SMBEREEIS [E] A 8 h I RO RGP br 1 WA 1 B8 A 50, FeqoNinoBaSis BETERL T Bs N 165.78 emu/g,
Fes:B1aSis MATERLF B N 160.19 emu/g, [Fk, EHEREERS B 8 h MRAMRL i 2 AR AL . BHIE 9 W]
B, Fe S S WL AL W ARG PE fe T R P 057 7 7 B 2 P 398 I v 8 25 10 i o 3K S B o T R v R P A
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Figure 9. Magnetic properties of different magnetic particle contents: (a) Fe7oNii2B14Si4 magnetic fluid, (b) Fes2B14Sis magnetic
fluid
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Figure 10. Variation of magnetic properties with temperature when the magnetic particle content is 35%: (a) Fe7oNii2B14Sia

magnetic fluid, (b) Fes2B14Si4 magnetic fluid
B 10. BEMRF &8 35%mH M REPEIR AT 1K (a) FeroNinBSis HER L, (b) Fes:B14Sis BAREIR

DOI: 10.12677/app.2026.164022 237 I EEY/BEH


https://doi.org/10.12677/app.2026.164022

ko 5%

8 195 70 8 9.0
g0 L (@) —o— AR LR (b) —o— 1L IRIE
—o— ol ° 60 |—o— Fmk ° ;

T 700 e S o 17 - —o— S 317 485
! o {00~ & 01 -
§ 60 =17 8 {67 'z
R e s = o0 8.0 =
i 165 = ®Or 2 3
H 5 g ¥ 15 § =

-] = o = 1
o 415®485 & R Ve
§ 40 =17 % § 20} 14 ®
30F o ok 47.0
s @ 414 @ 13
20 ! L I | L L L L 180 0 $ | 1 | | L | | 165
20 22 24 26 28 30 32 34 36 20 22 24 26 28 30 32 34 36
TRMW% BE/wW%

Figure 11. Variation of magnetic properties of ferrofluids with different particle contents (a) Fe7oNi12B14Si4 ferrofluid, (b) Fes2B14Sia
ferrofluid
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Figure 12. Variation of viscosity with temperature for different alloy particle contents: (a) Fe7oNii12B14Sis magnetic fluid, (b)

Fes2B14Si4 magnetic fluid
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