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Abstract

A set of novel backward-extrusion magnetic sheet molds were designed, and the microstructure,
structure and magnetic properties of the nanocrystalline anisotropic Nd-Fe-B magnetic sheet
prepared by backward-extrusion method were systematically studied, and the reverse extrusion
molding process of magnetic sheet was optimized. The forming mechanism and magnetic unifor-
mity of the backward-extruded magnetic sheet were explored by the samples from six positions of
the magnetic sheet. The results show that the magnetic properties of the sample in the middle of
the magnetic sheet with an extrusion height of 30 mm are better than those of the samples in both
sides in the horizontal direction, and the magnetic performance of the sample in the middle of the
magnetic sheet is better than that of the samples in top and bottom in the vertical direction. The
backward-extrusion magnetic sheet has the same heterogeneous microstructure characteristics
as the backward-extrusion magnetic ring and the traditional upsetting magnet. At the same time,
it is found that the maximum magnetic energy products, (BH)max, of the magnetic sheet decreases
with the increase of hot-pressing temperature. The (BH)max of the magnetic sheet gradually in-
creases with the increase of deformation speed. When the deformation amount increases from
46% to 63%, the (BH)max and uniformity of the magnetic sheet is significantly improved. The mag-
netic sheet hot-pressed at 525°C, hot-deformed at 850°C with a deformation speed of 0.07 mm/s
and a deformation rate of 63% obtain the best magnetic performance and its B, H; and (BH)max
are 12.81 kGs, 10.66 kOe and 38.03 MGOe, respectively.
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Figure 1. Schematic diagram of backward-extrusion magnetic sheet process and mold, hot pressing (a), hot deformation (b),
backward-extrusion die sleeve schematic diagram (c)
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Table 1. Results of the different process experiments

1. FRIILZXKER

g IR/ C PRTIRFE/C AR /mm/s B (BH)max MGOe)
BEI 525 850 0.05 46% 32.74
BE2 550 850 0.05 46% 30.49
BE3 575 850 0.05 46% 24.01
BE4 525 850 0.03 46% 29.08
BE5 525 850 0.07 46% 33.94
BEG 525 850 0.07 63% 38.03

3.1. BRI SMTHR

W TR R B ARGE R, WA 2(a) B i il R 1975 AN B BOREEAT WG RE UL RS MR AE, % 2
TR 525°C. PRTZIREE 850°C . ML AR 0.07 mm/s. A TE & 46% HIHE P AN R B HURE Y
WEVERE . P&l 2(b)MIE] 2(c) 73 B A ts v AN TR L A o IR BE - 26 A XRD 3% . fE/K-F 51 b, Bk L wh )y
CHTRLRE S L PR RE S T PIONAE s AEE BT )L, WP R AR B RE DL T T AT T
Table 2. Magnetic properties of samples at different positions of magnetic sheets with hot pressing temperature of 525°C,

hot deformation temperature of 850°C, hot deformation rate of 0.07 mm/s and deformation of 46%

2. MEBE 525°C. MTHGERE 850°C. AMTIER 0.07 mm/s. TBREER 46%mHEH FELEH MR sE

(A B, (Gs) H,; (kOe) (BH) ax (MGOge) R ME BT TR
ST 9.16 11.36 17.99 0.344
SM 11.13 9.97 27.34 0.571
SB 8.65 8.83 14.77 0.529
MT 10.23 10.92 22.67 0.372
MM 12.44 10.10 33.94 0.740
MB 9.16 8.40 15.66 0.440
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Figure 2. The position (a) and demagnetization curve (b) and XRD diagram (c) of 6 samples on the magnetic sheet with hot
pressing temperature 525 C, hot deformation temperature 850°C, hot deformation rate of 0.07 mm/s, deformation of 46%

B 2. HERE 525C AERIRE 850C, REMIEE 0.07 mm/s, TREH 46%898 A £ 6 MERMGLE () RHIR
kB2 (b)F0 XRD [El(c)
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Figure 3. Cross-sectional SEM images of magnetic sheet SM (a, b) and MM (c, d) under hot
pressing temperature of 525°C, hot deformation temperature of 850°C, hot deformation rate of
0.07 mm/s, and deformation of 46%

B 3. HREBE 525°C. RTHBE 850°C MBMIREK 0.07 mm/s. THER 46% N
F SM (a, by MM (c, d)BIHATE SEM B

BT AT TR /771 b B v F R it O e RE LA T TR AR, AR Ay T ELT7 ) B MIT

DOI: 10.12677/ms.2023.1311103 945 PR R


https://doi.org/10.12677/ms.2023.1311103

IPZ AN

MM, MB =AML B AT 8T ML 4(a)n] LOEZ R MT £ 5 F 5 23000 A RITCR A, FFRILE )
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o BT TGRSR g, SRR AR S, R385, I 4(c) ] LSRR 7 4
GUEANSE 377 10 BP0, ] 4(d) s aT DOWEERIERL O A A R ok of LR IR SR gE, &
Wi 177 P PATHES, AR RIFRIAN . fERTEREI, BRGUER, WRREZE, WE 4(e)
B MT B R RGN R 7077 M B A, U RIS A R T2 2B ], L 40D g B,

MB FES R ok DA AIRIR, X SR IRRE R T B aZ i K], SR oK
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TR, REFEM AN NdoFe B AHo X T RETHLT 1) MM FEdl,  A(006)FI(105) 1) BH St B 3 R A7 5 e

Figure 4. Cross-sectional SEM images of magnetic sheet MT (a, b), MM (c, d), MB (e, f) un-
der hot pressing temperature of 525°C, hot deformation temperature of 850°C, thermal deforma-
tion rate of 0.07 mm/s, and deformation of 46%

Bl 4. RERE 525C. REMIBE 850°C. REMER 0.07 mm/s. BHEN 46% T
F MT (a, b), MM (c, d), MB (e, HNEIHKIE SEM BF
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SEIG, 5 R MM R SEREE L2 KIRFEAR, IF HARXT (2143 14) I8 3R/ NTF MM B8, H Lo/ L0s)
=0.522, YHHSWARZE . XM KE MB FEMERTEATITAL sl R, SRE T A KA
RO, RO ARRLHE T A PR SR, R 803 S5 A e A PR S oRE L), R T 2 AR 22

3.2. FEIRE XA
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Figure 5. Demagnetization curve (a) and XRD pattern (b) of magnetic sheet MM samples at different hot
pressing temperatures with hot deformation rate of 0.05 mm/s, hot deformation temperature of 850°C and
deformation of 46%
5. MERIEE 0.05 mm/s. HMEFIRE 850°C. TRER 46%F N EHRERE TH A MM H#RHR
Hh#I%L (a) & XRD [EiE(b)

40 45 50
2theta (deg.)

Table 3. Magnetic properties of magnetic sheet MM samples at different hot pressing temperatures with a hot deformation
rate of 0.05 mm/s, a hot deformation temperature of 850°C, and a deformation of 46%
3. RERIER 0.05 mm/s, HRERIRE 850C, BHEN 46% T EHREIRE THA MM # IR A8

MR/ C B, (Gs) H,; (kOe) (BH) nax (MGOge) RFER R E I /%
525 11.96 9.27 32.74 98.9
550 11.75 9.24 30.49 99.1
575 10.16 11.31 24.01 99.5

MBS A 3 Hal DUR L, TERRIRE N 525 CHl & MG R, A RTRE, RESERE,
R A RE 22 T 550°C A1 575 C R T B o Ho(BH)max 155 32.74 MGOe, B, 4 11.96 Gs, H,; ¥ 9.27
kOe.o #R I 55 5 M Fie 0 it b ROST AVESUR 1%, ki s el R R ) BB A AR TR RE 7, FE 520 35 TS T R A4 27
4 BT 1 o

T AR R R B AR T, B4 SRR S TR 5 B AR AR I BOIR LA ok, X P ek
JRIIHLE DAEZ AT [13] [14], FHEZT, BOHBBRAE LSO TR . B 6 AT IEZ 0.05
mm/s. FETEELEE 850°C . ATL &N 46% M AN [ #RIRE Nk MM FE S i SEM BEF, i 6 v]
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DRI, BEE AR TG, ARG R SREEET R, SRRy 525 CE(1E] 6(a) B i 1K E 4
AR AE I IR, AR, 04 R A BN EROIR B2 RG] 6(b) UK 1 S il
i T BOR LB, A FOR R BE RN, B s MR EEE R 575°C R SR RSHE VT AT E
SRR, P 6(c)mT AU 5 3 K 52 FRRH K 55 Hlt i AR R AR AR T

MR 1] 5(b) 1) XRD 43 KL, 1€ 575 CRIRIRE T, AR BREE [11(006)F1(105) AT 5 14 L 5RAE T,
FHGIMQIHATH IR, FL(006)1T 5 I AN (10517 5 e 3 52 1) E A AR Looey/L105) = 0.457, Ui H]
WEAR AR IR 22, 3X 5 K& AR AR NERIR AR A IR Ko 525 CHIAEIS ¥ Zoosy/T0s) = 0.583, T 550°C IS
ToosyL0s) = 0.570, KT 525°C, XK B 525°C #JE R (00L) 2 3 B 58 T 550°C AR I SR a8, 1X — I
FARGF WIARRE 1 525°C K HORE A R ARE e AR T SSOCHIAERS (IR IA . BEBHAE 525°C R itk B4
A R ISR FEAB N SRR, AR T 5 SR TR I 8 B S 4 A TR e

Figure 6. Cross-sectional SEM images of magnetic sheet MM samples at different hot pressing temperatures with a hot defor-
mation rate of 0.05 mm/s, a hot deformation temperature of 850°C, and a deformation of 46%: (a) 525°C, (b) 550°C, (¢) 575°C
E 6. HERIEZ 0.05 mm/s. HAERIRE 850°C. LRER 46%H FEIARERE THiA MM #RB9ETE SEM B
() 525°C, (b)550°C, (c)575C

3.3. ERREHRAHIR

B 7 ARJEIREE 525°C . AR 850°C . ARFE BN 46%. AR FGIAR I3 K I [w) 3% 1 1) 45 10 O
MM Ff i iE R i 28 F1 XRD B, HREIMEREInEE 4 FToR.

15 L
—— 0.03mm/s T 0.07mm/s|
—0.05mm/s g
— 0.07mm/s = g ¥
Z10F = H
g P
2]
% g
< S5t E(
0.03mm/s
0 1 1 1 1 1 | 1 1
-15 -10 -5 0 25 30 35 40 45 50 55 60
(a) Field (kOe) (b)  2theta (deg.)

Figure 7. Demagnetization curve (a) and XRD pattern (b) of magnetic sheet MM samples at different hot
deformation rates with hot pressing temperature of 525°C, hot deformation temperature of 850°C and deformation
of 46%

7. BERE 525°C RERIBE 850°C BRER 46%BT N ERERRETH A MM # R HY R #E
#%(a)& XRD EiZ(b)
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Table 4. The magnetic properties of magnetic sheet MM samples at different hot deformation rates with hot pressing
temperature 525°C, hot deformation temperature 850°C and deformation of 46%
4. RERE 525C REMIBE 850C BHE A 46%IT RNEIREMRETH A MM H mEHEE§E

A fmm ™! B, (kGs) H,; (kOe) (BH)pax (MGOe) PASTIT 8] /s
0.03 11.47 9.62 29.08 300
0.05 11.96 9.27 32.74 210
0.07 12.44 10.10 33.94 180

A DUAC LR A TR AS T 1 A (R B T R WA AN RE AR B 2 8 n . 2 TE U A 0.03 mm/s I, AZTE
TR 300 s, ML 8(a) AT A2 B A7 KBS I, X R BN KA AT, IR
[k 58 STy R C =N N NN PR S EC N ¢ SN A B U SN oA AN D N B e v A
BUL R BB REAREAC . I 0.05 mmy/s I, FAASTEI [A] I8/ 22 210 s, ] 8(b) AT LAMLSE EH K
ALY N (B W 4 D NS A A 5/ SR W 4115 AN AN D Y R P P I e
BT E . TR MRE 0.07 mny/s I, PRI E/02E 180 s,  SRLAE @il s (8] N S, okt
SZEIREE AN, BUNR SR B AN PR ANEL 8(c) T ARLEER, ikl O 28 4 i A 8 Rk ki
HARGER, SRS RAF, S ELTRR RAFRISGU o R T B G #4383 2 1) 489 o HL 3 1 A
HEREARTE BTG K

SHTE 7(b) ) XRD K I, #AEFLEAA 0.07 mm/s BF(006)FI(105)F7 5115 I & 5 T B d R N
0.03 mm/s £ 0.05 mm/s I, H Zoosy/L105) = 0.593 . TIHATZIE AN 0.03 mm/s A1 0.05 mm/s #iEREAHIT
XRD Z 5 AN, LA(006) TS AN (105) AT 565 U4 3 B 1) LUABL RS L, AR TR IR 220 0.03 mm/s I Zoo6)/Z105)
=0.562, 1M 0.05 mm/s I} L6/ (105) = 0.583 KA AARTLIH AN 0.05 mm/s I F I EF T 0.03 mmy/s I .

Figure 8. Cross-sectional SEM images of magnetic sheet MM samples at different hot deformation rates with hot pressing
temperature 525°C, hot deformation temperature 850°C, and deformation of 46%: (a) 0.03 mm/s, (b) 0.05 mm/s, (c) 0.07
mm/s

& 8. REIRE 525C AEIRRE 850°C EE N 46%FINEHRLERE R TH A MM BT E SEM B :(a) 0.03
mm/s, (b)0.05 mm/s, (c)0.07 mm/s

3.4. TR B HERIRME

B WIS FC T AN RIS T S RE ARG R B3 S M S i R B, BB TR 3N, MR m(EE
HR 77 1)) 3 THD R HR O R i 22 5 B R 1) (AT R R 7 1) b MRV RE 2 R IR SRV IR, B TR A
63% M, WA LA 5] o B AENAE N[ 16 B AR TE T 2T T KGR TR I, WAL & 55%, 65%,
T5% AT T HF T R B AR AR T R AR T A 7y, s AR T e S ECH R SRR L, R tE
SO R A (1 5 B SRS R VS TR AR T B, 548 eSOt ) 4% (0 S 57 el v IR RE PR e 238 SO Mgk AT 1 X L,
B FT BT EHN 46%, BELEEN 63%, 7 5 NHJEHRE 525°C. #EILIEE 850°C. AL H%
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0.07 mm/s. ABTE &N 63%K G AN [F AL B AL G YERE, HEE 5 al A, RE R S E AR S RETEBER A I B K
RE, WA ARESLERE i KRR Z0E tH 56.48% %K 2 40.78%, HSIME TR MIE.

Table 5. The magnetic properties of the magnetic sheet at different positions are 525°C, the hot deformation temperature is

850°C, the hot deformation rate is 0.07 mm/s, and the deformation is 63%
5. RERE 525C. AERIRE 850°C HMTMIEERK 0.07 mm/s. THER 63%0HH A RN B EE

(A=Y B, (kGs) H,; (kOe) (BH) ax (MGOe) R 2T TR
ST 10.84 9.12 25.93 0.721

SM 12.69 9.27 35.02 0.805

SB 8.24 10.77 2252 0.695

MT 11.05 8.87 27.11 0.686
MM 12.81 10.66 38.03 0.870

MB 11.66 10.66 31.51 0.766

K 9 NIJEIRIE 525°C. #RZIERE 850°C . HVRLHEZE 0.07 mm/s. B E N 63% K FF ML A
o7 B FIERE 2R AN XRD B, I 9(a)rT &, S5EEN 46%HIFEMA EH R HE, BH 1K
B 63%J5, Rl S0 BAE S BB R R 2R 5 R S T 4
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Figure 9. Demagnetization curves (a) and XRD patterns (b) at different positions of magnetic sheet at hot
pressing temperature of 525°C, hot deformation temperature of 850°C, hot deformation rate of 0.07 mm/s and

deformation of 63%
B 9. #AERE 525C. ATRIEE 850°C . ATHIEER 0.07 mm/s, TRE AN 63%EHF AR B R

B #E#h %% (a)F0 XRD Ei(b)

10 NAHEIRSE 525°C . MRTZIRFE 850°C . #VRTEIEZE 0.07 mm/s. ABTEE A 63%I il fr Al 3 B
J7 1 ERMT. MM, MB =AM B SM A B FE 5 B30 SEM B, 58T &1 KHT (5 2)B3 6 &
FALRIIREE . [ 10(a) MT B 5 22 080N R A ZS TE I B SoRLE 5 386 K B A EL BRI Sk /s HA b2 B
B2 SR AR g ot 15 10(b) MM AR Sl JU) L7 A 30 A A D AR B bR oA, 5 388 KR L bR it oA B
SEINAK SR A BT s 1] 10(c) MB FE & A 8 22 R K alob i) H BIAE 5 38 K AT AH B R IR B AR R A Bk
el [ 10(d) A SMBE il 525 T 2 5 A8 Wi AF EL ks th T L 4 3836 A48 SR R dikir, 1T 2 TSR B8 28 T N
Fotk, (BT RS 1) MM FERAREG, F0/N B R0 73 EE B EE R, MMAE Sl I R e 2 o
UK, R R RERE R RS =T SM FESL . AT DASER BBk BRER 55 AN B K SR T AR T

DOI: 10.12677/ms.2023.1311103 950 PR R


https://doi.org/10.12677/ms.2023.1311103

M %

AR HT I B S (R o

1] 9(b) R, MT FE i [1(105)F1(006) I B 4555, I HARXS T(214) M3 1) TR EE/N, SM
MM £G4 T 2%, (105)F1(006) W FST F-(214)FI(314) A7 5 g5 i B R T 5%, I H.(006) U4 5
FAT(105)U, Ui B AR TE 2 BVR(006) 77 M A, ZUEELF: 4y MB B 5L (105)F1(006)IEAHXT T-(214)F1
(314)fi7 5 e 5m B IR (B 5 T T00350 , (AR TR A 8855 . £ MM FE 5 Loosy/L(10s) = 0.780, SM ¥ ¢itt L6/ 105)
W 0.752, 5T E I KT T ZAR R RIRL A MM FE 51 Loosy/Iaos) = 0.593 MLLAT H B R (0L =, BRI 4
PR, SO Es A R i 5 R —

Figure 10. Cross-section SEM images of magnetic sheet at hot pressing temperature 525°C,
hot deformation temperature 850°C, hot deformation rate of 0.07 mm/s, deformation of 63%:
(a) MT, (b) MM, (c) MB, (d) SM

10. HERE 525°Cy REMIERE 850°C AEMRE 0.07 mm/s. ERER 63%H1HH
FHOBRE SEM BB : (a) MT, (b) MM, (c) MB, (d) SM

4. &5ig

AR R AT 7 R M4 R ARK & % ) 1% Nd-Fe-B W fr, BRI 1R #E v I OB
TS HEVERE ST, B T AFIRVERE . AR R R AR TE B AR IR0, EEEA5 IR R

1) XA IREYE RES ST AT 19T, RBURE A AR OV B MM R S RV R B U, ST R
IR R IR/ BRSBTS R 2R RS

2) BEE AR H 525 CHRTHE 575°C, B I(BH)mex B 32.74 MGOe %3] 24.01 MGOe, XA fig
A& H T AR IR T = 2 SRR P SRR ST IR, BOR I df R DAL AR Sy Btk deoks I B S8 ]

3) BEE R AR H 0.03 mm/s F2TH 3] 0.07 mm/s, 5 II(BH) max HH 28.08 MGOe 271 £ 33.95 MGOe,
XA TR VR R 3 s, AR (BB 2 98D, REMRTE iR R I TR ek, SR 2
RARK, AR TR R G, BRI .

MR AR TE f H 46%38 K2 63%I, REF FIRATE RIS SIME BT, (BH)max 1 HH 33.94 MGOe
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