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71, BIUIEREAT I — M R IR 2, PRAEEE A AR
(IR 0 8 S S35 51 e i 4717, Boland 55 A5k
TSGR, B e R R ) AR
HIRE, FRRRH T RS- A Wang®5 A\ i
¥ 2 BERRANK A T3 BRI B DTS AR R oA o, AT S — o
BA DA RN AL BB T 2 ThREE S b4
BRI, XL SRR AR RE TR A IR, HILE
REHITCVEE I 4, RIS BE A 37 B R e A RHIK R
JeER. ik, DUACBY DGR 1 2k G PEREDI IR 2 —
T LT A ) 0 TAE.

TEAE A BEAARERT DR RN AN A PA B4 A8 1 JF B 1 I A
i 2P0, F S R T R R, R BE
FAF 4 e e e AR S AU 2, G, X e b il
H B P S AR T 70 BT TR 5 W 2 A o o) 26 T R
R BRIH(NdFeB) & — i LK AAL L, 1 3 1) 2% Rl
AR XA RHE TS AMIG T, HoR s R
ALF-0; SR, LERLIZ R AT LAgeRi AL, Hm Rl R e
(M) TRAE 7K AT NIIAFAE, 31X 5 1% Gt i) SO RURL
WONANIR. BT BA X R e SRR . o R A 5 B
Hs B R EERE A, NdFeBEEE G AP RHME S £ 804F
W2 R, 5 NdFeB 5 By )3 B8 i A 45
&, NBHEIPERE T IR 2 DhRE B s A RHR At 13 K.
G BERG3A TE AL INdFeBE A 135 v 7 1 A1, o] 33k
— DR E AR )RR, SR, Hh BT DI AR A
NdFeBRURL & 510 5 18 BER R i R IR IE.

AICKENdFeB 5| N BIBTHIE ML b, AT )
i LA I B TR 1 i 55 IR B 498 A 44 R ) X )
W N 85 V) B8 A &2 A A4 KL (Dual-Stimuli-Responsive
Shear Stiffening Polymer Composite, DSR-SST). DSR-
SSTAPEL I ) AR B BT V) I A RORE,  He At BEAS & 7T
Ll e B D R M S 4 N R g, Ho K&
#1151.61 MPa. [FJfF, DSR-SSTH EHE R ILH {5 1)
WA RE, HAKRERE T LLEE i n LA eE.
NEEE, BT NdFeBE M RIMIERE, HaME
R BURHEIH T AL HE, RV AT 445 R S
. BJn, DSR-SSTHAPRMEE I T A 1Y 5 RN A

P/ 288 B P28 T 3 BT A 1 P T A B K D A

AR

2 MRS EE
2.1 MR

FH T i) 2% BY U] 384 B8 5 1) — H R R AU e (CAS 5
9016-00-6)FHIER(CASS: 10043-35-3)0 [ A & |- i
] 24 £ A4 2l B A ). A 7 S 2R HE
(Benzoyl Peroxide, BPO)(CAS'5: 25155-30-0)tH14 H
ERAT]. RIARDAEE20-100 um KNdFeBERL(H 5
LW-Q-200 H ) B A [l | M 5 A% 2B 4 A R A w] $2 k.
X LR T 8 A AT Al H R 48 I KRR A 3.

22 WA

RS H ) BY D) 3G B fit A — P SRR AR b (Poly di-
methylsiloxane, PBDMS)AT4Y), Hifill&TFBROARK
SER N E P LA R by )i S NI = A A Sl v 1 N
o & IINdFeBBURL (5T &40 5053 7180, 20%, 40%, 60%
FI80%)TE Z I T F FFAML(F BRG], 24
FXK-160)E &355), Horr By A ik 5 i S AR H
e 1) 5T & e A25: 1. A PR IR SR E TR, &2
TOCCHRALALEERI W], Sy (AL WL, & AN\ 5 & 2 3
NdFeBHURLFIDSR-SSTH i& X IDSR-SST-X%, HHx
ERTEE. BN, 5 60%NdFeBI)E &M B & X
NDSR-SST-60%.

2.3 FERARIE

s RS AR 7 2 (EOL  JSM-6700F
SEM)MZENdFeBEURL SR, K 62 B s (L5 TK-
CO21EC)HF FutE S [T &5 1. b 4b, e ik 1o (] 42 A%
(VSM)(SQUID, Quantum Design Co., America)ZR1iE
NdFeBHIDSR-SSTHF: it [ [714k. DSR-SSTs[1iit 48
AW L R A2 {X (Physica MCR 301, Anton Paar Co.,
Austria) B 7. MRS REF, REFEARE 20 mm,
JEFETD mm, AR RS R AL AL FE AT A A g IR AR
MR, FEAR AN A, R E N0.1%, BIYI%H
AALFE I PN0.1-100 Hz. ARG 8L BE i ol 72 He,
Hd37) AN LR B = A, HLBi0 8403 B 01200 mT,
BYUPISR B2 N1 Hz, BT S M i #0 8 Filsy 4
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3 #ER51E
3.1 NdFeBFIDSR-SSTHI M F4iF

K 1(a)f2NdFeBK T [ISEM & F . ki1 S 3L 22 i 44
SEH, R~F43A4i J920-100 pm. & 1(b)/£DSR-SST-60%
FES R IR, AR, BORGREVERY R 51 0 A 18
DIER R, T s 1) R PR M. R S5 A AR T
DSR-SSTH k| 2 A FAR T A2 52 1) J1 24 Mg

3.2 DSR-SSTHHIHISI YIIEH 1 REFRAE

K12 BT 7RDSR-SSTAY AL ) fih e A - B D) 4 22 AR A,
i 2R (A M AR P AN ). AR, Bl YDA
RPN, BT A RE G 0 i B AT B35 2 2 3 o, R
R BT A S, PADSR-SST-40% 9%, 48T 45
#0.1 HzBf, /MR R (G i) 791.22 kPa, A
BYPIATAR 3G 0, £ BEASL R 2RI N, 24453 100 Hz
I, KRR F1.23 MPa. %N R R, 7552 mdiny
VIR 77 #k i DSR-SSTHEFE 2. 2 34 i, 73 4F, NdFeB#i
DADTS - e G AT =Raw v b SR By RV VREN o AT N
UWINdFeBRL & 21 N F60%H, & K i fe ik &
(G' e F1151.61 MPa.
SE SCHEX BY ) BEH 28 (Relative Shear Stiffening
Effect, RSTe)k & A4, BY 1) 14 4 24 v :
G ..~ G

RSTe (%) = % % 100%. (1)

F1HIZE T P A DSR-SSTH AR & A BT 1))
BB

WR TR, A ST T DSR-SSTAA k) 35 2 81 i
R BT U AT . EAR Al BT D38 B i (1N S NdFeB)ff
FERE BT G 250N 528 v T DSR-SSTHE M, H Hif ki
RER B K /N H0.50 MPa), &Ik T'DSR-SST-80%]

Bl 1 (M4 k¥ E)NdFeBEUR (a) FIDSR-SST-60%(b) 1
W25 Ky A5

Figure 1 (Color online) SEM image of NdFeB particles (a) and
optical microscopy image of DSR-SST-60% sample (b).
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Figure 2 (Color online) Shear frequency-dependent G’ of as-prepared
DSR-SST samples with different NdFeB contents in shear tests.

F1 MK DSR-SSTH A G iy G MRS Te

Table 1 The G’y G and RSTe of DSR-SST samples in shear
frequency tests

NdFeBEE(%) G (MPa) G'px (MPa) RSTe (%)
0 1.25x10™ 0.50 404529.63
20 3.60x10™* 0.90 250000.00
40 1.22x107° 1.23 100800.20
60 2.02x107° 1.61 79702.97
80 2.42x107 247 10206.61

2.47 MPa. BIDSR-SSTHEfH I /12 EREH THINT
NdFeB¥i ¥ 1M & & 10, &of & & 7 LREMNH
A,

3.3 DSR-SSTHIHAIZ M RE 4T

] 3 2 30 ek ity [ 28 A3 43 B DS R-S S THE i [m]
Bl BT A o P S 0 R 0 T B 6 3 P 34 o i 384 0,
T AR AT . FeHR, DSR-SST-40%, DSR-
SST-60%, DSR-SST-80%FINdFeBMH (1)1 Al HE AL 55
FE3 51 7N40.1, 61.4, 87.4F1101.8 emu/g, ¢ B AR
AR R T IR MR S A ORI . B B2,
NdFeB, DSR-SST-40%, DSR-SST-60%#1DSR-SST-
80% I L4 5 M73, 30, 46161 emu/g. XFHHIR 5
& G R IORL (R RGN0V AN, e LR R,
e RO RN R A 558 B RS G FF P& 7 DSR-SSTHE 5 Ttk
FHREAE AT [B] P9 4ERF A = IR, X B R
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Figure 3 (Color online) Magnetic hysteresis loops of NdFeB particles
and the prepared DSR-SST samples.

SPERETRAL T —FhHT I .

KI4BF T T DSR-SSTHE i [0 37 1 i B2 4
DSR-SST-60%EA R mml 81k, fEwsafER T, M
El4(a) B B 4(d),  HIRE 2RI fe) 1 > 12 15 % i,
“EHG7, IX R BIDSR-SST-60% EL A FHAR () hf 45 25 M
N TP R R AR T RE, AR IEAT T RS
AR, WnEl4e) AiTaR, AR i REAR & B 5 1l 37 9 5 (1)
W, FHH A B R A (Magnetorheo-
logical, MR)ZZN. 5 —5TH, NdFeB& & 5H k%
RE MGt B IE A G PE. B W DSR-SST-80%1E
1200 mTHEIZ B T G =135 1.11 MPa, 1liIDSR-
SST-20%M1 G, fX ~0.041 MPa, X315 &4 R HE
AR RN i NdFeB 2 &4 = i3 K. M DSR-SST-0%
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(BT )38 B BN 37 A e B, T b 25 R B, DSR-
SSTHE it (1% 3R ) 2508+ B2 B T DSR-SSTHE A 1E
' N EBNdFeBRL 3 71 7% 3 T ok 188, AR 42 =
TR TRIM B, T S S50 B AR 3 Y,
153730 T DSR-SSTHE i ) fiff BE A S AL A ] Jif
AH X G A8 RN, (Relative Magnetorheological Effect,

RMe) K AT 5E & 537
RMe (%) = Gmgﬂ x 100%. ()

F245 H T DSR-SSTHEATL AR M RE FIAH RS HL. mT LA
FE i, DSR-SSTH] & A AH X I A2 2w mf LLIK 3
262.5%, IX Eb LARGTFRE ARG AR 0 A g B, A
253, DSR-SST-60% MY 75~ H ZH AR 1 55 U1 19 4 24
N (RSTe N79702.97%), HoHhiii A8 %N (RMe N200%)
W R, FIiEFEDSR-SST-60%3E TR NHF 5T

3.4 DSR-SSTHiA1E 58 BT )AL A 53

N 5 R DSR-SST-60% KM A g, A
beads OIS - URVI P D b b b RS A
KI5 7 7 DSR-SST-60%E [F] i 52 2| 8Y47) 37 Al 7 B4
i R 2R RE. AR, DSR-SST-60%3Z %) XU E il 4
i, HABREALE R R, JF H A% Re R & E 5 i 1Y
55t DA S BT DA 38 KT 3G K, ZRIHH R 48
fi4n, AR BT U ZE 100 Hz, 24853758 B O mTH4 o
F1200 mTH, FPRME & M 1.52 MPalli K $2.23 MPa;
MR FFREY 91200 mT, 4BIUIR (H0.1 Hz3 K F|
100 Hzif, #1RHI B 22 H10.022 MPal i %1)2.23 MPa.
BT B R, SAEMER R ] DU R 5y

@
o

300 60 90 1200
Magnetic flux density (mT)

Bl 4 (2R ) DSR-SST-60% fi37 1 3 75 75 P ((a) —(d)) IS [FINdFeB 5 & fTDSR-SSTA it B 7 28 57 (e)
Figure 4 (Color online) The responsive properties of DSR-SST-60% actuated by magnetic field ((a)—(d)), and G’ of DSR-SST samples simulated by

different magnetic field flux densities (e).
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£ 2 ERESHVER FHDSR-SSTEE MG 0 G FIRMe

Table 2 The G, G'max and RMe of DSR-SST samples induced by
magnetic field

NdFeBHE (%)  G'min (MPa) G'ox (MPa2) RMe (%)
0 0.019 0.020 5.26
20 0.027 0.041 51.85
40 0.034 0.088 158.82
60 0.100 0.300 200.00
80 0.240 1.110 262.50

10°F

10°E —o—omT

——240mT

720 mT

Storage modulus (Pa)

4
10 —9—1200 mT

100 s :
0.1 1 10 100

Shear frequency (Hz)

B 5 (MR DG A8 170 By [ £ R BIDSR-SST-
60% 22 1 e

Figure 5 (Color online) The synergistic effect of DSR-SST-60%
sample under the stimulation of shear frequency and magnetic field.

DIV AN 37 S LA 53 A E T 2

3.5 DSR-SST#;1E58(PME)S M i3

F T 5L A T 37 e S R R v T G S R 2, DSR-
SST-60%7E FURE AL R J5 ¥ 77 2% VE B A 06 B IR N
Fo. ERRE THRBIE AT A, Ee(a)Fi(d) 7 il 8y
PIH4H8 R ATDSR-SST-60% & A 44, AH ¢ R~F ¥ 0
20 mm, EA£10 mm. K 6(g) NZT750 mTHE7 Pkt Ab
#16 min[JDSR-SST-60%. [El6(b)Fl(e)H (1)l A2 4% B 2,
50 minji, 20 BY )48 A IR FIDSR-SST-60%t 2% 173 & 43
AIFEAESHIL0 mm. AT, TG AL DSR-SST-
60% = B LT AR (El6(g)—(1)), RIH i3
RE. ZI RN 3 B T DSR-SST-60%4: il At Ab
HIE R T KERLT5E,  H s 5 067 (8] 58 AH TR
SIETEIARH. Rk, TRLAEEF B g 5 2 i DSR-
SSTH R 124 Mg,

50 min

(a) l
(d) I
(g) I

Bl 6 (FZHR ) B I A (a)(c)), DSR-SST-60%E %
A ZF((d)—(D)F13Z Z((2)—(1)) TR A AL B 5 s A2 e
Figure 6 (Color online) The photographs of creep behaviors of the
S-ST polymer matrix ((a)—(c)), DSR-SST-60% sample without ((d)—(f))
and with ((g)—(i)) pre-magnetization treatment.

[i) i %k B U7 384 B IR FID SR -S S T-60% £E A [7] 87 7]
IS 73 R TR S AN e AR - R st 1 BE AT T R A
RAE. WE7(@Mb)FTR, EH BB, MERARIELL
TUFARI ], H BTG R FIDSR-SST-60% ) fi K v
A5 [ N S 7 BB I T 3 n. EAR R, DSR-
SST-60% ) 45 KW A8 376 /N T B U F i, 1X K BIDSR-
SST-60% K470 4% 22 14 76 5] ANdFeBFUR 5 B 42 .
BB, CUEIES IS, PIRRRREE LA S R REAS
B WARE, XEWRAE AR FIDSR-SST-60%
FEAE T BT, MEHE TR, El7(c) W RDSR-
SST-60%%2720 mTH37 Tk A Ab BEJG FEAS R BY ) R 7
THIEAR AT, A W iZDSR-SST-60% 5t K v A% i 3 %
fiX. @1WIFE500 Pai /7 fn#L N DSR-SST-60% ] 55 K M.
A5 N520%, 102 TR A AL B 5 1 B3 R AR DU ik /s 21
223%, X5 EeF LRI thhh, HEMN TG, M
BHOREAT AR T FRe k. [FIRE, fREFEY )R
719300 Pa, 247537 240 mTHEH15]1200 mTH, DSR-
SST-60% [t i K% A8 M230% % 2 90%, X BIEH T
DSR-SST-60%7E £ T AL 5 iids A2 PE g 2 25 3 i

BT LIRGER, ARG TR A3 X
DSR-SST-60%i VL REIFZM. 75 BT 2 i %A
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B 7 (MR ) AN [ R B 1748 55 5 FIDSR-SST-60% (¥ A8 -FA BAT . (a), (b) BIYIIEAH (a) FIDSR-SST-60%(b)Z A
[RIBYI RN JIEH; (c) DSR-SST-60%%2720 mTHE FilkgAL 5 32 AR B Y18 JIfEH; (d) DSR-SST-60%1E300 PaBY 1)) /) FIA [Fl

Dy TRHEA NS H4T

Figure 7 (Color online) Creep-recovery behaviors of S-ST polymer and DSR-SST-60% under different excitations. (a), (b) S-ST polymer (a) and
DSR-SST-60% (b) under shear stress; (c) DSR-SST-60% under 720 mT pre-magnetic field and different stress; (d) DSR-SST-60% under 300 Pa and

different pre-magnetic fields.

o IEAT TG AR EE. BERLI AR M RE IS . 5
HDSR-SST-60%A4H Et, 283 TR A AL H (R A4 ) i e
PR P, BRI R e SO TRURG Ak 38 5 (Pre-
Magnetization Enhanced, PME)®(N. b4k, il 42 s
ToURE A 37 () 5 P AR AT AR A B e . R TR
WAL AL I DSR-SST-60% 1) G’ in TG i 73 T 256 1 1
1.64 MPa. #R1M, 4240 mTHi kAL G, HG' A
G’ I INF]5150711.84 MPa. H 46, 2 TiRiAL 58 E
BEHNEI1200 mTH, G 5i52.34 MPa, X8 H W] 5
FIPMERL N, B A EPMERS IDSR-SSTHIR i 2
T TRl s, S8 i J N ] ) TR Ak A R
ATYEREAT R I 122 e RE. DL R g SRR, it
1) TR A ok R R AT 5 [ 4% 1) 9 3 5RDSR-SS T /1 2%
PERE.

FEH TR T, ARRETENAF e BSR4 &) 43 Bl e 3
DIMAFA R, RS Il R 25 # (B 1(b)F19(a)). F 4
8, REYERURTERBAAE R R RE R A 30 I T BORL T BE
SERCY. R, E TR FE F, NdFeBERL I i T
TURLEE, WoE W e S AR . SR, VR )

BAMEM A 5w TR G I3 FTR). B TRk
fERRLT 2 (BTE RCsRAH BAEH, RFLFEEESNIER T
NGB TE(E9(c)). BEMED AT LRRRE & 1 5 1%
fe. K2 PiRE AL AL FE FFTDSR-SST-60% /N 5 X5 [ 48 T
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Figure 8 (Color online) G’ of DSR-SST-60% sample under different
pre-magnetization before the shear frequency tests.
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Figure 9 (Color online) The mechanism of the magnetic field
dependent mechanical properties of DSR-SST-60%: pristine sample
(a), under magnetic field (b), removing magnetic field and loading shear
force (c), removing shear force (d).

PeRE, HAURRIEIRREEEM 2R RE T 2
£ 82 FH R B PR 5 P 3 i

a0 LRI, F A B AR R TR AR S 1 TR AL 1
55 2N FRIDSR-SST-60% £ 5 % WU A 5 2 1) 2 ]
ISt OB, BARM e E . B A

©

a

n

=]

=

o

[=]

1S

[}

(=]

g —o—0mT

& —o—240mT
720 mT

—— 1200 mT
0 100 200 300 400

Time (s)

B 10 (W& BCE R N0.1, 1, 1051100 Hz BTN /)
MELT, TR DSR-SST-60% 7 F Fa & P fiE

Figure 10 (Color online) Cycle stability of pre-magnetized DSR-SST-
60% sample under the excitation of 0.1, 1, 10 and 100 Hz.
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Figure 11 (Color online) Plastic and adhesion characteristics of DSR-SST-60% by folded ((a)—(c)), compressed (d), cut into pieces (e¢) and healing
ideally (f). The recovery behavior in mechanical properties of DSR-SST-60% sample in shear frequency tests ((g), (h)).
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Preparation of dual-stimuli-responsive shear stiffening polymer
composite and study on its mechanic-magnetic
coupling performance

YUAN Fang'", WANG Sheng'’, SANG Min’, LIU Mei’, BAI LinFeng’,
JIANG WanQuan® & GONG XingLong'

' CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics, University of Science and
Technology of China, Hefei 230027, China;
* Department of Chemistry, University of Science and Technology of China, Hefei 230026, China

A kind of innovative dual-stimuli-responsive shear stiffening polymer composite (DSR-SST) with excellent pre-
magnetized enhanced (PME) effect and ideal adhesion properties was developed by dispersing NdFeB particles into
shear stiffening (S-ST) polymer matrix. Owing to its S-ST characteristic, the storage modulus (G’) of DSR-SST can
increase from 10” Pa to 10° Pa when the shear frequency of applied stress varies from 0.1 to 100 Hz. Meanwhile, the
stiffness of the multi-functional DSR-SST can also be precisely tunable by shear frequency and magnetic field. More
importantly, DSR-SST with high remanence exhibits excellent PME effect in which the G’ can be directionally increased
from 1.64 MPa to 2.34 MPa through 1200 mT of pre-magnetization process in short time. Additionally, the mechanism of
high residual magnetization and the movement of NdFeB particle chains are proposed and discussed. Finally, the ideal
cyclic stability, plastic and adhesive characteristics guarantee the composite with reliable mechanical performance and
longer lifespan in safeguarding and damping.

dual-stimuli-responsive, shear stiffening, pre-magnetization enhanced effect, adhesion
PACS: 83.60.Fg, 83.85.Vb, 87.16.dm, 75.60.Lr, 73.61.Ph
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