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Figure 1. Schematic view of mushroom effect.
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Table 1. NIJ-standard protection levels for ballistic resistant body armor

Armor Type Test Bullet Bullet Weight Bullet DIA. Reference Velocity (+30ft/s)
I 22 caliber LR LRN 2.6 g(40 gr) 5.6 mm 329 m/s(1,080 ft/s)
380 ACP FMJ RN 62 g(95 gr.) 9 mm 322 m/s(1,055 ft/s)
A 9 mm FMJ RN 8.0 g(124 gr.) 9 mm 341 m/s(1,120 ft/s)
40 S&W FMI 11.7 g(180 gr.) 10 mm 322 m/s(1,1055 ft/s)
H 9 mm FMJ RN 8.0 g(124 gr) 9 mm 367 m/s(1,205 ft/s)
357 Magnum JSP 10.2 g(158 gr.) 9.1 mm 436 m/s(1430 ft/s)
A 9 mm FMJ RN 8.0 g(124 gr.) 9 mm 436 m/s(1,430 fi/s)
44 Magnum STHP 15.6 g(240 gr.) 109 mm 436 m/s(1,430 ft/s)
11 7.62 mm NATO FMJ 9.6 g(148 gr) 7.62 mm 847 m/s(2,780 ft/s)
v 30 caliber M2 AP 10.8 g(166 gr.) 7.62 mm 878 m/s(2,880 ft/s)

Table 2. NIJ-standard protection levels for stab resistant body armor

Protection Level E1 Strike Energy E2 Overtest Strike Energﬁy
J J ft*Ibf
1 2440.50 17.74+0.36 36+0.60 26.61+0.44
2 33+0.60 2434044 50+0.70 369+0.51
3 43+0.60 31741044 65+0.80 479+0.59
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Figure 2. Shear thickening behavior
of 57 and 62 volume % colloidal
silica dispersed in ethylene glycol
for steady shear flow[5].
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Figure 8. SEM images of (a) neat Kevlar (x50) and
Kevlar impregnated with 20wt% STF (b) x50 (c) x
1000 (d) x7500.
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=2 T A7 deedolati grh4, 20-22].
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Figure 13. Stress versus strain rate for a Bingham plastic.
& 2oge) WA TEE B, & LelRe) wE
SEHI 52 PE3ES 7HITH4.21-23).

o] F 7}A] frA= Figure 1304 Hi= uief 2
o] Bingham 2 E FAIS 4 21 0W[24-26) H
o|&= ¥i8 ¥l Herschel-Berkley 2.4, Cross ¥4 5
o] A A= 3L 9)\131{27-28].

A7IA, tE A E, 1, A7 714 A
7)ol Hl#Elsks T4 EJ%FQ N A4 (plastic

Table 5. The list of commercial ER fluids

viscosity), & AREES HERATL
A7 A E deke BEY T E‘%ﬁl 4
2 YA glom, Table 5ol #) A
7188 FA A BES AT
19} 22 A FAE tiFE d74e] 1~10
um®] H(iron) YA} Fe;0,% mlIv|EROlE
(magnetite) 2 A=, &3] Zp7)Ee] BASE W)
IvE EZolela abH WEAMd A(diamagnetic), ‘3
2} A)(paramagnetic), 73213 A (ferromagnetic), ¥ €]
A} A (ferrimagnetic), WF73212d Al (antiferromagnetic)
9] 57K F77F ok AW fAledlE 9uky
o7 ZAIA S F2AA 7 AR o]F 2
7t} QA 54L& Table 69 A AT
o]& ERF9} MRF T A& 24X oA 2

99 B ZHE, AR e} B2 A

SATAL

o |wesd

Ishino et al. (1995)
Sakurai et al. (1996, 1999)

carbonaceous particles / silicone oil

Saito et al. (1997)

polymer core surrounded by an inner layer silver
and an outer layer of silica/silicone oil

Kawakami et al. (1997)
Ikazaki et al. (1997)

sulfonated poly(styrene-co-divinyloenzene) particles / insulating oil

Bloodworth et al. (1996)

polyurethane particles /silicone oil

Havelka et al. (1994)

coated polyaniline particles

Table 6. Classification of magnetic materials

Magnetism Susceptibility Atomic / Magnetic behavior Example

dia- small Atoms have no ann Au
magnetism negative magnetic moment i Cu

para- small Atoms have randomly pAnidniy Pt
magnetism positive oriented magnetic moments i Mn

ferro- large Atoms have parallel ISSS S Fe
magnetism positive aligned magnetic moments 1111t

if small Atoms have mixed I 1
antt erro positive parallel and anti-parallel ; % } Cr
magnetism . . 1 t 4 {

aligned magnetic moments
At M |
ferri- large oms hav'e *f’”, ; Ba ferrite
. = anti-parallel aligned 2358
magnetism positive . RN . Fe, 04
magnetic moments
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Table 7. Comparison of properties between ER and MR fluids

I 3

I #H

2~5 kPa
(3~5 kV/mm)

field limited by breakdown

50~100 kPa
(150~250 kA/m)
Field limited by saturation

02~03 Pa-s 02~03 Pa-s
A HL o0
S=(EE 92 at 25 C at 25 °C
10~90 °C (ionic DC) -40~150 C

ZYEE \ - . ) .
-25~125 C (non-ionic AC) (Limited by carrier fluid)
ARELE 2~15 mA/em® (4kV, 25 C) Can energize with permanent magnet
iy 125 34
U7 any (conductive surfaces) Iron / Steel
A I opague oingrzcmsparem J brown, black, gray opaque
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Figure 14. (a) Chains or columns of particles (0.7um)
before and after applying an electric field[36], (b) MR
suspensions (2 vol. %, 50um dia. iron particles in silicone
oil) before and after applying a magnetic field[37].

AW H =3Kinterfacial polarization) 249 S22 ¢
At 7l Zhgshe e o] A3l ot A
71golgtar 7Hgsfe] o] fo] uiRlt(binder) EA 2t
otk F7Ehel38].

F2oll= ¥]A3 A E(nonlinear conduction) &
Iy FAEEA A7 @A vsH g2 4
oI Q). &, 7 FE UARE Abelell A €]
A71AEE gHAH o2 vehde g Bl )
S 33, o]yd FAXE FA W szl s
Y31 3 A AxTrt 7V =L, YAt
& Atele] A2 RoH 717 vl =gA F
Zhetehrt v w2 GelM EstEy, 1 A
A71748 3 392 271489 n(<)A o vHsHA
HTH335].

A7) A A A7) FAE AYst
© 293 FAREAT Ale]HE 271 A7 9
8 Al 9o ok 213 A7)t vy

2 A9 E YAASE AP Ao F7b
oM A7 02 Eehd JHo] YAEY H
skl B ERY AAA HA, 2 FY9A
= AAAEP) kdE] E3tE T RES 24"
P2 o] 7HdgE oF=RE thRoKITh B

d4 02 Ho XA

ir

LS SARES RANAN ARLLS SARENAANANSRRES RERE
Yield stress as a function of magnetic field
Steady State flow,

2 cm roughened plate, 293 K

~0~ MRF (36% v 1.1 sm CIP)
-8~ Lord (MRF-336AG)
—— MRF (36% viv ~7 um CIP)

35x10°

Yield stress (5,) {Pa)

B AN RS S SRR P EEA A RARRSRAERERANSY
1 T T T 1 T =

IEUTH IS FRETI FURTR FUNURE FRUNE FENT S

0 e AT IVSUR TNV FPUVE FUETE INUUS RUETL -

0.0 01 0.2 0.3 0.4
Magnetic field strength (B) [T]
Figure 15. Yield stress comparison for three MR fluids,
one commercially available and two synthesized in
laboratory. The dotted lines show the sub-quadratic
dependence of yield stress on the magnetic field strength.
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Figure 16. Apparent viscosity as a function of shear rate
for an MR fluid composed of carbonyl iron particles (50
#m dia) in silicone oil (10 vol%) for different applied
magnetic field strengths[34].
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Figure 17. Variation of energy absorption capacity by
modulating the magnetic field strength for 16% v/v MR
fluid-filled open cell foam(43].
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Table 8. Current and Potential Applications of MR fluids[37]

Application

Reference

Current Applications :
Automotive clutch
Brakes for exercise equipment
Polishing fluids
Seat dampers
Prosthetic knee damper
Actuator systems

Shock absorbers

Sakai (1988)

Carlson and Sproston (2000)
Kordonsky and Golini (2000)
Carlson and Sproston (2000)
Carlson and Sproston (2000)
Lewis (1999)

Carlson and Sproston (2000)
Corbett (2000)

Potential Applications :
Engine mounts

Earthquake damper
Automotive clutches

MR Elastomer dampers

Hartsock et al. (1991)
Ginder (1996)

Dyke et al. (1996)
Hartsock et al. (1991)
Ginder (1996)

Ginder (1996)

Davis (1999)
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