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Abstract: The possibility of use of the Magneto-Rheologiehlids (MRFs) in armours, particularly

in bullet-proof vests, is presented in this papére requirements for the MRFs to be applied fos thi
specific use, the factors which influence on thmiperties and the behaviour of the MRFs under a
magnetic field are described. The comparison ag¢hifORD MRFs with different mass concentration
of the ferromagnetic particles: 72%, 80.98% and4£% is made. Based on the behaviour of the Shear
Thickening Fluids (STFs) one of these MRFs has ldersen as the best for the bullet-proof vests,
and the ways of its application are proposed. Assthurce of the magnetic field it has been selexted
solenoid supplied by the Li-Po battery.

THE POSSIBILITY OF USE OF THE MAGNETO-RHEOLOGICAL
FLUIDS IN ARMOURS

Streszczenie W pracy zaprezentowano mhigvosci wykorzystania cieczy magnetoreologicznych
(MRF) w pancerzach, szczegolnie w kamizelkach kidpaonych. Przedstawione zostaly wymagania
stawiane cieczom magnetoreologicznym do zastosawahiw kamizelkach kuloodpornych, azek
czynniki wplywapce na wtaciwosci cieczy magnetoreologicznej oraz opisano jej ea@nie pod
wplywem pola magnetycznego. Zostaly poréwnane tiegze LORD o rénych stzeniach wago-
wych czsteczek magnetycznych: 72%, 80,98% i 85,44%. Natpode aplikacji cieczy zagzczag-
cych sé pod wptywem daych szybkdci scinania (STF) wybrano jedrez cieczy magnetoreologicz-
nych, ktéra najbardziej nadajecsilo stosowania w kamizelkach kuloodpornych i zapnmwano
sposoby jej aplikacji. Zaproponowano bagdiiowo-polimerows Li-Po jakozrédio zasilania soleno-
idu do wytwarzania pola magnetycznego w kamizelkacteca MRF.

1. Introduction

The armours are used for protection of bodies rfmaiullet-proof vests and helmets),
land and flying vehicles and/or for objects agathst influence of destruction agents. Their
properties like resistance to penetration, eadixioig, shelf life or ease of regeneration are
constantly improved and their masses are diminished

In case of the bullet-proof vests the main aimeskearch and development is to improve
freedom of movement for its holder,keeping thestasice to perforation at least on the cur-
rent level.

There are attempts undertaken fort he use oflibarghickening fluids (STFs) and the
magneto-rheological fluids (MRFs) for this purpose.

The characteristic feature of the STF is thickgninder influence of high shear rate, then
adoption of properties of a solid body [1].In cadehe MRF, the same properties are created
under influence of the magnetic field [2]. Thesattees allow for better absorption and dissi-
pation of kinetic energy of a projectile on a largeea.
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The MRFs for use in the bullet-proof vest shavéutbl special requirements: they have
to be non-toxic, able to operate in temperature 43+50C and their rheological properties
should significantly change in as low range ofregnetic field intensity as possible.

The non-toxicity of the MRF is a very importantafere, particularly in case
of the perforation of the bullet-proof vest. Anyetit skin contact or the MRF penetrating into
the blood stream shall not cause any disturbancdunttions, disabilities or death
of the human cells or organs. The ability to operatthe temperature of - 40-%Iallows for
use of the bullet-proof vests in various atmosgheonditions.

The yield stress of the MRF should increase inréimgie of the magnetic field intensity as
near zero as possible, to make the apparent vigaafsthe fluid higher than it would be in
case of high shear rates, without any influencihefmagnetic field. This makes possible sav-
ing of the energy for producing of the magnetitdfie

2. Properties of the MRF

Rheology is the science about materials showimg eemplicated mechanical properties
of fluids and solids, which are defined by relasibips between external influence (forces
loading the body) and internal reactions of theemak (deformation of the body). Rheology
describes the processes of plastic deformatiomaatdrial flow during changes in shear [1].

Magneto-rheology is a part of rheology focusingflonv and deformation of materials
under influence of the magnetic field. The MRF isuspension of small ferromagnetic parti-
cles (1+5 um) in the non-magnetic oil (Fig. 1). TTeeromagnetic particles are covered by a
film of oil, which prevents their agglomeration. dlar the influence of the magnetic field the
particles create a chain, which significantly chesithe parameters of the fluid. Such behav-
iour is called a magneto-rheological effect.

Fig. 1. View of the MRF under a micro-
scope[2]

The factors that influence on the properties ef MiRF can be divided into internal and
an external ones. The internal factors, such as tfghe ferromagnetic particles, their mag-
netic saturation, concentration, size and distioubf the particles, viscosity and thermo-
stability of the carrier fluid, and a kind of sthber, depend on a composition and a structure
of the fluid. The external factors include magndield intensity, shear rate and thermo-
dynamical parameters of the fluid, i.e. temperataure pressure.

The MRF shows high sensitivity to influence of thagnetic field. Without any magnetic
field effect it behaves similarly to the Newtonitumd, for which the dependence between the
shear rate and the shear stresss linear. Under the influence of the magnetitdfitne MRF
behaves like the Bingham fluid, which characterizéh the initial stress;, depending on the
magnetic field intensityH, which is the yield stress of the material. Belibw initial stress;
the MRF behaves as a solid(Fig. 2) [2].

7 =1(H)+ngy 1)

where: 7 — shear stressz — initial (yield) stress,H — magnetic field intensity,
ns —Bingham viscosityy — shear rate.
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Fig. 2. Flow curve for the MRF with (H>0) and

without (H=0) influence of the magnetic field
Newton H=0 [2]

Shear stress, 7, Pa

Shear rate, y, 1/s

The yield stresg can be controlled by the change of the magnetid fit which influ-
ences on the fluid, and its occurrence is causextdsting a chain of the ferromagnetic parti-
cles (Fig. 3).

Without Magnetic Field

Fig. 3. Scheme of the chain of fer-
Cortinuaus phase romagnetic particles, forming to-
With Magnetic Field wards the magnetic fieldH [2, 3]

Magnetic phase

Each of the particles becomes a dipole and temdseate a chain with a neighbouring
particle, which causes change of the apparent sitsga,,(2). The effect is fully reversible.
The apparent viscosiiypp(2) is the ratio between the shear streasd the shear rage It
is the same relationship which can be used for wogirviscosity of the Newtonian fluid,
however it does not refer to the non-Newtoniandflui

Happ = ly (2)

where:uapp - apparent viscosity, - shear stress,- shear rate.

The MRF is a two-phase fluid, so there is a foictbetween one phase (the ferromagnetic
particles)and the second (the oil). The apparestogity is a super position of the both phases
viscosity and also relations between the ferromigmarticles under the magnetic field ef-
fect in the chain created by them [1].

If any external force influences on the chain tedainder the magnetic field]it will be
deformed (Fig. 4). The external force may be cabdite a shift of the magnet (a), activation
of the MRF flow (b) and bringing the magnets nesateother (c).

F
Fig. 4. Deformation of the ferromagnetic

particle chain caused by the external

Fb. . N | N ' :J '
) W \‘Q ” 'e , force:
= ;' - m ~* a -shift of the magnet,
s b - activation of the MRF flow,
Y S B[ § | 9] s

c -bringing the magnets near each other

The magnetic particles chain deformed by the erfae of the external force returns to
the previous state when the external force stopsgadt is applied in the automotive sector,

171



e.g. in brakes as a liquid between brake discssdaling up the valves and may find applica-
tion in the armament as a damper, which could leel uis the armour designing for partial
absorption of the kinetic energy of the projectile.

One kind of the magneto-rheological fluids is tt@RD MRF, very popular and easily
available. The basic physical properties of theesypL.ORD MRF-122EG, LORD MRF-
132DG and LORD MRF-140CG are shown in Table 1.

Table 1. Basic physical properties of the LORD MRHg+6]

Property LORD MRF- LORD MRF-  |[LORD MRF-140CG
122EG 132DG
Appearance Dark gray liquid Dark gray liquid Darkayliquid
Solids content byweight, % 72 80.98 85.44
Density, g/cm 2.28 2.98+3.18 3.54+3.74
Operating temperatuf€ -40+130 -40+130 -40+130
Apparent viscosity,Pa* 0.042+0.020** 0.092+0.015*** 0.280+0.070***
Flash poinfC >150 >150 >150

*measured at 4C, *measured in the shear rates range of 500+-800*% measured in the shear
rates range of 800+1200 s

These types of LORD MRFs differ by mass conceigtnadf the ferromagnetic particles,
what influences significantly on their density aapparent viscosity. The increase of mass
concentration from 72% to 85.44% caused growthhefdensity of about half of the value,
while the increase of mass concentration from 8%.98 85.44% quadrupled the apparent
viscosity. However, the change of concentrationsdoa influence on the flash point, which
is over 156C for all of them.

Table 2. Magneto-rheological properties of the LORCMRFs[4+6]

Property LORD MRF-122EG|LORD MRF-132DG|LORD MRF-140CG
Response to the magnetic Immediate Immediate Immediate
field changes and reversible and reversible and reversible
Shear stress under influ- , . .

ence of the magnetic fielo High High High

Shear stress without influt Very low Very low Very low
ence of the magnetic fielo

Control of the shear stress Wide range Wide range ide\WAnge
Causing abrasion No No No

Although the properties of the MRFs significantlgange when the concentration in-
creases, they are suitable for application in tingoars. All of the fluids compared in Table 2
show an immediate and reversible response to trgnata field changes, high shear stress
under influence of the magnetic field, wide ran@ie¢he shear stress control by change of the
magnetic field and non-abrasiveness, what can peritant for use in the bullet-proof vests.

When the concentration of the magnetic partialethe MRF increases the shear stress
is higher and it increases faster with increasihthe shear ratg (Fig. 5).The distributions of
the shear stressedncreases linearly above the shear yat80 1/s for all concentrations of
the LORD MRF.
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When the concentration of the magnetic particlethe MRF increases the yield stress
zfor a given value of the magnetic fidhhlso increases (Fig. 6).
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The biggest increment of value of the yield strgger all concentrations of the LORD
MRFs is visible in the range of magnetic fi¢id=0+100 kA/m, and it changes linearly. For
H=100 kA/m the yield stresgof the LORD MRFs reaches about 60% of maximum vdlre
H>100 kA/m the influence on the yield stresdecreases, but fé1=300 kA/m it is insignifi-
cant.

The magnetic field has much more influence onytbkl stress: than the shear rage In
the range oH=0+100 kA/m the yield stress of the LORD MRF-1408&ingmass concen-
tration of 85.44%, is twice more than the yiele®ess of the LORD MRF-122EG, having mass
concentration of 72%. Taking into considerationsthdeatures the LORD MRF-140CG
should be the best for use in the bullet-proofsest

The LORD MRFs may cause irritation of skin andnantary or respiratory systems in
case of long contact with skin, accidental swallayvof the fluid or breathing in its vapours.
The non-toxicity of the MRFs is a very importanatigre, particularly in case of the bullet-
proof vest perforation. However, the producer & LHORD MRFs does not inform about any
effects of their contact with blood or penetratingo the bloodstream.

3. Application of the MRFs in the armours

The application of the MRFs is still developedeTWRFs are used in different parts of
science, e.g. in the engineering and armament ¢éogm In the armament the MRFs may be
used for construction of the smart bullet-prooftgesnd in the armours of the armoured vehi-
cles.
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The bullet-proof vests are built from layers ofteral made of the aramid polymer fi-
bres, adjoining to each other. The most populamatgolymers are Kevlar, Twaron and
Spectra, which are characterized by the high streafjthe fibres. In the layer the fibres in-
teract between each other, which in turn effectshenother layers absorbing the projectile
energy on a large area, and the same protectisg thgers against penetration. This also en-
ables the bullet-proof vests to prevent traumahefinternal organs, caused by the after-hit
shock, the so-called "blunt trauma”.

In order to improve quality of the bullet-proofsis there are undertaken some attempts
for the STFs and MRFs use for their constructiome €onsecutive layers of Kevlar one can
impregnate by these fluids, or the fluids can lsiited into plastic bags, placed between the
layers of Kevlar, properly saturated by the MRF.case of the STF, the Kevlar should be
saturated with the diluted fluid, then warmed ie temperature of 8@ for 20 minutes, in
order to evaporate ethanol[8].

In case of the fluid insertion into the plastighiais important to focus on its construc-
tion and closure. The plastic bag, as well as thklwf its closure, should be strong enough
to avoid spilling out of the fluid during normalaisf the bullet-proof vest. Also, in case of a
gunshot both the bag and the weld should have mawrinesistance to puncture. For cracking
of the bag it is important to check which placele bag is much advantageous in case of a
very high pressure impact: the weld of the bagisuate or somewhere else. The found solu-
tion one can verify by impairment of the bag's ¢nrgion in the relevant place.

It has been made a comparison of methods of tltes $$e in the Kevlar layers and for
different configurations (Fig. 7) [8].There is nock comparison for the MRFs in the litera-
ture.
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Fig. 7. Comparison of penetration depth of differeh Kevlar layers with the use of the STFs in-
different configurations[8]

In order to obtain the least penetration depthnlost advantageous is the impregnation
with the STF of all the Kevlar layers (Fig. 7f), @part of them (Fig. 7e).In case of the use of
the STF in plastic bags, it is important to pldoen behind the maximum number of the Kev-
lar layers (Fig. 7d), as the penetration deptinésléast and the resistance of the bullet-proof
vest is the best. Four layers of Kevlar impregnateith the STF can dissipate the same
amount of energy as 14 Kevlar layers without anpregnation [8]. It is caused by lower
stretchability of the impregnated fibres, consedlyetine penetration depth is also smaller.
The Kevlar layers should be impregnated with theRMiRthe same way.
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The application of the MRF in the bullet-proof i much complicated than the use of
the STF. In the propitious moment one has to turrthe magnetic field, generated e.g. by a
solenoid, and to deliver a source of energy foffite solenoid is used for generation of the
homogenous magnetic field, which intendityis proportional to the number of the solenoid
coils N and to the current intensityand is in inverse proportion to the length of sleéenoid
l.

H=NI/I (3)

where:H - magnetic field intensityN -number of the solenoid coilt,- current intensityl -
length of the solenoid.

In case of the flat solenoid the number of thésdg+1, so the magnetic field intensity
depends on the current intenditgnd the length of the solendid

For generation of the magnetic field the solensideds a source of energy.
The comparison of available batteries is shownahld 3.

Table 3. The comparison of available batteries [9]

Type of battery Nickgl- NickeI-Metal- Lithium- Lithium-
Cadmium Hydride lonic | Polymer
Symbol NiCd NiMH Li-lon Li-Po
Intensity of individual cell, V 1.2 1.2 3.6 3.7
Energy density, Wh/kg 40 80 150 150
Capacity, Ah 33 66 41 40
Self-discharge rate,%/month 10 20 2+5 2+5

The basic criterion for selection of the sourcesapply is its power. The Nickel-
Cadmium(Ni-Cd) and the Nickel-Metal-Hydride (NiMHbatteries are the obsolete devices,
which capacity is getting lower in case of startreqzharging before their total discharge. The
Lithium-lonic (Li-lon) and Lithium-Polymer (Li-Po}iteries give the biggest concentration
of energy, even twice more than the NiMH batteryhaf same mass. The Li-Po battery is the
modernized type of the Li-lon battery and can hawg shape. For this kind of battery it is
possible to build cells in a shape of the 1 mmkitiail, supplying devices of the credit card
size. With regard to it such cells would be thetlsesirce of energy for the use in the bullet-
proof vests. Additionally, the Li-Po batteries caintonly solids and gels, without any liquid
chemicals. It eliminates the danger of spilling antl thus housing this battery into a metal
casing is not necessary.

In case of the armoured vehicles one can use thesMi& construction of the armours or
as a damper in the additional armour of the vehitkee MRF would be placed between two
sheets of the armour steel (Fig. 4c). The elastansof the MRF would damp a part of the
projectile kinetic energy, causing less deformatéithe additional armour. The MRF could
be placed in the plastic bags and the armour shamjtin them on both sides.

4. Conclusions

On the basis of the analysis of the literatureghsan be drawn the following conclu-
sions:
1. Iltis necessary to check if the LORD MRFs meetrgiirement of non-toxicity.
2. The increase of concentration of the LORD MRF frt2f86 to 85.44% causes twice more
increase of the yield stress in the range of magfietd H=0+100 KA/m.

175



3. The yield stress of the LORD MRF changes linearlythe range of magnetic field
H=0+100 kA/m, independently from the concentratiand it reaches 60% of maximum
value forH=100 kA/m.

4. The maximum vyield stress for the LORD MRF undetuefce of the magnetic field
(H>300 kA/m) may increase even about 200-fold.

5. Four layers of Kevlar impregnated with the STF nudigsipate the same amount
of energy as fourteen layers of Kevlar without anpregnation. It is necessary to check
whether impregnation of the Kevlar layers with MBF gives the similar effect.

6. A solenoid, Lithium-Polymer (Li-Po) battery-powereahay be used for the magnetic
field generation.

7. The cells of the Li-Po batteries can occur in goghaf 1 mm thick foil, suitable for the
devices with the size of e.g. a credit card.
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tract No.UDA-POIG.01.03.01-00-060/08-00) and carroeit in co-operation between the Institute of
Security Technology “MORATEX” (Instytut Bezpieamwa “MORATEX"), Warsaw University of
Technology (Politechnika Warszawska) and the Mifitdnstitute of Armament Technology
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