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ABSTRACT

ABSTRACT

This research is integrated in a line of investigation currently in progress which
aims to improve the performance of the boron carbide (B4C) as a ballistic armour material.
In this regard a successful attempt to dope the boron carbide with silicon was done.

The specific goal of the project is to determine the Hugoniot parameters of
uniaxially pressed Ba4C-Si system. The ceramic material, containing 7%at.Si, was
synthesized by Mechanical Allowing (MA) from commercially available Si and B4C
powders in order to obtain a metastable B4(C,Si) solid solution.

All samples were 7.5 mm in diameter with approximately 1mm thickness and
presented theoretical maximum density (TMD) close to 60%. For this purpose, a special die,
to optimize the specimen geometry for the launcher, were projected.

The shock behavior of the B4C-7Si system was done by impact conditions using
a gas gun available at the Institute Physics of Shock, Imperial College London. Three plate
impact experiments, in the velocities range from 300 to 700 m/s, were conducted and the
respective shocked Hugoniot states in the Us-up and p-v planes were obtained.

When the B4C-7Si material was shocked a steady shock wave was generated,
which propagates at a velocity ranging from 3150 to 3900 m/s and transfers energy into
particles which moves at velocities between 245 and 470 m/s after its passage.

The experimental results were compared to those theoretically predicted from

Plate Gap and Gruneisen models for porous materials.

Keywords Hugoniot Parameters, Boron Carbide, Dopant, Plate Impact,
HetV.
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RESUMO

RESUMO

O presente estudo estd integrado numa linha de investigagdo que visa
incrementar a performance do carboneto de boro (BsC) como material para protecdo
balistica. Para o efeito, foi produzido um material monolitico a partir de BsC dopado com
silicio.

E objetivo deste trabalho determinar os parametros de Hugoniot do sistema B4C-
Si apos prensagem uniaxial. O material cerdmico, contendo 7%at.Si, foi obtido por Sintese
Mecénica, a partir de pos de Si e de BsC comercialmente disponiveis, de forma a obter-se
uma solucéo sélida metaestavel do tipo B4(C,Si).

As amostras produzidas possuiam 7,5mm de diametro e aproximadamente 1mm
de espessura, correspondendo a um valor de densidade tedrica maxima de 60%. Foi
projetado e fabricado um molde especial para otimizar a geometria das amostras.

O comportamento ao choque do sistema B4C-7Si foi efetuado em condigdes de
impacto plano, recorrendo a uma arma de gas disponivel no Institute of Shock Physics,
Imperial College London.

Foram realizadas trés experiéncias de impacto, com velocidades na gama 300 -
700 m/s, que permitiram caracterizar a propagacdo das ondas de choque no material
estabelecendo a chamada relagéo de Hugoniot nos planos Us-up e p-v.

O sistema B4C-7Si sujeito a impacto, gera uma onda de choque constante que se
propaga a uma velocidade entre 3150 e 3900 m/s e a correspondente energia transferida apos
passagem promove uma velocidade de particulas na gama 245 a 470 m/s.

Os resultados experimentais foram comparados com 0s teoricamente previstos

para materiais porosos recorrendo aos modelos de Plate Gap e de Gruneisen.

Palavras-chave: Pardmetros de Hugoniot, Carboneto de Boro, Silicio,
Impacto Plano, HetV.
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SIMBOLOGY AND ACRONYMS

SIMBOLOGY AND ACRONYMS
Simbology

A — Area

Co — Bulk Speed of Sound

ds — Sample’s diameter

E - Internal Energy

€s — Sample’s thickness

E: — Total energy

m — Mass

p — Pressure

S — Linear Hugoniot slope coefficient

Instant of time

,_..
|

tr  — Time of arrival of the shock wave to the end of the sample
ti — Time of arrival of the shock wave to the sample
up — Particle velocity

Us — Shock wave velocity

V - Velocity

W — Work

' - Gruneisen parameter
At — Interval of time

A — Thouvenin parameter
v — Specific volume

p — Density

Th — Shear Stress
Yn — Shear Strength
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Subscripts

0 — Not shocked

1 — Shocked

P — Porous material

S — Non porous material

Acronyms
1-D — One Dimensional
2-D — Two Dimensional
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MA — Mechanical Allowing

SEG — Surface Engineering Group

TMD — Theoretical Maximum Density
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INTRODUCTION

1. INTRODUCTION

Much of the early research into the propensity of ceramic-based materials to
resist penetration to projectiles occurred back in the 1960s, mostly under the leadership of
M. L. Wilkins [1]. Wilkins [2,3] recognized that in order to optimize a two-component
ceramic armour system, see Figure 1.1, it is necessary to understand the interaction between

the target and projectile.

@) Ham rojece

(a) 1
Ceramis
Suppan plalo
Cafermed o fragmonléd prajeclita
]

Froectily debres
T

—

hLassatn m"a_:fz;,_h:i:ﬁ -—E.tl.: i, F'r:u;lf_m coredd
s e i [
Y | »f e et T G T

Kazraiadivg

Hunga fropargaben

Figure 1.1. Impact of a projectile on a ceramic backed with soft material [4].

The benefit of using ceramic materials, in opposition to metallic materials as the
flyer plates, is that the ceramic very rapidly breaks down into small fragments thereby
minimizing any collateral damage. This is exceptionally suitable for lightweight armoured
vehicles that may be operating in urban zones.

Boron Carbide, usually denoted as B4C, is a very attractive material for

lightweight armour systems due to its low density and ability to retain a high compressive

Miguel Gongalves Rodrigues 1
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strength and shear strength under dynamic compression, outstanding its elastic modulus and
hardness (see Table 1.1).

Table 1.1. Mechanical properties of Boron Carbide [5].

Knoop Wear Strenath Toughness, | Youngs's | Poisson Shear Densit
hardness | resistance g Kic modulus ratio modulus y

(GPa) (a.u.) (MPa) (MPa.ym) (GPa) (GPa) (Kg/m?)

29-35 0.4-0.422 | 300 -500 1.512 360 - 460 0.17 158 - 188 2.52

However, practical use of B4C as armor material for high velocity projectiles is
limited [6]. This is due to its anomalous glass-like behavior, which has been linked to stress-
induced structural instability in one of its polymorphs, the B12(CCC). Theoretical
calculations obtained by other research workers [7] suggest that the formation of weaker
crystalline configurations could be suppressed by silicon doping.

This research work is part of an ongoing collaboration between the Institute of
Shock Physics (ISP) at Imperial College London (ICL) and the Mechanical Engineering
Department of Coimbra University (CEMUC and ADAI Centres) and aims improving the
ballistic properties of B4C by doping with lightweight materials.

In this context, the B4C-Si system was selected.

The material preparation were done in DEM, Coimbra, by other colleague in
their experimental work thesis [8,9] while the Hugoniot parameters, which relate the particle
velocity with the shock wave velocity into material, were measured by plate impact
experiments using the ISP’s 13 mm bore single-stage meso-scale launcher, available at the
ISP, London.

The structure of the present dissertation contains five chapters.

The second chapter is dedicated to the literature survey concerning the ceramic
material and the plate impact facility. A brief introduction to the shock waves concept is also
presented. In the third chapter all the experimental work is presented, mainly the material
characteristics and the procedures for the plate impact tests. The results obtained including
the theoretical are fulfilled in the fourth part. Finally, the fifth chapter cover the main

conclusions of the work.

2 2015
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2. STATE OF ART

In order to gather all knowledge necessary for this study it was reviewed some
previous articles of plate impact experiments with a special focus on the ones on boron
carbide and silicon carbide, two high-strength ceramics. Since the material was tested in its
porous form (uniaxial press of powders) a review concerning porous material vs solid
material was done. Also the study about shock waves, shock Hugoniot and measuring

techniques for high impact experiments will be presented.

2.1. Material

Extensive analysis of shock profiles in different ceramic specimens such as
Al>03, SiC and B4C has been conducted by Grady [10-13]. Figure 2.1 shows a schematic
representation of a reasonable physical model of the shear fracture process within the shock
front of a ceramic under compressive stress. First, the specimen is subjected to a quick elastic
shock reaching rapidly the Hugoniot Elastic Limit. The HEL corresponds to the maximum
uniaxial dynamic stress that the material can withstand elastically, and is the key parameter
that determines the strength of a ceramic under shock loading.

Deformation
Shock

\

Hugoniot
State

Failure
Elmstic Ramp

SIMEV/

= pogtion =

Charscterstle
Fracture -
Spacing () s
"
|
-, Jﬂ
& *\
Fracture _—"
Incubation Comminuted
and Nucleation Blidar Fraciare Material at
Grm!th1ﬂ1.thh1 Hugoniot State
Shock Front

Figure 2.1. Representative shock compression profile in ceramic and schematic of brittle shear fracture
process within the shock wave front [13].
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In the high-strength ceramic, Figure 2.1, elastic stress of 2-20 GPa is reached
with only 2-5% of shear strain, then, during the failure ramp the material quickly changes its
elastic volumetric compressibility and finally, if premature failure does not occur, a drastic

inelastic shear deformation and shear fracture growth begins.

The boron carbide (B4C) is a fascinating ceramic material due to its low density
and high strength making it ideal for armour applications. The shock behaviour of this
material has been studied through the years by several researchers [6,10,14-16]. These
studies showed that the HEL of B4C is 14-19 GPa, which is the highest report for a ceramic
material [10]. Such a property would suggest that boron carbide could withstand high
pressures. However, laboratory experiments reveal that the performance of boron carbide at
high velocity and high pressure impacts is much lower than expected if one takes into
account excellent static mechanical properties of B4C (see Table 1.1). The small amount of
plasticity above the HEL is thought to be the primary reason for failure of boron carbide at
lower than expected impact pressures

The shear stress t, and shear strength Y of boron carbide in the shocked state
are shown in Figure 2.2 [17]. In contrast to a similar relationship in a typical ceramic
material, the shear stress and strength in B4C fall off rapidly above HEL, indicating

premature failure of the material as the shock stress reaches a threshold value of 20 - 25 GPa.

Cercom B llID

ol Hgebogegd
0 20 40 60 80
—» g, (GPa)

Figure 2.2. Shear stress and strength Y of boron carbide in the shocked state estimated from re-shock and
release experiments [17].

An identical abrupt drop in the shear strength of boron carbide at impact

pressures of 20-23 GPa has been reported in ballistic testing, as illustrated in Figure 2.3 [18].
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BORON CARBIDE (V = 1.546 KM/SEC)

— — — CERAMIC MODEL
11— KIPP-GRADY DATA [B]

PARTICLE VELOCITY ¢(KMS)

TIME (MICKOSECDNDS)

Figure 2.3. Ballistic data on B4C showing an abrupt drop in shear strength at impact pressures of 20-23 GPa
[18].

The damage mechanism responsible for such failure has been assessed by Chen
et al. [19]. High resolution transmission electron microscopy (HR TEM) analysis of B4C
ballistic targets subjected to supercritical impact velocities and pressures (in excess of 20-23
GPa) revealed the formation of 2-3 nm wide intergranular amorphous bands that occur
parallel to specific crystallographic planes and contiguously with apparent cleaved fracture
surfaces (see Figure 2.4). At subcritical impacts, the amorphous bands were never observed;
instead a relatively high density of stacking faults and micro-twins suggested plastic

deformation of the material under shock loading [19].

Figure 2.4. A boron carbide ballistic target that comminuted during impact (left) and a HR TEM image of a
fragment produced by a ballistic test at impact pressure of 23.3 GPa (right) [19]. The loss of lattice fringes in
the band indicates localized amorphization.

An attempt to improve the ballistic properties of B4C by doping with others
lightweight materials was made by [8,9]. These works were integrated in the same line of
present research working, aiming to determine the ballistic performance of monolithic
ceramics in the B4C-M, M = Al, Mg, Si systems.

Miguel Gongalves Rodrigues 5
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2.2. Low Velocity Impact Testing

The most common practice to determine the properties of high-strength materials
is with plate impact experiments conducted using projectile launchers (powder gun, single-
stage and two-stage light gas guns).

Probably the three most important properties that can be gleaned from plate-
impact test are:

i) the dynamic shear strength, ii) the Hugoniot Elastic Limit (HEL) and iii) the spall strength.

The HEL (which represents the yield strength under 1-D strain conditions, in
metals at least) is the transition from elastic to inelastic behaviour as a compression wave
propagates through the material. However, in ceramics it was widely accepted that this is the
point that microcracking began. This viewpoint has been challenged by some researchers
who have found evidence of damage within the elastic region [20,21].

The studied experiments to determine the properties of B4sC and SiC done by
several researchers [6,11,17,22] follows the configuration illustrated in Figure 2.5 and were
performed with a range of velocities from 0,1 km/s to 7 km/s.

Plates with 28-100 mm diameter and 1.2-4 mm of thickness of the same ceramic,
or a high density metal (Copper, Tantalum) were mounted on the projectile and caused to
impact stationary target plates of the test ceramic. The impactor in some of the experiments
in order to induce re-shock or release behaviour was backed with a high or low impedance
material. The target 3-10.5 mm thick is backed by a lithium fluoride window (LiF), which
was the surface in contact with the sample diffused with vapour deposited aluminium.

high or low impedance tilt pins

backing material :

LiIF

J—_
— 3

to VISAR | —

Figure 2.5. Configuration of plate impact experiments by [17].
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Projectile velocity was measured in some cases by electrical self-shortening pins
and others by an optical system with accuracies better than 0.5% and 0.2% respectively,
additionally pins were used to measure the impact planarity. The particle velocity history at
the target-window interface is measured using velocity interferometer system to any reflector
(VISAR) with accuracy better than 2%.

All the experiments were conducted with dimensions to assume uniaxial strain

conditions for the central region of the sample for its duration.

2.3. Shock Waves

To an easier understand of the shock wave’s behaviour this study was made for
the condition of one dimensional, (1-D) configuration. This imply that all the variations (say
pressure, density etc.) take place in one direction only. Imagine the situation two half spaces
collide with each other horizontally, just after collision the state of the material will only
vary with distance in the same direction of the impact.

In a real experiment it is also possible to produce 1-D conditions although for a
finite interval of time. On the impact of a flat plate into a cylindrical target, as shown in
Figure 2.6, it is possible to observe a 1-D condition in the centre of the cylinder along its
axis for a brief interval of time. Eventually a release wave from the outer surface reaches the

axis and the 1-D conditions no longer apply.

Figure 2.6. Computer simulation of a plate impact experiment [23].

Miguel Gongalves Rodrigues 7
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2.3.1. Shock Velocity and Particle Velocity

The Figure 2.7 shows successive stages of a shock propagation in a vertical
line of particles from a large horizontal plate impacted on its lower surface by an infinite
half space rigid material. The shock wave propagates through the material to the top and
then reflect off the free surface. The illustration shows that after a shock reaches an initial-

at-rest free surface, the surface gains velocity of twice the particle velocity.

N

°
e o
Free Surface e o o
“ ~ ° ™Y ® °
° ° ° ° o ° o ° ° _ ,:’ ° \:\\‘ o °
e o o o o o o o//:’ ° : : :\ °
e ® o o o e o » 4 ° o 4 o -
<o ® . ° °
e e o o o o _& : e o : ° ®
e o o o o /0'/ . ° e . S o .
e o o o o : ® o : ° R
p ° eflected Shock
e o o o, : °
e o o  S\° Particle
o o 3

\

Distance

Shock Wave

\

Time

Figure 2.7. Shock propagation on a large horizontal plate.

2.3.2. Conservation Equations
Consider a block of material shocked from its left hand face, Figure 2.8. The
time instant =0 represents the moment of impact and the time instant /=4¢ a moment later.

The conservation laws of mass, momentum and energy can be applied to the material.

p— t=0
Area A - P - Pressure
A - Area of the left face
Us At . Uy - Shock velocity

4
-

o u,, - Particle Velocity

I
i 2 |5 t=At
I

wAt  (Us-wp)At

Figure 2.8. Conservation of mass and momentum on a shocked block of material.
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Considering the law of the mass conservation, the mass before (my) and after

(m;) the impact has the same value, that is:

my=my < (2.1)
poAUAt = pA(Us — u,)At & (2.2)
poUs = p(Us — uy), (2.3)

Where,
po - initial density of the material

p - density of the material after shocked.

By the law of conservation of momentum, it can be written:

_m av 2.4)
T '
_ poUsAAtu, 25)

AAt
p = poUsuy, (2.6)

Where, V is the velocity.
By the law of conservation of energy, the work () done by the applied force
is equal to the specific energy gained by the particles (£;), that is:

W = (pA) x (upAt) (2.7)

1
E, = poU;AAt (E + Eupz) (2.8)

Using the equation for the pressure (2.2) from the conservation of momentum

it is possible to obtain the following equation for the specific internal energy E:

1
E = Eupz (2.9)

Other useful equations can be obtained by combining the equations (2.3), (2.6)
and (2.9) in different ways.
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The derivations were made assuming that the material is initially at zero
pressure, internal energy and particle velocity. A similar analyse can be performed for non-

zero initial conditions.

2.3.3. Hugoniot

One of many representations of the Hugoniot can be found by the line passing
through several shocked states of a material represented in the Us-up plane. It was found
experimentally that for many materials that representation is a straight line in the Us-up plane,

Figure 2.9. In this case the equation of the Hugoniot may be written as:

Us = Cp + Suy, (2.10)

With
Co - bulk sound speed

S - linear Hugoniot slope coefficient of the material

Up

Figure 2.9. Hugoniot representation in Us-up plane.

Another representation of the Hugoniot can be found in the p-up plane, Figure
2.10, by combining the equations (2.6) and (2.10) giving rise to:

P = Po (Co + Sup)upv (2.11)
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p=pg(CytSu,) Ug

u

P

Figure 2.10. Hugoniot representation in p-up plane.

This is valid for an initial-at-rest material but since we are studying interactions
between objects at least one is moving. Therefore it is important to know how to construct
the Hugoniot of a moving object. The simplest case is when an object is moving in the
positive direction with velocity V. All the particles in the object are initially moving with
velocity V. This means the particle velocity is V, so the Hugoniot equation in the p-up plane,

Figure 2.11, will assume the following equation:

p=po(Co+S(V—1u,))(V-u), (2.12)

TR

Up

Figure 2.11. Hugoniot representation in p-up plane of a moving object.

The Rayleigh Line is a useful construction which helps to illustrate and analyse
hydrodynamic situations. It is a straight line that can be represented in the p-up plane and is

given by the equation (2.6) when the shock velocity and the initial density of the material is

Miguel Gongalves Rodrigues 11
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known. Combined with the Hugoniot equation (2.11) it is possible to deduce the value for

pressure and particle velocity in the wave, Figure 2.12.

P = polCo + $u,,)up
..... P = poUsuy,

Figure 2.12. Representation in p-up plane of a determined shocked state.

The projection of the Hugoniot in the p-v plane can be defined by joining the
equations (2.3), (2.6) and (2.9) giving rise to:

p(v) = > (2.13)

Where,
vo - initial specific volume

p(v) - pressure along Hugoniot as a function of specific volume v.

The Hugoniot representation in the E-v plane where E(v) is the energy along

Hugoniot as a function of specific volume v is done by:
1
E() = 5pn(M)(vo — V) (2.14)

that is,
Coz(Vo - V)Z

(Vo —S5(o — V))z

1
E(w) = > (2.15)

A more complete form to express the Hugoniot is to represent it in the Equation
of State (EoS) in the p, v, E space, p=f(v,E). An example of a typical EoS surface is shown
in the Figure 2.13. The thick line shows the form of Hugoniot.
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EoS for Aluminium

Pressure(Mb)

L AL
LI
'..:.?!'.'.'.' 3y 128 nterna

- 066 Energy
Specific Volume cclg

Figure 2.13. Aluminium Hugoniot representation in p-v -E space [23].

The mathematical equation for the surface known as The Linear Gruneisen EoS
[24] is commonly written as:

p=P)+ %v) (E-EW)), (2.16)

Where the I"'(v) Gruneisen gamma given by the following equation:

op
= —_ 2.17
r=v ( 6E>v (2.17)

2.4. Porous materials

There are several models for the determination of the Hugoniot of porous
materials starting with the properties of the solid material. One that is probably the most
applied model starts from the Gruneisen equation (2.16). By assuming that the subscript sO
and s1 stands for the solid material in the initial and final stages, respectively, and p0 and p1
for the case of porous material it is possible to rewrite the equation for a solid material as
follow:

F(Vsl) (

Vs1

Pso = Ds1 + Ego — E(vs1)) (2.18)

While for a porous material, it becomes:
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(v
Ppo = Dp1 t E/_pll) (Ep() — E(Vpl)) (2.19)
14

By matching the equations to the initial internal energy and when vsi=vp1 the
equation takes the following form:

Ep1 — Est = (Dp1 — Ps1) (2.20)

with v1 as the final specific volume for both porous and solid materials.

The equations (2.3), (2.6) and (2.9) can be rearranged and combines to form the
following equations.

For a solid material:

Es1 = % (Vso — Vs1)? (2.21)
Thus, the correspondent equation for a porous material:

Pp1 2
Ey = % (Vpo — Vp1) (2.22)

From the combination of equations (2.20), (2.21) and (2.22) it is possible to

obtain the expression for the pressure in the final stage of the porous material, that is:
['(vsog — Vv
Ds1 ( ( S§v1 1) _ 1)

(F(VpO — V) _ 1)

2vq

Pp1 = (2.23)

By replacing ps: from equation (2.13) it is possible to obtain the expression to
determine the Hugoniot in the p-v plane for a porous material, knowing the initial density of
the solid and porous material and the Hugoniot and Gruneisen parameters of the solid

material.

_ (T (Vso — V1) = 2v1)Co” (Vso — V1)
- (F(VpO - Vl) = 2v1)(Vso — S(Vso — v1))?

Pp1 (2.24)

14 2015



STATE OF ART

Jacques Thouvenin also developed a model that can roughly determine the
Hugoniot for porous materials known by Plate Gap Model [25].

The model is focused in how the shock wave propagates in the material. The
objective is to analyse the shock wave in a uniaxial model and for that it was assumed that
the material is formed by several solid plates with thickness a and spaced within another
with a distance b, assuring that the densities of the model and the porous material are the
same.

For better understanding, the model presented by Thouvenin is schematically

presented in the Figure 2.14
A

t

2up,

Ug éb
|
a

<
|

=

f
X

Figure 2.14. Schematic representation of the Plate Gap Model in the t-x plane [25].

The propagation, in this model, is associated to the consecutive impact of the
plates that causes the shock wave to go through the material. The shock wave travels within
the plate with velocity of Us and reaching the free surface it acquires velocity of
approximately two times the particle velocity in the direction of the second plate. The plates
shock and the process is repeated.

The expression for the shock wave velocity Usp and particle velocity upp in the
porous material can be obtained with the relation between the time of propagation of the

shock waves in the plates and the free surface in the space between the plates.

—_—=—+ 2.25
Up Us 2u, 223
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1 A 1-2
— =
Upp  Up Zup

(2.26)

Being 4, a parameter that relates pp and ps the densities of the porous and solid

materials respectively, given by:

a Py

::ZZt;_E ::;i; (2.27)

The relation p, v calculated from the values of Usp, and upp with the conservation

equations was proven to be true by Hofmman et al. [26].

2.5. Velocity measuring techniques

There are a few techniques that can be used to determine the velocity history of
a surface. The most commonly used for plate impact experiments is the velocity
interferometer system for any reflector (VISAR) [27]. Recently a new technique emerged,

heterodyne velocimeter (HetV) [28].

2.5.1. VISAR

It works by measuring the minute Doppler shift in light frequency given to a
laser beam as it is reflected from a moving surface with an interferometer. The Doppler shift
produces light fringes in the interferometer, and the number of fringes is proportional to the
surface velocity. The data consists of recordings of the light intensity outputs from the
VISAR interferometer as a function of time, in which each complete oscillation of the light
intensity corresponds to one light fringe. To obtain a velocity in function of time record for
the surface is necessary to count the number of light fringes up to any given time, multiply
it by the Velocity-Per-Fringe constant of the interferometer and repeat this process for each
time increment.

Velocities can be determined with accuracy better that 2% in the range from a
fraction of meter per second to thousands of meters per second and with a sub-nanosecond
resolution. The surface does not need to be mirror polished and changes in its reflectivity or
in background light have no effect on the derivation of velocity. The system requires no

calibration and measurements.
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——— DIFFUSELY REFLECTING SPECIMEN SURFACE
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Figure 2.15. An typical VISAR configuration [27].

2.5.2. HetV

By mixing together a portion of the Doppler-shifted light and an equivalent
amount of non-Doppler-shifted light it is generated a beat signal proportional to the velocity.
The heart of our HetV design is based upon a fiber optic component called a 3-port circulator.
The 3-port circulator has the property that light injected into port 1 will be emitted out port
2, and light injected into port 2 will be emitted out port 3. We connect our fiber laser onto
port 1, our probe onto port 2, and our detector onto port 3. A fiber transports the light from
the laser to the experiment, at its end a probe containing a lens is used to launch the light
onto the moving surface and collect a reasonable amount of light reflected from the surface.
The Doppler-shifted light is transported by fiber to the detector. The non-Doppler-shifted
light is sent directly to the detector and is obtained by the reflection in the fiber end face
inside the probe. The beat signal is recorded into a fast digitizer. The maximum velocity is
limited by the bandwidth of the electronics and the sampling rate of the digitizers and the
record length is limited by the amount of memory contained in the digitizers.

A sliding Fast Fourier transform (FFT) is used in the beat signal data to obtain

the frequency vs time information that is directly related with the velocity.
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{probe

Laser

Detector

Figure 2.16. A typical Het-V configuration [28].
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3. EXPERIMENTAL CONFIGURATIONS

3.1. Plate Impact Experiment

Plate Impact testing was conducted at the Imperial College London using the
ISP’s 13 mm bore single-stage meso-scale launcher. The launcher consists of two gas tanks,
a breach, a barrel, a target chamber, and an expansion tank, see top image in Figure 3.1.
Projectile velocities from 100-900 m/s can be achieved by the expansion of helium through

its 3 m long barrel.

l Barrel

Breach Target Chamber

—___ ) ‘o )

Expansion Tank

—

Gas Tanks

Figure 3.1.Schematic representation of the launcher (top), launcher (bottom left) and target chamber
(bottom right).
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3.2. Experimental Setup

The experimental setup can be divided in three main parts, as

is shown in the

Figure 3.2.
S5
i
=
L ‘I. - -
Von = 2 ==
: _ i = gy
2 /3 E = ] OB ——
Barrel ﬁ." ) 1-O-Rings
== 8 2 -Sabot
' 3 - Impactor
1 i ] ’l’ l 4 - Light Gates
- . 5 -Trigger
L——Z—QJ 6 - Window
7 - Sample
8 -Target Back
Projectile Mount Target 9 - Probes

Figure 3.2. Experimental setup - exploded View.

The projectile that will be propelled by the launcher at different velocities. The
adjustable mount that serves to align the target perfectly planar to the impactor. And for last
the target that holds the sample and the HetV probes.

In the projectile the impactor was set in the sabot with epoxy. The two o-rings
are to assure the projectile is fit tight in the barrel without gas leaking from the sides for all
the expansion energy of the gas to be used as propellant. To create sufficient pressure in the
target the impactor was made of oxygen free high conductivity copper a high density metal
with minimal impurities in order to produce a good and clean shock wave. Its face was
lapped and polished flat to 1 um . The sabot was made of PMMA a light material in order
for the project to reach high velocities.

To measure the impactor velocity it was attached two light gates to the mount
immediately before the target. A Tektronix DPO7254C Digital Phosphor Oscilloscope with
a bandwidth of 2.5GHz and sampling rate up to 40GS/s recorded the times at the projectile
passes through the light gates allowing velocities to be calculated. Distances between the
light gates were accurately measured beforehand.

It was necessary to designed and manufactured the target to hold the sample and

the probes of this recent measurement technique, Figure 3.3, the 2D technical drawings are
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in the Annex B. The target is constituted by a window and target back part 1 and 2. The
window made of the same material as the impactor to avoid alterations in the shock wave
had its faces lapped and polished flat to 1 um and were parallel within one in 10 um. The

target back is made of PMMA to be cheap and of easy manufacturing.

Window Target Back 1 Target Back 2

Figure 3.3. Target and its respective components.

There are 4 probes that in this work are denominated from A to D, whose
positions are represented in Figure 3.4.

The probe A is in the back of the sample and the probes B, C and D are
surrounding the sample measuring the free surface velocity history of the window. They are
spaced 120° in order to accurately determine a possible tilt in the propagation of the shock
wave. When everything in place the target was attached with nylon screws to the adjustable
mount in the target chamber at the end of the barrel. During setup the mount was adjusted
such that the target was perfectly planar to the flyer. This was accomplished using laser

alignment techniques.

Window

Figure 3.4. Probes position.
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For the shot, the target chamber was sealed with everything into position. The
expansion tank attached to the target chamber is to allow the gas to expand. The breach,
target chamber and expansion tank were placed under vacuum. Meanwhile, the gas tanks are
pressurised with helium to a determined pressure to produce the desirable projectile velocity.
When the launcher was “fired” the expansion of the gas pushes the projectile through the

barrel until it reaches the target with its maximum velocity.

3.2.1. Alignment

To centre the adjustable mount with the barrel it was used a rod that fits tight
into the barrel and in the adjustable mount. Its alignment with the barrel was done with an
accuracy better than 1/10 mm.

The adjustable mount tilt was adjusted in two stages with the use of a laser as
shown in Figure 3.5. The first stage (top image) a laser on the left side was centred with the
3 meter long barrel and then used to align the two irises 11 and 12 that are 200 mm apart from
one another. In the last stage (bottom image) a mirror M was placed on the right face of the
target holder to reflect a laser centred with the irises. The tilt was adjusted by observing the
laser reflection on the left side of the irises. The adjustable mount tilt was adjusted with an
accuracy better than 3 mrad.

Alignment of 2 and I3
Target holder

barrel

|
Laser @1

@~

Alignment of target holder

M I
Laser

A A

Target holder

Figure 3.5.Target holder alignment.
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3.3. Plate Impact specimen geometry

Three samples of the B4C-7at.%Si system were studied in plate impact

experiments.

As was mentioned before, the ceramic mixture was prepared previously by

others colleagues from DEM-UC [8,9]. The ceramic samples were constrained within frames

of steel, that serves as support for the sample until is subjected to the impact, with diameter

ds and thickness es, as can be seen in Figure 3.6. For that, a special die was prepared, Figure

3.7.Die and its respective componentsFigure 3.7, the 2D technical drawings are in the Annex

A.

ds

do

'ﬁmm

Steel frame

a)

Figure 3.6. a) Optical image of a sample; b) Shock wave paths in the sample.
g ﬂ /

Figure 3.7.Die and its respective components.

b)

€
_i
\ /MA

Miguel Gongalves Rodrigues
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The sample diameter ds was determined to be of 7.5 x 10~3 m it was limited by
the impactor’s size of 12.5 mm, the space needed for the probes B, C and D surrounding the
sample and for the steel frame.

It is necessary to have 1-D configuration in the back of the sample without
release waves from the outer surfaces during a sufficient period of time, tw, to gather the
necessary data. The free surface of the sample needs to reach its maximum velocity and be
analysed for a brief period of time in order to determine the particle velocity. From the
literature results analyse it was selected that a time frame of 4.5 x 1077 s is sufficient.

The equation to calculate the maximum thickness for the sample, es, to assure
the 1-D configuration for the time frame stipulated can be deduced geometrically from

Figure 3.6 b) by comparing the times that the plane shock wave, ¢, _, and the outer surface

shock wave, tg  takes to reach the measuring zone of the probe is given by:

dg—5x10"1\* |
j ( 2 ) e e, (3.1)

tw = tqg, —te, =
Ssample Ssample
Where,
do and e - the shorter paths for an outer surface and a plane shock waves to reach the measuring zone of the
probe, respectively,
es - correspond to the sample’s thickness

- premeditated maximum shock wave velocity for the experiments, with a value of 5000

Ssample

m/s.

7.5 x 1073 — 5 x 10~4\?
\]( > ) + e5? . (3.2)
45x%x 1077 = -
> 10 5000 5000
e =1.6x1073m, (3.3)

Thus, the maximum thickness value for the ceramic sample is 1.6 mm.
A brass layer, with 25 um of thickness, was placed in the back of the sample for

better reflexion of the probe’s light.
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The samples were pressed into discs with approximately 1 mm thickness
constrained within frames of steel that serves as support for the sample until is subjected to

the impact.

3.4. HetV

The data was collected using HetV with probes focused on the back surface of
the specimen and window. The light was produced by an infrared laser operating at 1550 nm
and transported by all-glass single-mode fibers, standard in the telecommunications industry.
A Lecroy WaveMaster 816Zi-B Oscilloscope with a bandwidth of 16GHz and sampling rate
up to 40GS/s was used to collect the experimental data. The sampling rate used in the
experiment was of 20GS/s with intervals of 50 ps. A labview program interface was used for
operating the gun and a matlab program was used to analyse the HetV data. The matlab
program converted interference fringes to free surface velocities.

For the probes, bare fibers with the configuration shown in Figure 3.8, was used.

fiber coating

protection tube

fiber core

Figure 3.8.Probe schematic used in this work.

The cables were all cut with the same length, 800 mm, with an accuracy of 0.5
mm. The cable point was stripped and cut with a high precision cleaver. A 50 mm long tube
was glued in the cable point to straight up and protect the end face of the fiber. The gap
without coating inside the tube is to allow the fiber to be as straighten as possible close to its
end. The numerical aperture NA of the probe was 0.22. The probes were placed to a distance

of less than 1 mm from the surfaces.
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4. RESULTS AND DISCUSSION

As was mentioned before, three plate impact experiments in the velocities range
from 300 to 700 m/s were done. The main samples characteristics are summarized in Table

4.1

Table 4.1. Main characteristics of the BsC-7at.Si samples.

. . Impact
Sample Thickness, es Mass, m Density, po Velocity, V
(mm) () (Kg/m®) (m/s)
#01 0.836 0.0558 1.512 314
#02 0.836 0.0577 1.561 495
#03 0.947 0.0644 1.539 690

It is important to mention that the small scale, using a 13 mm bore single-stage
meso-scale launcher was used for the first time.

It was also necessary to design and manufacture a target to hold the sample and
the probes used in the front of the launcher. A special die to compact the sample was also
built. These processes took some time; especially the manufacture of the die and the target
that first was sent to the ICL"s workshop and due to delays was finally manufactured in the
DEM’s workshop at UC and sent to London. All the experiment was done in an optimization
phase.

As can be concluded by the analysis of Table 4.1, the thickness of all the samples
are less than the maximum value previewed (e, = 1.6 X 10~3 m, equation (3.1)).

The respective density, ~ 1.5 Kg/m?, gives rise to 60% TMD. This was obtained
assuming the B4C-7Si bulk density similar to the bulk density of the B4C (2.52 Kg/m?® [8]).
The density calculations were done by comparing the volume determined by the
measurement of its thickness Ax with the mass m of the sample with accuracies of 0.1 mm?3

and 0.1 mg, respectively.
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Before testing the B4C-Si samples, it was necessary to do an experiment on a

target without sample in order to calibrate the detector and the digitizer channels.

4.1. HetV Calibration

The probes of each experiment are connected to four different channels of the
detector to be converted into analogic signals and then analysed by the oscilloscope. Each
channel was a slightly different time response due to their components. In order to compare
the four signals in each experiment it is necessary to determine the difference of the time
responses of the channels and correct it in the results. The time correction can be determined
by giving the same signal to all the channels and compare the results. For that it was done a
plate impact experiment with only one probe measuring the free surface of a copper plate.
The probe was connected to a 1 x 4 fiber splitter to divide the signal into four equal signals.

The resultant response of the four signals in the digitizer is shown in Figure 4.1.

40

25
20

Voltage[a.u.]
o v & O
(@)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time [ns]

Figure 4.1.Moving average trend line of the four signals from each channel in the calibration experiment.

It was determined the correction times of the channels by adjusting the curves of
channels B, C and D having the curve of the channel A as a reference. The adjusted curves
and the resultant time corrections are shown in Figure 4.2, resulting from the following
approach:

A =+ 0.0 ns (reference) B=+10ns

C=-70ns D =+6.0 ns
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Figure 4.2.Time correction of the channels.

4.2. Shock Wave Velocity (Us)

The shock wave velocity, Us, was determined by the velocity equation knowing
the time that the shock wave takes to pass through the sample, 4¢, and its thickness, es.

When a shock wave arrives to a free surface that surface immediately starts to
move. To determine the arrival time of the shock wave t; it was observed the free surface of
the copper plate that is immediately before the sample and assumed that the arrival time of
the shock wave to that surface correspond to the arrival time of the shock wave to the sample.

The free surface of the copper has three probes B, C and D to measure its
response in order to determine the tilt of the shock wave when it reaches the sample and,
therefore, the accuracy of the resultant shock wave velocity. The probe A placed in the back
of the sample will determine the arrival time of the shock wave t.

The resultant data from the HetV analyse is expressed into a beat amplitude in
function of time. When the measured surface start to move its velocity is directly translated
in the beat signal as a frequency. Therefore, analysing the data it is possible to locate the
time when the beat signal response has some frequency associated.

In the Figure 4.3 to Figure 4.5 are shown the resulting beat waveform as a
function of time of each experiment with the corresponding arrival times of the shock wave,

for the tree samples.
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Figure 4.3.Plot signal from the plate impact experiment on Sample #01.
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Figure 4.5.Plot signal from the plate impact experiment on Sample #03.

In the plate impact experiment on the sample #01 the signal from the probe A
has a flat line with 0.1 V corresponding to a saturation of the probe. Nevertheless is still
evidently the start of frequency in the beat signal. The signal B has lower amplitude so it
takes a more careful look to identify the arrival time of the shock wave. The arrival of the
shock wave in the probes C and D are perfectly clear.

For the experiment on the sample #02 in comparison with #01 the arrival times
of the shock waves are very clear for all four signals, as can be seen in Figure 4.4.

Considering the last sample, #03 (Figure 4.5) it is very difficult to identify the
time of arrival of the shock wave in probe D. Nevertheless, by a carefully analysis, it is
possible to identify some frequency after 7.6 x 107° s. All the other probes have clear
signals and are easy to identify its shock waves arrival times.

The arrival times of the shock waves in each probe, which includes the

corrections from the HetV calibration (Figure 4.2), are summarized in Table 4.2.
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Table 4.2. Shock waves arrival times (accuracy better than 5 ns).

Sample A (ns) B (ns) C (ns) D (ns)
#01 16018 15860 15828 15723
#02 10250 10006 10006 9943
#03 7846 7531 7550 7599

Based on shock waves arrival times data, Table 4.2, the respective shock wave
velocity, Us, for each sample, was calculated. The results obtained are summarized in Table
4.3. The shock waves arrival times to the sample ti was assumed to be the average of arrival
times of the shock waves to the probes B, C and D. The time that the shock wave takes to go

through the sample, A¢ was determined by the difference between ti and t;.

Table 4.3. Shock Wave velocity.

Sample ti (ns) tr (NS) At (ns) es (mm) Us (m/s)
#01 15804 16018 214 0.836 3900
#02 9985 10250 265 0.836 3155
#03 7560 7846 286 0.947 3311

The shock wave time of the sample #01 is much greater than the shock waves
velocities from the samples #02 and #03. This behaviour can be related to some error
resulting from the great tilt observed in the first experiment associated to the difference in
the times of the probes B to D with a maximum absolute value of 137 ns on the sample
#01compared to the 63 and 68 ns for the samples #02 and #03.
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4.3. Particle Velocity (up)

The particle velocity, up, was determined by data analyse of the free surface
velocity history. The free surface has velocity of twice the particle velocity, as can be
concluded by analysing the Figure 2.7.

In the Figure 4.6 to Figure 4.8 the free surface velocity as a function of time of
the three experiments resultant from the sliding fast Fourier transform applied to the beat
signal are represented. The sliding fast Fourier transform was performed in 512 points
(window size) and with an overlap of 80% of the window size. The particle velocity of each

experiment was assumed to be the average of the velocities after the velocity profile

stabilizes.
[FFT 4096, window size 512, averlap 409, Hamming ]
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Figure 4.6.Free surface velocity profile of Sample #01.
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Figure 4.7.Free surface velocity profile of Sample #02.
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Figure 4.8.Free surface velocity profile of Sample #03.

The free surface of the sample #01 stabilized its velocity around 1.63 x 107> s,
as can be seen in Figure 4.6. The free surface maintains its velocity for 700 ns, which was
the interval chosen to calculate the particle velocity. In that interval the average velocity of
the free surface was of 490 m/s corresponding to a particle velocity for the sample #01 of
245 m/s.

For the sample #02, the interval of time selected to calculate the particle velocity
was between 1.04 x 107> s and 1.05 x 10~° s, thus the average velocity of the free surface
is 708 m/s and the particle velocity is 354 m/s.

Finally, the sample #03 presents a stabilized free surface velocity for the interval
of time between 0.80 x 1075 s and 0.85 x 107> s, Figure 4.8. For this sample the velocity
of the free surface was 938 m/s and the respective particle velocity was 469 m/s.

The particle velocities for the B4C-7Si system are summarized in Table 4.4.

Table 4.4. Experimental data.

: Shock Wave . .
sample Impact Velocity, V Velocity, Us Particle Velocity, up
(m/s) (m/s) (m/s)
#01 313 3900 245
#02 493 3155 354
#03 688 3311 469
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By analysing the results from the experiments, Table 4.4, one can conclude that
the impact velocity in each experiments increases and the respective particle velocity had
the same behaviour, as was expected. However, the same cannot be said for the shock
velocity. In fact, the value for the sample #01 is much higher in comparison to the other two
experiments. This behaviour, as was referred before, could be attributed to the great tilt of

the impactor leading to a tilt in the shock wave itself.

4.4. Hugoniot Parameters

The experimental Hugoniot parameters were determined from a linear regression

in the Us-up plane, using the equation (2.10), that is:

Uy = Co + Su,,

The B4C-7Si Hugoniot system, for 60% TMD, is presented in Figure 4.9, for Us-
up plane. Although the results from the experiment #01 be presented, it were not taken into

account in linear regression.

5000
4500
4000 0
o #02
000 |
2500 [T~

2000

U.=2653.8 + 1.4025u
1500 s p

Shock Velocity (m/s)

1000
500

0 100 200 300 400 500
Particle Velocity (m/s)

Figure 4.9. Experimental results in the Us-Up plane with linear regression of the results of the samples #02
and #03.

The linear Hugoniot slope coefficient for the material in study is 1.4025. This
value match the S literature value, typically approximately 1.5 [29].The B4C-7Si bulk sound
speed present a value of 2653.8 m/s.
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The experimental results in the plane p-v can be seen in Figure 4.10. The initial

specific volume, vo, of 0.65 cm®/g at zero pressure is also presented.

[
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Figure 4.10. Experimental results and the initial density in the p-v plane.

In order to conclude if the addition of 7at % Si to B4C by Mechanical Alloy
increases or not the ballistic properties, it is important to compare these experimental results
with those obtained by other research workers, mainly those obtained by Grady [12] in

Figure 4.11.
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Figure 4.11. Comparisons of solid boron carbide Hugoniot data [12].

However, such relationship is very difficult to achieve since the actual
experiments reach pressures below 3 GPa, while the available data for B4C is between 50
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and 120 GPa. In fact, in the present work the impact velocities range from 300 to 700 m/s.
Moreover, the B4C-7Si could not be considered a bulk material due to its 60% TMD. Thus,
the ceramic system was addressed as porous material. Several models to forecast this

behaviour were used.

4.5. Theoretical Approach

As was mentioned before (Chapter 2), there are two models for the determination
of the Hugoniot of porous materials: the Thouvenin and Gruneisen models.

Thus, for the Gruneisen model, the pressure in function of the specific density
was calculated applying for equation (2.24). The shock and the particle velocities were
obtained from the pressure by rearranging the equations (2.3) and (2.6). Aimed the Plate Gap
Model, usually denoted as Thouvenien, the equations (2.25) and (2.26) were employed for
the determination of the shock and particle velocities; while the pressure and the specific
density evaluation were done by using equations (2.3) and (2.6).

The theoretical approach obtained could be seen in Figure 4.12 for both planes,
Us-up and p-v.

It is important to refer a first approximation in the construction of the models,
the parameters of Hugoniot and Gruneisen of the solid B4C-7at.%Si system were assumed
to be the same as the parameters of the solid B4C since the percentage of Si in the material
is very small.

The same was done for the initial density of the solid material. The parameters
of the B4C were determined from Marsh’s work [30]. The initial density of the porous
material was calculated to be the average of the densities determined for the three samples.

Considering the evolutions shown in Figure 4.12, the sample #01, as expected,
is farther from both models. This confirms the previous results, assigned to the large tilt
experiment. Reflecting #02 and #03 samples, both form a similar slope as the models.
Although, mutually have a shock wave velocity higher than expected from the models.

A possible explanation for these deviations may be related with the low pressures
used experimentally in this work (less than 5GPa) in opposite with the models, which were

verified to be reliable for higher pressures (25-160 GPa).
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Figure 4.12.Representation of the experimental data and the models of Gruneisen and Thouvenin for

porous materials in the p-v plane.

Another attempt was made to compare the results obtained at IPS with those

available in the literature. The Marsh [30] results were selected.

Figure 4.13, show the results concerning porous B4C material with 95%TMD

and 75%TMD obtained by Marsh, which were overlapped with

work.

those obtained in the present

Considering the Us-up plane, the three experiments look that they are aligned

with the results of the low TMD B4C but with much lower shock and particle velocities

However, for the p-v plane the analyse is more ambiguous due to the very low

pressures obtained but focusing in the result for the initial density, with zero pressure, of the

three different densities the results on B4C-7Si system follow the tendency.
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Figure 4.13. Hugoniot results on porous B4C from Marsh [30] with different initial densities comparisons

with results from this report.
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5. CONCLUSIONS AND SUGESTIONS

This report summarizes the stages for the realization of plate impact experiments
for the determination of the Hugoniot parameters of the ceramic B4C-7Si system using a gas
gun. The experiments were performed at projectile velocities of 313, 493 and 688 m/s
obtaining pressures in the range of 1.5 to 2.8 GPa. This stress created a shock with velocities
of approximately 866 to 1620 m/s which imparted particle velocities between 151 and 300
m/s.

The principal conclusions of the thesis are:

-The design of a die to press small and thin samples of powder to be used in plate
impact experiments was done. Also the design of a target for plate impact experiments with
small bore, 10 mm to 15 mm bore high velocity projectile launchers.

-1t was observed a significant tilt in the impactor at the moment of impact which
originated some errors in the results of the shock velocity.

-The parameters of Hugoniot can only be used as a reference for a first
approximation and not as the exact values because it was done few impact experiments and
the range of pressures covered by the experiments is small.

-The theoretical predictions for porous materials were also investigated in this
study. However, the results showed that the theoretical calculations are not in good
agreement with the experimental data and the results obtained are in general lower than the
predict values. Two possible reasons are pointed out. The approximation done by using the
parameters for the solid boron carbide or the material may not have been fully compacted
for impact of lower velocities.

-The experimental results follow the same tendency as the ones for porous boron
carbide from Marsh [30].

For future works it is suggested a comparison of the Hugoniot relation of solid
B4C and B4C-7Si system at higher velocities, as well a comparison with Hugoniot relation

for pure B4C in the same experimental conditions.
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ANNEX A

ANNEX A

The 2-D drawings of the die are presented in the following pages. The die is to
uniaxially press a powder material into a sample of 7.5mm diameter and thickness from

0.5 mm to 3 mm contained within a steel frame of 0.5 mm wall thickness.
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ANNEX B

ANNEX B

The 2-D drawings of the target are presented in the following pages. The target
can hold a sample of circular shape with 8.5 mm diameter. It is prepared for proves with 1.2
mm diameter. The design was made in order for all the part to be manufactured in a laser

cutter machine with quick and low cost production.

Window Target Back 1 Target Back 2
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