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Abstract

Abstract

Tungsten Carbide mixed with Nickel (WC-Ni) is of great importance in
applications that requires high levels of hardness and wear resistance due to the combination
of properties granted by the presence of two different phases: Tungsten Carbide phase
imparts the hardness and the strength while metallic matrix acts to increase ductility and
toughness.

The dynamic behaviour of WC-Ni powders, with Nickel content of 11% was
studied under planar loading conditions. A gas gun was used to conduct planar impact
experiments at velocities of 320, 500 and 620 m/s to determine the shock and wave
propagation characteristics of the material stablishing the Hugoniot relations in different
planes.

When the material is shocked between 1.1 to 4.8 GPa, a steady shock wave is
generated which propagates at a velocity ranging from 866 to 1620 m/s and transfers energy
into particles that moves at velocities between 151 and 300 m/s after its passage.

Based on the achieved results, recommendations will be made for performing
future works aimed at improving the experimental technigque, with the purpose of enhancing

the understanding of the behaviour of materials when subjected to shock.

Keywords: Tungsten Carbide powders mixed with Nickel, Porous
materials, Shock waves, Hugoniot relations, Plate
impact experiments, Heterodyne velocimetry.
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Resumo

Resumo

O carboneto de tungsténio com adi¢do de uma matriz secundaria de Niquel (WC-
Ni) é de grande importancia em aplicacbes em que sdo exigidas grandes valores de
resisténcia e abrasdo. Estas propriedades sdo garantidas pelas diferentes fases da estrutura,
em que o WC garante rigidez enquanto que o Ni adiciona plasticidade e ductilidade ao
material.

O comportamento ao choque dos pds de WC-Ni (mistura com 11% de Niquel) é
estudado com recurso a condicdes de impacto planar. Esta experiéncia recorre a um canhao
de gas comprimido para realizar impactos a altas velocidades de projétil na ordem de 320,
500 e 620 m/s. Esta metodologia permite obter informagéo suficiente para caracterizar a
propagacao das ondas de choque no material estabelecendo a chamada relagdo de Hugoniot.

Quando o impacto dos corpos gera pressoes entre 1,1 e 4,8 GPa, é gerada uma
frente de onda de chogue que se propaga a velocidades compreendidas entre 866 e 1620 m/s.
A passagem da onda no material transfere energia as particulas induzindo-lhes velocidades
entre 151 e 300 m/s.

Com base na anélise dos resultados, sdo propostos trabalhos futuros para o
melhoramento da metodologia experimental com o intuito de aprofundar o conhecimento do

comportamento dos materiais face ao choque.

Palavras- Carboneto de tungsténio misturado com niquel, Materiais
chave: porosos, Ondas de choque; Relagdo de Hugoniot, Impactos
planares, Canhado de gds comprimido.
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SIMBOLOGY, SUBSCRIPTS AND ACRONYMS

Simbology

A — Area

¢ — Light speed

C,— Velocity of sound on the material

d — Diameter

e — Internal energy

fo — Initial frequency of light

fp» — Frequency of beat signal

fa —Frequency of Doppler shifted light
m — Mass

P — Pressure

u,, — Particle velocity

Us— Shock wave velocity

Xsampte — 1 Nickness of the sample

a — Coefficient of linear thermal expansion
A — Wavelength

p — Density

o — Stress

' — Mie-Griineisen parameter

v — Specific volume

At — Span time
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Subscripts

P — Porous material
S — Non-porous material
0 — Non- shocked material

1 — Shocked material
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Introduction

1. INTRODUCTION

1.1. Background and objectives

From a basic point of view, experimental study of the dynamic behaviour of
materials is rather simple. An experiment can be easily performed by introducing a stress in
the material and measuring its response in terms of deformation and/or force. For low
velocity impacts, the behaviour of the material is mastered by elastic wave deformation since
the applied stress on it is lower than the material’s yield strength. On the other hand, if it is
a high velocity impact, the scenario is different. The extreme high induced pressures can
exceed the strength of the material driving it into a regime that involves the propagation of
elastic-plastic waves. Under these conditions, the matter has a nonlinear response and
demands a deep study for an entire characterization of the propagation of waves.

The thermodynamic properties of the material allows to better understand how
does the material behaves when subjected to high pressures. Two of these properties can be
measured experimentally. When applying the conservation equations to both parameters, it
is possible to achieve a complete characterization. Referred as Hugoniot equations, these
relations are a locus of shocked states for a given material and can be used as valuable
thermodynamic information at high pressures.

Tungsten Carbide (WC) is a very interesting material because of its low density
and high strength when compared with the pure W. Sometimes referred to as a hard metal,
this ceramic is widely used in the production of cutting tools, molds and also in the petrol
industry has the constituent of drilling tools. The shock behaviour of WC has been studied
throughout the years by many researchers such as McQueen (1970), Amulele (2008), Vogler
(2005), and Grady (1995, 1999 and 2009) among others. However, some of this authors also
studied the shock compression in several ceramic powders, finding out their excellent
behaviour to shock because of their high distention, which results in very slow shock
velocities.

This project focuses on measuring the relation between the velocity of the shock

waves and the particle velocity in Nickel-doped Tungsten Carbide powders compacted by

Rui Pedro Tavares de Sousa 1
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isostatic pressure. In fact, these two data lead to the Hugoniot relations. The Hugoniot data,
in its turn, can be used for the design of dynamic compaction procedure since the uniformity
of the compaction is related to the velocity of the shock. In this case, shock waves are
regarded as a working tools.

From a wide range of available techniques, the plate impact experiments with
resource to a gas gun was used to achieve the proposed results. The velocities were measured
by Heterodyne Velocimetry (HetV) and for the configured setup the target was designed
regarding all the shock propagation background.

The work planned herein involved using the shock impact platforms at the
Institute of Shock Physics (ISP) at Imperial College of London to perform measurements of
the shock wave and particle velocities in WC samples. This project builds on a collaboration
between the ISP and two research units of the Mechanical Engineering Department of
Coimbra, CEMUC (Centro de Engenharia Mecénica da Universidade de Coimbra) and
ADAI (Associacdo para o Desenvolvimento da Aerodindmica Industrial), where the WC

powders were synthesized by ball milling to nominal Nickel concentrations of 11%.

1.2. Outline

The structure of the present thesis is as follows.

A modern theory of the description of shock propagation in solids and powders
is presented in chapter 2. The Hugoniot relations are introduced and explained in regard to
the characterization of the state of materials during the propagation of a shock wave, in terms
of density, pressure, velocity of the particles and shock, among others. In fact, these relations
are shown as combination of conservation equations: mass momentum and energy. The same
theory is also true for powdered materials. Therefore, two different models that predict the
Hugoniot relations of the material under study are presented for posterior comparison with
experimental results. As a closing topic, it is included a compilation of relevant studies of
shock experiments to tungsten carbides.

Chapter 3 contains the characterization of the powders Nickel-doped Tungsten
carbide as well as the final state of the compacted samples. In order to compact the samples,
a powder dye compactor was designed and it is described herein described.

Chapter 4 focuses on the experimental methods used for validating the whole

experimental setup. A basic description of the gas gun is made, as means of providing an

2 2015
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understanding of its operation. Both the design of the target and the selection of the materials
are featured in this chapter and are justified in a theoretical background. In regard to the
adopted HetV measuring system, the basic principles of operation are explained along with
the preparation, installation and usage of the setup.

Chapter 5 contains the experimental results obtained from the measuring system
and the analysis of the results. The section starts with a succinct explanation of the software
used for the treatment of the data. The Hugoniot curves are figured in different planes and
made up of a relation between the data acquired and the conservative equations. Finally, the
Hugoniot curve is compared with the results achieved by other authors, as well as Thouvenin
and Mie-Grilineisen models for porous materials.

Chapter 6 summarises the key points of this thesis and addresses some

considerations for future works.

Rui Pedro Tavares de Sousa 3
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Theoretical background

2. THEORETICAL BACKGROUND

2.1. Shock waves

An impact between two similar solids moving in opposite directions with equal
velocities presumes that the particles on the impacted surfaces suddenly come to a stop. This
intensive impulsive loading results on a stress pulse (compressive) which moves, from the
interface, in both directions along the material. Since there is no movement in the plane of
impact, a uniaxial strain is generated and moves herewith the stress pulse. The shock front
is the interface between the shocked and non-shocked one. The passage of the pulse along
the material causes a sudden jump in pressure from Po to P. This change reflects on an
increase of density, particle velocity and specific internal energy. Depending on the material,
when subjected to a shock wave, it can has different responses like compaction, plastic
deformation or even phase transition.

When a shock wave is propagating into an unstressed and at rest material, and
meets a boundary, there are different possible scenarios depending on the type of interface.
In the case of a free surface, when there are no restrictions on the interface and 0=0, a release
wave is reflected back into the material. The velocity of the material adjacent to the surface,
was found to be twice as great as the velocity of the in-situ particles — free surface
approximation. On the other hand, if it is a fixed surface, it is considered that o # 0 and the
velocity of the particle is zero. In this situation, the wave is not only reflected but also

transmitted to the adjacent material (Winter, 2009).

2.1.1. The Hugoniot relations

A clearly understanding of the propagation of shock waves can be characterized
as an ideal planar shock where the propagation and the strain are treated as uniaxial — 1D.
The jump between the shocked and non-shocked state is assumed as a discontinuous and
adiabatic transition. Conservation of mass, momentum and energy across the discontinuity
drives into the Hugoniot relationships between the specific volume v, the pressure P, the

material particular velocity up, the shock speed Us and the specific internal energy e. The

Rui Pedro Tavares de Sousa 5
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equations below refers to a situation where there is no initial velocity of the impacted
material (Winter,2009; Hayes, 1973). The first Hugoniot relation, equation (2.2), is obtained
by applying the conservation of mass to the area A that is affected by the shock wave and to

the balance of mass m that enters and leaves it within the time interval Az.

poUsAtA = p(Ug — u,)AtA (2.1)

poUs = p(Us — up) (2.2)
The subscript 0 denotes the initial values of the material before the passage of

the shock front. From the previous expression the Hugoniot density can be written as:

p = Po Us (2.3)
(Us - up)
Ushock
——a—a—a
P —g—9—9—9 | D,
——a——a
e €o
——a——a
Up —o—a—a—a | Up0
P —a—a—a—e | PO
——a—a—a

Figure 2.1. Shock wave state of material.

Due to shock there is a change of pressure during the time At, which can be
translated in momentum and equal to an impulse. The following equation (2.5) gives the
Hugoniot relation regarding conservation of the momentum.

(P — Py)AAt = poAUsAtw, (2.4)
P — Py = poUsuy, (2.5)

Before the passage of the shock wave the pressure of the material is neglected,
Po=0, then:

P = poUsu, (2.6)

Applying the principle of conservation of energy to the mass of matter within a
volume Us A4t A it is obtained the sum of the increase of the internal energy and the kinetic

energy equaling the work done by pressure acting on area A and moving the particles by a

distance of up 4z. Thus,
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1
(P — Py)AU AL = = poAUAt u,? + (e — ey) poAUAL (2.7)
2 14
simplifying to:
1 2 (2.8)
(P—PyUs = EPOAUsAt Uy + (e — eo)poUs '

Manipulating Egs. (2.2) and (2.5) the shock velocity Us is obtained as well as the

particle velocity up:

—yp [P (2.9)
Us =0 (vo — V)
u, = /(P — Py) (v — v) (2.10)

The positive and negative value of the solution of the square root is valid,
respectively, for a compressive and for a tensile wave. The combination of Egs. (2.9) and

(2.10) into equation (2.8) results in
1
e—ey=5(P+P)(vo—v) (2.11)

Equations (2.2), (2.5) and (2.11) are the Hugoniot relations justified on
conservation of mass, momentum and energy, respectively. The states produced by shock
compression always lie on a Hugoniot curve where the variables are continuous across
planes of interaction.

Interestingly, experimental results shows that the Hugoniot of some materials
can be represented by a straight line in the Us — U, plane (McQueen et al., 1970) and may

be written as:
Us = Co + su, (2.12)

Co is approximately equal to the velocity of sound

Co = 5 (2.13)
Po

where, K is the bulk modulus. The slope s can be obtained for a first approximation

contemplating the Mie-Griineisen parameter, (Pruemmer et al., 2006)

1
S = E (F + 1) (2.14)

From the reference conditions of the material, T is: (2.15)

Rui Pedro Tavares de Sousa 7
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r=(%), =56, =2 &), @), =5k
de/, ¢, \dT/, c, \ov/r \0T/p c,Kr
where, o is the linear coefficient of thermal expansion and Kr is the isothermal
compressibility.

The combination between the linear approximation of the Hugoniot (2.12) and
the relations of conservation of mass (2.2) and momentum (2.5) gives the following equation
that relates pressure with the specific volume.

_ co’ (Vo =) (2.16)
[vo = S(vo —W)]?
A relation between energy and thermal pressure is also given by Mie-Griineisen

equation:

_T've)

P—F=—
c

(e~ 217

2.1.1. Hugoniot of porous materials

The Hugoniot of Powders tends to equalise the curve of dense solids but its
values are always lower. In fact, the high porosity of powders leads to a dissipation of the
compressive wave on a large plastic deformation, particle rearrangement against friction and
particle break up, or even melting. This increase of internal energy is the explanation for the
lower values of the velocity of shock waves and consequently a decrease on the slope of the

function, as it seen in Figure 2.2, when comparing to solid Hugoniot.

Solid Hugoniot

7

_——

Porous Hugoniot

Pressure, P

Particle velocity, u,

Figure 2.2. The Hugoniot curve of solid and porous materials in the P — up plane.
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2.1.1.1. Mie Griineisen Model

The Mie-Griineisen equation for obtaining the curve resorts to the curve of the
respective solid material. This model founds in an equilibrium state in the non-shocked
material. If the relation (2.17) is written for a porous and a solid material, and if the equation

can be equalised by the parameter ec then,

(2.18)

v
ep1 — €51t F( 51) (Ps1 — ZF(V;:l)(Pm_Pc)

The subscripts s and p refers to the porous material and the corresponding solid
respectively.

When vg; = vy, = vythe previous equation results,

ep1 — €51 = — ( 1 — Ps1) (2.19)

Rewriting equation (2.11) for the two cases, porous and solid materials

considering that Py is negligible when compared with the pressure of the shock:
Psl

€s1 — €50 = 7 (VSO - Vsl) (2.20)
Py,
€po ~ €p1 = % (VpO - Vpl) (2.21)
Equating them into (2.19)
P P (2.22)

epo T %1 (Vpo - Vp1) — €50 — %1 (Vso — V1) = V_Fl (Ppl - Psl)

Previous experiments performed by other authors revealed that the initial

internal energy of powdered and solid materials is similar, then the following equation is
function of the pressure and specific volume of the material.

1:)51 l-‘(VSO — VSI) _ 1]

2vq
= (2.23)
Ppl 1 F(VpO V1)

[ B 2vq ]

Lastly, the following equation allows to estimate the Hugoniot curve of the
powder material if the parameters S and C of the Hugoniot curve of the solid are well known
likewise the initial specific volume of both states of the material. (Ribeiro 2003 and
Herrmann, 1969)

3 [2v4 — T (vsp — v1)]c?(Vso — V1) (2.24)

Ppl - [21/1 - F(Vpo - V1)][Vso - S(VSO - Vl)]z
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The Griineisen parameter I' is approximately constant whenever the specific
volume changes are small. However, if it is the case of studying the behaviour of the
materials when there is a high change of pressure and consequently significant change of

specific volume, the coefficient between I' and v is considered constant.

LV)_F(VO)_
vy

const. (2.25)

2.1.1.2. Thouvenin Model

In 1965, Jacques Thouvenin came up with a theory which he nominated as
Thouvenin Model or Plate Gap Model. (Thouvenin, 1965). Differently from other authors,
Thouvenin’s founded his model in the way how a wave propagates in a material instead of
the thermodynamic nature. The porous solid material is seen as an assembly of solid plane
plates with equal thickness a, separate by a distance of b, therefore the specific mass of the
set is equal to the specific mass of the porous solid in analysis. Schemed on Figure 2.3, the
propagation of the waves came from the successive impact of the different plates, that results
on the creation of the shock waves and its expansion. The model considers the propagation

of the wave as unidimensional.

A

/\

t

Figure 2.3. Schematic representation of the model of Thouvenin (Thouvenin, 1965).

When a shock wave with a velocity of Us propagates into the first plate and meets
its backing interface, it acquires a velocity of 2 u,- free surface approximation. On that
instant, expansion waves are created with opposite direction to the movement, reducing the

pressure to zero. The impact of the first plate on the second one, results in a shock wave that
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propagates with a velocity of Usin the plate in rest. On the other hand, on the impacting plate
the wave propagates with a velocity of Us; — 2u,. The same process is repeated on the
remainder plates, and in the global, not only a single shock is generated but a periodic series
of shock in the plates and projection of matter for the space between the plates. (Ribeiro and
Campos, 2003)

The sequence of impacts propagates with a velocity usp and its meaning cannot
be misunderstood neither confound with the velocity of the shock. According with
Thouvenin, before relating these parameters with the conservation equations it is necessary
to make some modifications.

A parameter A is introduced as inverse of the porosity a

1 Specific mass of the porous solid a (2.26)

o Specific mass of the non — porous solid “a+b

The parameters a and b of the previous equation are represented in Figure 2.3.
The relation between the time span of the propagation of the shock on the plates and the

movement of the free surface within the gap b is written as:

1 A 1—-2
= (2.27)

Up Uss  2.Upg

1 A 1-2
_— =t (2.28)

Upp Ups  2.Upg

Equations (2.27) and (2.28) allow to calculate the velocity of shock and the
particle velocity. Although it was not completely in accordance with Thouvenin statements,
Hofmann et al. (1968) defended that the relation between P and v could be deduced by

relating the conservation equations and usp and Upp .

2.1.2. Tungsten Carbide shock data

Properties of the shock waves of tungsten carbides have been studied throughout
the past years. McQueen et al. (1970) studied the shock Hugoniot of near full-density
tungsten carbide with 5wt% Co. In 1995 and 1999 Grady reported shock data of two types
of WC materials. The first one, produced by Kennametal Company, contained 5.7wt% Co,
1.9wt% Ta along with less than 0.9wt% Nb and Ti while the second material, extracted from
armor piercing (AP) rounds, contained 3—4wt% Ni, 0.4-0.8wt% Fe and 0.05-0.2wt% Co.

Amulele et al. (2008) made tests to a material produced by Cercom, a ceramic with 97.2wt%
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WC and 228wt% W-C. All the materials had a density within 14910 and 15700 kg/m?. In

Figure 2.4 is plotted the shock data for the referred tungsten carbide ceramics.

8
< McQueen et al. [1970]
- HEL States B  Keonametal WC
A Cercom WC
- T8l-
& |7 S
2 6 _ ik 0
> Res o2
it a __.:"'3‘-‘"
g
5 [N
a
N,
4 L 1 L 1 1 1 L | L
0 02 04 0.6 0.8 10

Particle Velocity (km/s)

Figure 2.4. Experimental shock velocity versus particle velocity (Grady, 2009).

Vogler et al. (2005) performed plate impact experiments to determine the

Hugoniot properties of WC powders. Once again WC was manufactured by Kennametal,

with a purity of almost 100%. A single stage gas gun was used to achieve shots at an impact

velocity of 245, 500 and 711 m/s. VVogler and collaborators measured the shock velocity by

matching impedance technique and plotted the graphic Us-up represented in Figure 2.5.

12
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12 . . . .

s
(kmfs) quadratic fit to data i

TU.B- 1

® WC Hugonict States

0 0.2 0.4
_— up (km/s)

Figure 2.5. Measured shock velocity for WC powder versus in-material particle velocity determined though
impedance matching techniques (Vogler et al., 2005).
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3. MATERIALS AND METHODS

3.1. Tungsten Carbide, WC

Tungsten carbide, a cemented carbide which is also designated as a hard metal,
is commonly used for applications that require high levels of hardness and wear resistance.
Thus, its excellent properties make of it a useful material in the production of cutting tools
and molds, among other applications. The first development of WC took place in Germany,
in the early 20’s, by Osram, an electrical lighting company that sought an alternative to
diamonds for machinating metals. Later, in 1925, a license was sold to Krupps and in 1926
this company launched to the market sintered carbide tungsten named as WIDIA, an

acronym for Wie Diamant - like diamond (at ThyssenKrupp’s website).

3.1.1. Tungsten carbide powders
The WC powders used in the present study were produced by DURIT -
Metalurgia do Tungsténio, Lda. and its general characteristics are summarised in the

following Table 3.1.
Table 3.1. Characteristics of GD20N powders (Pires, 2012).

. Theoretical Specific
NI density volume dso
0,
[Wt /0] [g/cm3] [cm3/g] [Hm]
GD20N 11 14.7 0.068 1.2

Differently from what the literature states, WC was mixed with Nickel. This
element has been on the focus of some researchers insofar as an adding material in WC,
because the mechanical properties achieved in WC-Ni are very similar to the popular WC-
Co, conceding better resistance to corrosion and higher values of hardness. These adding
materials, also called as soft materials of the mixture, have been used in WC to facilitate the
compaction of the powder and its final form. Its excellent characteristics results from the

combination of properties granted by the presence of two different phases where WC phase
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imparts the hardness and strength whilst Ni matrix acts to increase plasticity and toughness
(Shon et al., 2007).

3.1.2. Powder characterization

According to Pires (2012) the powders were characterized by SEM (Scanning
Electron Microscope) and XRD (X-Ray Diffraction). The observation of SEM results
indicates that WC particles have an irregular shape and size distribution between 0.3 and 3
pum without cleavage edges along the counter. The bigger size of WC distinguishes it from
the Ni in the GD20N powders. The structural characterization, made by XRD, demonstrated
two compounds on WC powder, whose principal phase is WC and tungsten semi-carbide the
secondary one, both with hexagonal structure. GD20N revealed the same constitution plus

Ni with a cubic structure.

Figure 3.1. Morphology of Powder: a) WC and b) GD20N (Pires, 2012).
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Figure 3.2. X-Ray Difractogram of WC and GD20N powders (Pires, 2012).

3.2. Powder compaction

For the purpose of comparing the results achieved, it is presupposed that the
powder samples are geometrically similar and prepared within the same conditions.
Although the rings are 3mm height, the compressed powder must have 1mm height to better
control the shock wave interferences. To fulfil these initial conditions, primary calculations
on the amount of powder for each material were necessary and were based on the densities
calculated by DURIT. For the right amount of powder, 5% was added, accounting for
predictable losses, such as powder that typically gets stuck in the cavity of the dye and in the

interior surface of the ring. A force of 8 kN was applied to the punch of the dye.

3.2.1. Isostatic pressing dye

In order to compress the powders into a certain density, an isostatic compressing
dye was designed. This device was made in hardness steel and was manufactured with very
low tolerances to achieve a precise geometry, good finishing of surface and a uniform density
of the specimens.

Figure 3.3 presents all the separate pieces of the compactor. The body, divided
in two pieces, is connected by the two aligning pins and four screws. The inner surface of
the body has a principal cavity that allows a fit sliding of the punch, and a secondary hollow

that holds the ring along with the bottom base. It is common on this kind of procedures that
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the sample gets damaged while it is collected from the device. However its opening geometry
was specially designed to avoid deterioration by infiltrated powder between cavity’s
interface and the ring. Also showed in the figure bellow, is the confining ring, made in steel

with 7.5mm of diameter and 3mm of height.

Figure 3.3. Isostatic compressing dye and ring.

3.2.2. Density measurement
The relative density of the compacted (green) samples was determined by the
relation of the density of the powders and its theoretical values. The densities were calculated

using the relation mass-volume (3.1) and values are provided in Table 3.2.

m
p=—"73 (3.1)
d?
hm

Table 3.2. Density measurements of the samples.

Specific | Theoretical Relative
Specimen | Mass [ Thickness | Density | volume | values of density

number | [g] | [em] | [gfom?] | [omig] [ IS}
3 [%6]

[g/cm?]

#25 0.395 0.1149 1.777 0.129 52.9
#27 0.319 0.0865 8.349 0.120 14.7 56.8
#31 0.419 0.0963 9.839 0.102 66.5
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All the rings of the sample were measured and weighted for a final ponderation
of the density. Sample #31 has a density of 66.5%, a higher value than the other specimens.
It is thought that the reason for this difference between values is due to the equipment used
for pressing the dye punch. For logistics reasons, it was applied a different equipment on

sample #31.
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4. EXPERIMENTAL METHODOLOGY

4.1. Gun description

Housed in the Laboratory of Shock Physics at ICL, a single stage gas gun with
a 13mm bore, showed in Figure 4.1, was used to conduct plate impact experiments. A gas
gun makes use of compressed gas filled into a reservoir behind the projectile to accelerate
it. Helium was the chosen gas owing to its low molecular weight. Depending on the desired
velocity to the projectile, the gas is pressurised into a certain value and when the “fire”” button
is pressed, an electronically signal is given to a super-fast valve that releases the gas which
drives the sabot down the 3 meters barrel. The impacted area is confined by a vacuum
chamber connected to the barrel and also to an empty air tank (also subjected to vacuum).
This experiments are performed in vacuum conditions due to safety measures and better
accuracy on the results. Variables like temperature and pressure became more stable and do
not interact with shock waves. Regarding safety problems, it is known that high values of
pressured air is released, and even that the chamber is sealed, all the system can explode by
overpressure. On the other hand if there is no air, the shock waves cannot propagate and

extinguish.

Figure 4.1. Gas gun at ISP laboratory.
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4.2. Target configuration

The element that is impacted by the projectile is the target. It was especially
designed for studying the velocity of the shock waves for this 13 mm bore gas gun. A total
of four pieces can be described on this target setup: a cooper plate, a sample holder, an optical

fibre holder and the sample.

4.2.1. Target setup

In the moment of the impact, the sabot collides with a cooper plate placed on the
forward surface of samples. A thickness of the samples of approximately 0,70mm were
thought to avoid border interferences — reflected waves from the counters of the material.
Knowing that impurities on the material create diffraction of the wave, oxygen free high
conductivity cooper with a purity of 99.99% was peculiarly chosen as a material of interest.
To guarantee planar surfaces without defects, both faces were lapped on the lapping
machine.

Along with cooper, the sample and optical fibres holders restrain the specimen.
The PMMA holders were cut by laser with very low tolerances. The first piece has a cavity
where the ring with the powder fits perfectly. Right around that area, there is a special
contour without material that allows the sensors to measure the velocity of the free surface
of the cooper. Projected to align the fibres, one on the centre and three equally distanced
from it and themselves, the fibre holder also pressurises the sample against the cooper.

This setup is mounted on the mounting set that is constituted by an adjustment
bracket and the target holder. In order to allow an easy displacement of the two parts of the
target, they are connected by plastic screws. On the lateral of the holder, there are two holes
that allow the beams of the light gates to pass through it, to measure the velocity of the

impactor. The following figure pictures and describes the entire target configuration.
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Adjustment bracket
/ Cooper plate
Sample HetV fibers

=4 e 0. / J = A
| Fiber holde
b . \’\ \ Sample holde; ' '

Target holder

Figure 4.2. Target configuration and description.

4.2.1.1. Reflective back surface

As it will be referred in section 4.4, interferometry was the adopted measurement
technique and it requires that the moving object has a reflective back surface, so that there
Is enough signal on the oscilloscope. After the first shot (experiment I) it was noticed that
the signal for lower velocities could not be enough for a clean data, therefore a 25um sheet
of brass was applied on the back surface of sample #27 (experiment I1) to guarantee a good
reflection of the laser. It is important to notice that depending on the material chosen for the
reflective window, a very small inaccuracy on time and velocity can be added to the

measurements.

4.2.1.2. Alignment of the target using two laser setups

Inside the vacuum chamber the target must be hold in the most precise position,
as a misalignment may implicate critical errors. To prevent these sort of inaccuracies, it is
essential to align the centre of the sabot with the centre of the target (impacted area) and the
parallelism between the shocking areas, in order to avoid interferences stemming from the
tilt. It is possible to fulfil these conditions by using two laser setups.

It is important to notice that the equipment used for the alignment should be very
precise and that any change on temperature can be reflected on a displacement of the
adjusting micrometric screws. Hence, the alignment must be made right before each
experiment so as to avoid errors. This alignment should mitigate any effects of the project
tilting, resulting in a normal impact.

There is a direct relation between the error on this technique and the diameter of

the beam. An easy calculation using Pythagorean Theorem relating the length of the beam
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and its diameter gives the imprecision in degrees. For a 3m barrel and 0.001m of the diameter

of beam, the maximum misalignment is approximately 0.33 x 107 degrees.

Figure 4.3. Alignment the centre of the shocking areas.

4.2.1.2.1. Alignment of the mirror of reference

All the midpoints of the equipment must be at the same height of the centre of
the barrel, particularly the iris since it will be considered the reference. As it is shown in
Figure 4.3, the mirrors are positioned in a triangle rectangle geometry, with the third mirror
aligned with the barrel. The source must point to the centre of the first mirror that adjusts the
height of the beam and the parallelism with the board. For safety measures, it is necessary
to set a filter between the first two mirrors to reduce the intensity of the beam. The second
mirror rectifies the perfect alignment and the parallelism of the beam by comparing two
positions with the iris. Once the beam intersects the region of the iris, the following step is
adjusting the last mirror so that the beam goes through the barrel to the vacuum chamber
and, in a vertical and perpendicular surface, designs a pattern of concentric circles. Thus, the
correct position for the centre of the target was achieved. It is important to notice that if the
laser is not well positioned in the first steps, the pattern is difficult to obtain, due to
reflections on the interior of the barrel (mirror finish).

The mirror of reference must be placed in manner that it is perpendicular to the
laser beam, to reflect it in the opposite direction. This alignment can be noticed by concentric
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circles around the surface of the iris. This pattern is the result of the diffraction of light after

the first passage on the iris.

Mirror 1

Vacuum Chamber

Mirror R

Barrel of the gas gun

Figure 4.4. Laser setup for alignment of the mirror of reference.

4.2.1.2.2. Alignment of the target holder

The first part of the target holder is aligned with the sleeve that goes inside the
barrel and fits on the holder. A red laser set, as schematised on Figure 4.5 is used to align
the perpendicularity of the second mounting. A mirror must be set on the surface of the
mounting. Similar to the previous alignment, the concentric circles pattern has to be seen on

the iris. Once the mirror R was previously aligned, it is only necessary to adjust the target
holder.
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Vacuum chamber

Mirror R

Mirror 4 splitter

Figure 4.5. Laser setup for alignment of the target holder.

4.3. Sabot configuration

The projectile, also named impactor, flyer or sabot, is made of a very light weight
PMMA (Poly Methyl Methacrylate) and oxygen free high conductivity cooper. This type of
cooper, also used on the impacting surface of the target, while impacting, creates a steady
shock wave on the material. The sabot also wears two sealing rings that along with its design,
seals the launch tube maximising the efficiency of the acceleration by the gas.

According to the velocity of the impact, two different sabots were used. The first
one, for lower velocities, has a dense solid body with a 2mm copper. For velocities greater
than 550m/s was used a lighter sabot with a hollowed PMMA body and a 1mm cooper disk.
Figure 4.6 shows the high velocity sabot, although both of them have a similar geometry.

Figure 4.6. High velocity sabot.
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4.3.1. Velocity of the sabot

A set of two light gates and an oscilloscope was used for measuring the velocity
of the sabot. Referred in 4.2.1, the target holder had two holes on the lateral surface which
allowed the passage of two laser beams distanced by 11.211mm. When the laser beams
would be interrupted, start and stop signal, on the oscilloscope was generated a temporal
data. Distance and span of time led to the velocity of the sabot. Figure 4.8 a) and Figure 4.9

picture the basic setup.

4.4. Heterodyne velocimetry

The most common techniques for measuring velocities up to several kilometres-
per-second are VISAR system, Fabry-Perot-based system and Heterodyne Velocimetry
(HetV), all based in interferometry. This last technique provides a point of an interface
velocity with high temporal resolution resorting to many products developed for the

communication industry, such as fibre laser and single mode fibres.

4.4.1. Basic principles of operation

A HetV setup is schematically represented in Figure 4.7, where the different
components and the path of the light are distinguished. A light with a frequency fo is
launched from a laser through the optical fibre, which in its end can have a lens responsible
for emitting the light and collecting part of it that is reflected or scattered by the moving
surface. Because it has to reflect an amount of light sufficient to guarantee reliable data, the
surface of study of the specimen must retain a reflecting finish. The collected Doppler-
shifted light, fq (reflected light), is transported by fibre to the detector and is mixed to a
portion of the emitted light with frequency fo, which is sent directly from the laser (Strand et
al., 2004).

f

0
laser S \\fo ¢
_ movin
: * ™ orobe ——{ T
0 i;/—
detector —+— =1 Ve

fy

Figure 4.7. Schematic representation of HetV (Strand et al., 2004).
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The detector generates a beat frequency fy, proportional to the velocity:
fo="1a—fo=2/c) fo (4.1)
With a speed of light c:
c="folo (4.2)
where Ao IS the wavelength emitted by the laser.

Determined f, and Ao, the velocity v is given by:

Ao
_ (2o (4.3)
v ( 2 )f b
In plate impact experiments fq > fo inasmuch as the surface is moving toward the

probe.

4.4.2. Measuring technique

As referred in section 2.1.1, Hugoniot parameters can be described if at least 2
variables are characterised. The experimental setup was designed to measure the particle
velocity and the velocity of the shock wave. The high level of precision for experimentally
determining these parameters, required meticulous alignments and measurements. All the
procedures followed certain rules and were adapted in function of the equipment available
on ISP laboratory.

Heterodyne velocimetry allows to measure velocities of flying objects using
interferometry technique. Thus, the particle velocity was directly measured with this
technique while the velocity of the shock waves was derived from the distance travelled by
the waves within a span time. Figure 4.9 schematised the whole measuring setup and Figure

4.8 depicts the HetV setup and identifies each sensor.

4.4.2.1. \Velocity of the free surface of the sample

Each set of the target has four sensors for measuring velocity and time. The first
parameter, particle velocity, is obtained by C1, the central sensor that picks up the velocity
of the free surface of the back surface of the compacted sample. The centre of the sample

was chosen as region of interest to avoid border interferences.

4.4.2.2. \Velocity of the shock wave
Calculating the velocity of the shock wave is more complex than the previous
parameter. At the moment of impact, the wave is created in both impacting surfaces (the
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target cooper and cooper flyer interfaces). Regarding the target side, the shock propagates
along the cooper until the interface with the powder. As soon as the shock front arrives the
back interface of the cooper, it arrives to the powder, therefore, that instant of time is
acquired by C2, C3 and C4. Ideally the instants of time would be exactly the same but due
to uncontrollable errors, the sabot impacts with a small tilt that generates different arriving
instants of time. The mean time of the measured values gives the instant of time when the
shock wave was transmitted to the powder while C1 reads the value of the arrival of the
shock to the back surface of the powder. The difference between this two values is the span
time that the wave travelled along the compacted powder. Using the basic equation (4.4) ,

the velocity of the shock wave can be calculated.

xsample (4.4)

Ushock = At

Figure 4.8. a)HetV sensors setup and light gates; b) HetV sensors setup identification.

4.4.3. Setup

The setup used on this experiment is schemed in Figure 4.9. The light is
transported to the experiment via single mode fibres-optic (1550nm), which are connected
to the channels on the combo box, an assembly of a fibre laser, a detector and an amplifier.
An oscilloscope Lecroy WaveMaster 816 ZI-A, with a bandwidth of 16GHz, 4 input
channels and 40GS/s max sample rate converted the signal into a beat frequency. The
channels of this device are connected to the specific channels of the combo box (represented
in blue on the figure below). At the appropriate time, a trigger signal is to be sent to the
oscilloscope from the system that measures the velocity of the sabot. When the projectile

interrupts the second trigger of the system that measures its velocity, a trigger signal is sent

Rui Pedro Tavares de Sousa 29



Hugoniot characterization of WC-Ni powders

to the HetV system oscilloscope to start digitising (connection between oscilloscopes is

represented in green on the figure below).

Sabot Target holder

assembly Target HetV

assembly

Gas gun

Light interruption
system

~ Oscilloscope

Figure 4.9. Gas gun, target assembly and measuring systems setup.

4.4.4. Preparation of the optical fibre

HetV setup demands four optical fibres for each shot. The fibres were carefully
prepared using a non-consensual technique created for the desired experiments, which
allowed using single mode fibre-optic that were previously damaged in experiments.

Before implementing the technique, all the chosen fibres were tested with a
portable laser and a fibre microscope, to guarantee that the lens were not damaged. Primarily,
to avoid contaminating the lens, all the four-set fibre were placed on the fibre holder with
the metallic tube on it. All the fibres were cut with a length of 90 cm and stripped 5 cm. The
following step was cutting the core 3 cm, using a high precision cleaver, to guarantee an
exact cut, without breaking the optical glass. After this, 2mm of the clad was stripped and
dragged out until right before the tip of the core (*<1mm of distance).

In order to protect the fibre, the protective metallic tube was glued into it,
guaranteeing a distance of approximately 0.5 mm to the tip of the fibre. Figure 4.10 is a
scheme of the fibre showing off a section view from the tube. On the target assembly, the
fibres were glued to the fibre-holder with a distance from the powder and the cooper of

approximately 0.5 mm.
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2mm

Figure 4.10. Schematic section view of optical fibre.

4.4.5. HetV system calibration

A measuring system always requires previous calibration for precise and exact
measurements. Before the experimental shots of reference, one shot was performed for
calibrating the system and also adjusting the laser output for the desired power levels at the
detectors.

Each HetV setup is connected to distinct channels on the oscilloscope. Although
the assembly for each channel is similar, the calibration of the response of the system must
be done to achieve accurate input values. In order to find the correct time discrepancy
between the channels, a simultaneous input signal must be created to make the relative error
correction with a single measurement by using a beam splitter. The input signal is created
performing one shot for test. A single-probe beam is split into four beams of equal intensity
and connected on each channel. The data was analysed and manipulated. Channel C1 was
made the reference for the time correction, and Figure 4.11 shows the calibrated data and the
corrective time for each channel: C1 (Ous); C2 (0.001 us); C3 (-0.006 us); C4 (+0.005 ps).
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Figure 4.11. HetV curves of calibration shifted in time to overlay.
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5. RESULTS AND DISCUSSION

The principal objective of this work is to determine the Hugoniot relation of the
GD20N powders prepared for these experiments. For this effect, the previously described
gas gun setup was used.

A total of five plate impact experiments were performed, but only three were
conducted to Hugoniot data. The remaining two shots were performed with the purpose of
calibrating the HetV and checking the alignment. Summarised in Table 5.1, is the

characterisation of the conditions previous to the impact on the target

Table 5.1. Characterization of the experimental shots.

Sample/ Cooper : . :
- [g]/ Sabot/ plate nght nght VE'OCIty
. - gates ates of the
shot | thickness thickness/ 9 _
e Msabot time | distance | impactor
[mm]/ [a] tol/tol /
Brass [mm] T [us] [ [mm] [mis]
#251 0.690/
| 0.395/ 2mm Cu/ 0/ 25 498.2
1.149/ 6.08 ' ~500
- +0
#2711 0.694/
. 0.319/ 2mm Cu/ +0f 35 11211 320.3
0.963/ 6.05 ' ~320
0.025 +0
o#fllsg/ 069/ 659.5
: 1mm Cu/ .
Il +0/ 17
0.963/ 248 o ~660

On shot 11 it was used a sample with a 25 pm brass reflective back surface which,

on the analysis, the window will be neglected because its thickness is very low and due to

its high impedance, the material gains the velocity of the free surface of the powder. As

Rui Pedro Tavares de Sousa

33



Hugoniot characterization of WC-Ni powders

referred in 4.3, for high velocities, the sabot considered must be different. Hence on
experience I11 the Imm Cu sabot was used.

With a distance of 11.211 mm between the light gates, the velocity of the sabot
was calculated regarding the time counted on the oscilloscope. Three points between C2, C3
and C4 were measured to check an equal thickness on that area (represented as a cross in
Figure 5.1)

Figure 5.1. Cooper target and reference points of measurement of the thickness (represented as a cross).

5.1. Data analysis

The data collected from the HetV measurements was analysed with resource to
the software HetV Analysis Tool version 2.08. On this type of measurements the variables
of interest are frequency and time. This data is obtained by using a sliding Fourier transform
(FT) on a time-varying sinusoid.

The software runs a code that performs several preparatory operations on the
beat wave form prior to perform the actual FT. First, the user must input the start and finish
time for analysis and define a window — desired number of points which the FT should be
performed (Strand et al., 2004). The window function called Hamming is chosen to reduce
the undesirable effects related to the spectral leakage. Therefore, it reduces the side lobe
leakage causing the main lobe to broaden or in another words, reducing the resolution
(Kumar et al., 2011). Given these inputs to the software, the sliding Fourier transformer is
calculated and displays an image of frequency in function of time.

For the present case, it is important to analyse the instant of time when the wave
arrives the surface of interest and its velocity. As it is seen in Figure 5.2, the mark on the
curve represents the considered instant of time, the passage from an elastic precursor to the

plastic wave: sinusoidal wave. On the graphic velocity vs. time, once there is a lot of noise
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on the region of interest, it is necessary to make an interpolation within a drawing polygon
—ROIL. Constraining this area for analysis, allows to discard unwanted noise in the frequency
spectrum and in the final velocity history. Attention must be taken while choosing very short
windows in the hope of obtaining very high time response. However, if the length of the
window is small enough to approach the size of a single beat, the code will return noisier

data with increased errors of velocities.

0.2+
Gas Gun Elastic Precursor Plastic Wave
Shock Arrival
0.1
z
S 0.0
2
: )
£
< -0.1-4
-—
[y
Q
[ws]
-0.2 -
-0.3 T T T T
7.20 7.22 7.24 7.26us
Time (us)

Figure 5.2. Elastic and Plastic wave on Amplitude vs. Time graphic (Strand et al., 2004).

5.2. HetV results

Three experiments were performed on GD20N powder at nominal velocities of
320, 500 and 660 m/s. The results which consist of interface particle velocity measurements
and calculated shock velocities are displayed in this section. All the following figures,
graphics time-signal and time- velocity are shifted on time as it was explained in chapter
4.4.5. In general, the data of the velocity of the free surface of the powder was analysed
according to the following window parameters: Hamming - 512; Overlap - 409 and FFT -

4096. Different colour filters were applied to the graphics for better resolution.
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Table 5.2. HetV data.

+0.001

Instant of Mean .
Shot Sample | Hety | U freesurface e fra Tf-ti Ushock
GD20N | sensor m/s S m/s
[mis] (] s | sl | s
C1l 520 11.7950
11.7950
+15 +0.002
C2 10.8040
+0.001
| #25 0.9577 | 1199.75
C3 10.8669
- 10.7923
+0.001
C4 10.7060
+0.001
C1l 303 16.2820
16.2820
+7.5 +0.006
C2 15.3720
I #27 +0.002 0.9985 | 866.34
C3 - undefined 15.2836
C4 15.1951
+0.001
C1l 602 14.2154
14.2154
+7.5 +0.002
C2 13.8596
+0.001
1l #31 0.5949 | 1637.34
C3 13.3713
- 13.6205
+0.001
C4 13.6307
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5.2.1. Experiment |, impact at 500 m/s

One experiment was conducted at 498.2 m/s, approximately 500 m/s. The plot
signals of all the sensors can be seen in Figure 5.3. The first graphic of the figure shows the
intensity of the signal on C1. It was registered some interference on the data, so 4ns were
given for tolerance. On the remaining figures, the arrival of the plastic wave is obvious,
though there is an inaccuracy of 2ns. The time of the propagation of the wave in the powder
was about 0.9577 ps, which, considering 1.149mm of thickness, accounts for a velocity of
1199.75 mfs.

The velocity of the free surface of the powder is taken from Figure 5.4. This
analysis took a considerable amount of time, as there was significant interference, which
added to the fact that data was not so intuitive. The window parameter overlap was then
changed to 150, which resulted in lower resolution, but clearer data. On the plot signal
graphic, it was perceived the moment when the wave arrived at the sensor and, taking that
value as a reference, it was observed on the spectrogram which data might be used. After
selecting such information, the values were interpolated on the region of interest to better
figure out the velocity. It was estimated that the value would be of approximately 520 m/s,
with a maximum error of 30 m/s.
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Figure 5.3. | Plot Signal: a) C1; b) C2; c) C3; d) C4
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Figure 5.4. | C1 Spectrogram (velocity) interpolated within an area of interest.

5.2.2. Experiment ll, impact at 320 m/s

One experiment was conducted at 320.3 m/s, approximately 320 m/s. The plot
signals of all the sensors can be seen in Figure 5.5. The first graphic of the figure shows the
intensity of the signal on C1. 12ns were given for tolerance, as the data registered some
noise. The data of C2 and C4 is evident, however in C3 this is not as perceptive despite of
the very meticulous analysis conducted and therefore it is believed that this sensor has failed.
The sinusoidal pattern was not found on the span time of interest. For this reason, the average
between C2 and C4 is taken as the correct value for the initial instant of time with a 2ns of
error. The time of the propagation of the wave in the powder was about 0.9985us, which,
considering 1.018mm of thickness, accounts for a velocity of 866.34 m/s.

The velocity of the free surface of the powder is taken from Figure 5.6. On the
spectrogram, an interpolation was made in the region of interest, which resulted in a well-
defined function. The value of the velocity was taken based on the point where the slope of
the curve is not accentuated and starts becoming uniform. It is estimated that the value is of

approximately 303 m/s, with a tolerance of 15 m/s.
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Figure 5.5. Il Plot Signal: a) C1; b) C2; c) C3; d) C4.
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Figure 5.6. Il C1 Spectrogram (velocity) interpolated within an area of interest.

5.2.3. Experiment lll, impact at 660 m/s

One experiment was conducted at 659.2 m/s, approximately 660 m/s. The plot
signals of all the sensors are displayed in Figure 5.7. All the data on this experiment is
particularly good and it was also easier to define the values. The velocity of the wave was of
approximately 1637.34 m/s, for a thickness of 0.97 and a span time of 0.59.
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The velocity of the free surface of the powder is taken from Figure 5.8. Again,

the velocity of the free surface of the material was taken after interpolating the function. It
was considered a maximum error of 15 m/s for a velocity of 602 m/s.
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Figure 5.8. Ill C1 Spectrogram (velocity) interpolated within an area of interest.

40

2015



Results and discussion

5.3. Errors and the influence of tilt

The very small thickness of the samples used on this experiments, of
approximately Imm, made it possible to admit that the propagation of the shock wave would
be perfectly planar. In fact, if the values of the sensor C2, C3 and C4 were analysed, an error
can be found and previous theory cannot be fully verified. Despite of the high velocity and
the small distance to the target, after leaving the barrel of the gun, the projectile tilts before
the impact. This phenomena is not manipulated and it was tried to minimise its likelihood
by proceeding with the alignment of the target. If the sabot impacts with tilt, the distance
propagated through the waves is no longer correspondent to the thickness but a higher value.
Despite this distance, it is admitted that thickness is the distance propagated by the shock
and the arrival time of the shock wave is the average value of the three instants.

5.3.1. Propagation of errors
Once the experimental values are obtained, they are combined according to a
formula, to reach the quantity desired. Even if the values register small inaccuracies, errors
tend to propagate. Thus, the propagation of errors in the Hugoniot relations will be quantified
in order to identify the influence they exert on the results. This “sum” of errors is calculated
depending on the mathematical procedure, as it is shown in the following equations:
a) z=xty

Az = [(Ax)? + (Ay)?]V2 51)

b) z=cxyorz= cg
Az (Ax)z N (Ay)z 12 (5.2)
z |\x y
z is the resulting parameter and x and y the equating parameters, while Az, Ax
and Ay are the respective inaccuracies.
Figure 5.9 best describes the propagation of errors in the calculated parameters.
The velocity of shock was chosen as an example, but the same logic may be used for all the

variables according with their origin. The values of the velocity are taken from HetV data of

the measuring experiments and dimensions of the samples.
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thickness

Velocity of shock U, = AL
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thickness At=tf-ti
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Figure 5.9. Scheme of the propagation of errors in Velocity of shock.

For obtaining more accurate results, the error of the arrival instant of the shock
was calculated using the inaccuracy present on the data and the propagation of errors instead
of the mean deviation. The inaccuracies of the instruments for were taken as it follows:

At=103ps; Am=103g; Ax=10mm.
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Table 5.3. Propagation of errors in the Hugoniot parameters.

Mean
{EEEE deviation
Us Up p P \Y ti of Shock
Shots
[m/s] [m/s] [g/cm?] [GPa] [cm®/g] [us]
| 5.512 30 0.00945 0.280 0.03246 2965
(0.73%) | (5.77%) | (0.94%) | (11.54%) | (32.23%) '
T 5.465 15 0.01227 0.108 0.02233 .
(0.63%) | (4.95%) | (1.23%) | (9.91%) | (22.59%) '
" 11.877 15 0.01098 0.239 0.01452 GE
(0.46%) | (25%) | (1.10%) | (4.99%) | (17.54%) '

Regarding equations (2.3) and (2.6), in Table 5.3 it is visible a significant
influence of the error in the pressure and specific volume. Due to the great precision of the
HetV technique, the initial and final instants of the propagation of the wave in the material
were clearly found, resulting in errors inferior to 1%. On the other hand, the velocity of the
particle was measured with a minor error within 2 — 6%.

Resulting from the last three variables, pressure and specific volume register
errors ranging from 5 to 12% and 17 to 32%, respectively. Both parameters are significantly
changed by the inaccuracies of Us and up and in experiment | it is easily perceptible where
an inaccuracy of 30 m/s gives a maximum error of 32%, in the value of v.

This variation of values is mostly explained by an uncontrollable error, the tilt
of the projectile, since the measuring instruments have a great accuracy. On sample #27
(experiment I1) not even the tilt is a possible cause, but also the brass back surface may be
responsible for adding errors to the measurement. The fact that only three values of P —v or

Us-upare being analysed suggests that a small error in the data have an effect on the curves.

5.4. Hugoniot results

Before plotting the data into a graphic displaying the particle velocity vs. shock

velocity, it is necessary to make an assumption. The velocity in situ of the particles is known
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as half of the velocity on the free surface according to the free surface condition. Thus the
following table resumes the data plotted on Hugoniot curve (Figure 5.10) which correlates
the velocity of the shock with the particle velocity and its maximum pondered error as well

results obtained by VVogler (2005).

Table 5.4. Hugoniot data in Us-up plane.

Velocity of Velocity of in
Shot the shock situ particles
[m/s] [m/s]
I 1199.75 260.00
Il 866.34 151.37
Il 1618.85 300.77

Shock velocities for the experiments on WC powder are shown as function of
particle velocity in Figure 5.10. Represented as a black line, a linear relationship between
the velocities represents the data well over the range of these experiments. The best fit is
given by:

Us =128.94 + 4.6313 u,, (5.3)

1800

1600 L
1400 y=4,6313x + 128,94

Q
£ 1200¥
ﬂ;'glOOO I T ® Vogler
S 800 o V= 1,8099x+ 489,15 ¢ Exp.results
-
8 600 4 e Linear (Vogler)
-
b 400 Linear (Exp. results)

200

0
0 100 200 300 400 500

Particular velocity [m/s]

Figure 5.10. Hugoniot curve and pondered errors in the plane Us-up for the obtained experimental results
and Vogler (2005).
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According with the literature, the y-intercept is approximately the value of the
sound speed on the material. It is well readily that in this case the referenced value is not
approximately the velocity of the sound, taken as reference 489.15 m/s (Vogler, 2005). For
lower values of the slope, the function lies on the previous assumption. Logically the errors
are concentrated in the velocity of the shock wave, function of the measured times that can
have errors.

The Hugoniot density can be calculated by using the relation in equation (2.3)

128.94 + 4.6313 Up
p = 8.655 (5.4)
Up

where the value 8.655 is the average of the densities. The P — v Hugoniot relation can be

plotted as it is showed in Figure 5.11.
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Figure 5.11. Hugoniot results and calculated propagation of errorsin P —v plane.

The following Table 5.5 is a resume of the data plotted in Figure 5.11.

Table 5.5. Hugoniot data in P-v-plane.

Specific
Pressure
Shot volume
[GPa] [cm¥g]
I 1.095 0.0988
I 2.426 0.1007
Il 4,791 0.0828
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5.5. Theoretical approaching

The prediction of the curves of the porous materials may be performed by using
the Mie-Griineisen model and the Thouvenin model. The experimental results are compared
with the calculated curves to verify if there is a correlation in-between these models. This
theoretical hypothesis distinctly bases on thermodynamic nature and shock propagation

configuration foundations, as it was explained respectively in section 2.1.1.1 and.2.1.1.2.

5.5.1. Mie-Griineisen model
An approximation of the Hugoniot curve of porous materials can be calculated
using the Mie-Griineisen equation, which relates the pressure with specific volume. This
theory, was successful applied in prevising the curve for porous materials such as tungsten
(Boade, 1969 and Linde et al., 1972), syntactic foams (Ribeiro, 2003) and copper (Boade,
1970) For this purpose, the constants Co and S of the Hugoniot curve of the solid material as
well as the initial specific volume of the solid (v«) and porous material (vz0) must be known.
For the present case, equation (2.24) was modified for:
_ [2v1 — T(vso — v1)]c? (Vso — v1)
P [2V1 - F(Vpo - 1/1)][1/50 — S(vs0 —v1)]

The information collected from measurements (section 3.2.2) gives that vy is

(5.5)

approximately 0.117cm?®/g, considering it as an average of the three values of measurements
given in Table 3.2. Once more, vy is 0.068 g/cm?®.

After a review based on the literature, the parameters of the curve could not be
found for nickel-doped tungsten carbide. However, considered as an approximation, a
pondered mean for 89% of WC and 11% of Ni was calculated for the desired parameters.
Nickel’s properties were taken as: k = 180 GPa; p = 8908%; c, =456J/(kg.K); a =
13%107°m/(m.K) Us = 4.59 + 1.44u,, (Marsh, 1980) and C, = 4590 m/s (RFCafe).
According to Grady (2009) neither shock velocity nor shock impedance is markedly affected
by the variations in the composition, among the ceramics analysed on his report. On Figure
2.4 this statement is corroborated by the linear approximation of all the plotted experiments.
Hence parameters of the curve Hugoniot of WC are taken as: S = 1.31and C, = 4.93 km/s.
(Dandekar and Grady 1992). The remaining values for WC are ¢, = 961.6 J/(kg.K), k =
381.6 GPa (Dandekar, 2001), a = 4.228 m/(m.K) (Kurlov) and C, = 4930 m/s (at
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RFCafe website) The following table shows the values that were inserted in the equation

(5.5).
Table 5.6. Mie-Griineisen parameters.
VoOporous Vosolid Co s Co a Cv r
0
[m3/kg] [m3/kq] [m/s] [m/s] [K] [J/(kg.K)]
1.170x10* | 6.903x10° | 4892.6 | 1.3 | 4828.2 | 6.325 x 10°® 905.984 0.584

On the following figure the interrupted line represents the curve for the Mie-
Grineisen model, whilst the plots figure the experimental results and the zero pressure point
for an initial v and fully compacted material.

Pressure [GPa]

10

O = N W b U1 O N 00 O

0,02

0,04

0,06

0,08

specific volume [cm3/g]

0,1

0,12

Gruneisen

exp. results

Zero pressure

reference values

Figure 5.12. Mie-Griineisen Model and experimental results and calculated propagation of errors in the P-v.

5.5.2.

Thouvenin model

The shock behaviour on powdered materials is regarded as a sequence of

successive shocks between a set of plates, according with Thouvenin. The model has been
used over the years as a prediction to the Hugoniot Curve of the materials. Authors such as
Heyda (1968), Ribeiro et al. (2003 and (2009) and Kubota et al. (2014) successfully achieved

their results.

The prevision for the Hugoniot curve is pictured in the following Figure 5.13.

Rui Pedro Tavares de Sousa
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Figure 5.13. Thouvenin Model and experimental results and calculated propagation of errors in the P-v.

The parameter A, the inverse of porosity, was calculated using equation (2.26)
regarding the same values of specific volume as in Table 5.6. Equations (2.27) and (2.28)
calculates the velocity of the phase and shock using Us and up given by the Hugoniot equation
characterised by the terms Co and S from Table 5.6. Once Usp and upp are well characterised,
Hoffman suggests the application of the conservation equations (2.4) and (2.6) to obtain the

v — P Hugoniot relation.

5.6. Discussion of the results and models

In Figure 5.12 and Figure 5.13 are depicted the graphics predicted by Mie-
Grineisen and Thouvenin /Hofmann models respectively. In fact, the experimental results
do not perfectly lay down in none of the models, but Thouvenin’s better describe their
behaviour. According to Oh et al (Ribeiro, 2003), in the Gruneisen model, significant errors
can be presented in the values of pressure, reflection of I' coefficient, even if they are small.
It is important to notice the I'/v was assumed as constant for I and v values. From the analysis
of the values of pressure and specific volume, it is noticeable that after the shock the material
was not fully compressed owing to the velocity of the projectile that originated relatively
low pressures. However, the point with highest velocity and pressure seems to be in
concordance with the Thouvenin’s curve, therefore the material was fully compacted by the
shock.
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After being quantified, the estimative of errors can be reflected on the
experimental results in the Hugoniot curves. Results obtained by Vogler (2005) in WC
powders are plotted in Figure 5.10 along with results from the present work. The values of
velocity of sound in the material Co and the gradient Sp are very different and neither the
influence of a possible error changes the curve into a similarity between results.

In another point of view, on P-v plane the inaccuracy on experimental points

approaches the results to the curve predicted by Thouvenin model (Figure 5.13).
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Conclusions and future works

6. CONCLUSIONS AND FUTURE WORKS

A series of planar impact experiments using a gas gun were conducted on the
ceramic Nickel-doped Tungsten Carbide powders for measuring the relation between the
velocity of shock waves and particle velocity — the Hugoniot relation. A cylindrical flyer
made of PMMA and pure cooper, was used to shock a target. This one was designed in
accordance with the Heterodyne Velocimetry and consisted of a cylindrical cooper interface
adjacent to the powdered sample compressed using an isostatic compressing dye. The impact
between the moving flyer and the target resulted in the propagation of a shock wave that was
quantified by means of four sensors, located next to the cooper and powder back interface.
The velocity of the shock is calculated using the thickness of the sample and the difference
between the final and initial instants, measured by the sensors. On the other hand, a sensor
directly assessed the particle velocity of the sample by measuring the velocity of the free
surface of the back surface of the specimen, found to be twice of the referenced velocity.
Thus, the Hugoniot relation was characterised for different planes, using the two parameters
of velocity obtained by analysing the data with a specific software. The experiments were
performed at velocities at the projectile of 320, 500 and 620 m/s obtaining pressures in the
range of 1.1 to 4.8 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 design of the target revealed to be very practical and functional and the
technique for preparing the optical fibres reliable, since the HetV measurement led to very
precise results.

In the moment of impact the sabot collided with tilt which adds a small error to
the results. This uncontrollable event generated different instants of time that were corrected
the average value of the measurements instead.

Two models which from the Hugoniot relation of the non-porous material
predicts the curve for porous material under study, were reviewed and used for comparison
with experimental results. Although none of the models perfectly describes the results, data

suggests that the material was not fully compacted for the impacts of lower velocities. In
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fact, if this issue is considered, in addition to errors calculated to quantify the inaccuracy of
the measurements, experimental results can approximately fit the curve of Thouvenin model.

For future works it is suggested a study the Hugoniot relation of GD20N powders
for higher velocities, as well the characterisation of other WC-Ni powders with different
percentages of Ni for posterior comparison of results. An improvement of the measurement/
quantification of the tilt of the sabot and a comparison between a similar setup with a
transparent back window, for directly measuring the particle velocity, is also a suggested

task for the future.
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Appendix A

2D Project of the isostatic pressing dye
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A.3. Punch
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APPENDIX B

2D project of the target

B.1. Cooper plate
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B.2. Sample holder
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B.3. Fiber holder
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