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Abstract
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Armour. Acta Universitatis Upsaliensis.  Digital Comprehensive Summaries of Uppsala
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Armoured vehicles have traditionally used steel armour as protection against penetrators such
as projectiles and shaped charge jets. The latter produce a thin stretching metal jet, usually of
copper, with a tip velocity of about 7-8 km/s. In order to obtain more weight-efficient solutions,
there is a search for lighter materials and other protection techniques. In this thesis, ceramic
and electromagnetic armours are studied. Ceramic materials are lighter than steel, and their high
compressive strength makes them useful as armour materials. Electromagnetic armour consists
of two metal plates connected to an electric power supply capable of delivering a strong current
pulse. A conductive penetrator passing through both plates is destroyed by the effects of the
resulting current.

Tests of the ceramic armour materials alumina and boron carbide were performed with reverse
impact technique, which signifies that a target assembly (ceramic confined in a metal cylinder)
was launched by a gun towards a projectile placed in front of the gun barrel. By this technique
yaw was eliminated, but the geometric scale had to be very small. Therefore, we studied scaling
laws for ceramic armour through a series of tests with direct impact technique and projectile
diameters from 2 to 10 mm. The small scale has the advantage that flash X-ray photography
can be used to photograph the projectile inside the ceramic target. The phenomenon of interface
defeat or dwell was also demonstrated. It signifies that the ceramic, at least for a short time,
can withstand the impact pressure so that the projectile just flows out onto the target surface.
A transition velocity, above which dwell does not occur, was determined. Simulations were
performed with the continuum-dynamic code Autodyn and by use of a model for the brittle
ceramic materials by Johnson and Holmquist. The simulations reasonably well represented the
penetration behaviour above the transition velocity. They also did below, if under this condition
the ceramic model was forced to remain undamaged.

The performance of electromagnetic armour was tested against a shaped charge jet. The
jet was registered with shadowgraph flash X-ray photography between the plates and after
passing through the plates. The current through the jet and the voltage over the plates were
also registered. The current caused heating leading to melting and even vaporization. The
magnetic Lorentz force compressed the jet radially, and as this effect increases with decreasing
jet radius, instability may arise. Explosions in the compressed regions resulted in a fragmented
jet with disk-shaped fragments which are less effective penetrators than the elongated fragments
obtained in the absence of current. We also performed a theoretical study, in which the penetrator
was subjected to small elastic strains only and the current was constant. The magnetic field
was determined by FFT, and the stresses due to the Lorentz force were calculated with a semi-
analytical method. The velocity skin effect was demonstrated.
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1. Introduction 

Traditionally, armoured vehicles have been protected by steel armour. There 
is an on-going search for more weight-efficient armour. Instead of using 
homogenous steel armour, the armour can consist of plates with some lighter 
material in between or have other inhomogeneities. Reactive armour, i.e. 
steel plates with high explosives in between, is also effective. In this theses 
two types of armour will be studied, viz., ceramic armour and electromag-
netic armour. 

Ceramic materials have the advantage of high compressive strength and 
low density. However, they are brittle and have low tensile strength. There-
fore, the ceramic material has to be utilized as a component in an armour 
system in in a proper way. The best way is to have the ceramic material con-
fined by steel on all sides, but that makes the armour heavier. At least a 
backing is needed. Ceramic material for armour applications have been stud-
ied for a long time [1-13]. An early work from 1969 by Mark Wilkins is 
[13], which contains both experiments and simulations with the computer 
code HEMP [14]. Important mechanisms related to penetration of ceramics, 
such as development of cracks and fragmentation, are discussed in [1]. In 
order to carry out continuum dynamic simulations of long rod projectiles 
against ceramic armour, one needs constitutive models for brittle materials 
suitable for implementation in hydrocodes. Several such models exist [15-
22], and in this thesis the phenomenological constitutive model for brittle 
materials by Johnson and Holmquist [16-17] was used in the computer code 
Autodyn-2D code [23-25].  

Electromagnetic armour consists of two metal plates over which a voltage 
is applied. When, e.g., a shaped charge jet penetrates the first plate and then 
reaches the second plate, a strong current will flow through the jet. Tempera-
ture increase due to resistive heating of the jet, may lead to softening of the 
jet material and also to melting or vaporization. Furthermore, the magnetic 
Lorentz force compresses the jet radially. Together, these effects enhance the 
natural instability of the stretching jet and give rise to a fragmented jet with 
reduced penetration capability. The idea of an electric armour was put for-
ward already in the 1970s by Walker [26]. Several papers related to electric 
armour have been published since then [27-38]. A major problem with prac-
tically usable electric armour is the power supply. The capacitors used in our 
experiments were too voluminous to be used in vehicles. 
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Papers I-III deal with ceramic armour, and Papers IV-VI deal with elec-
tromagnetic armour. In Section 4.1 (Paper I) scaling laws are tested. It is 
important because experimental tests are often scaled down due to the high 
cost of full scale experiment. The validity of (replica) scaling was investigat-
ed by carrying out penetration experiments in uniformly scaled geometries. 
The validity of the scaling has been debated [39], but Ref. [40] and Paper I 
support the use of scaling. More references may be found in [41].  

In Section 4.2 (Paper II), the armour consisted of confined alumina. In 
addition to the normal long rod projectiles, so-called segmented and tele-
scopic projectiles were investigated. These unconventional designs may be 
effective for impact velocities above those used today [42-49]. Simulations 
were carried out for the tested cases (2.5 and 3.0 km/s) as well as for a high-
er velocity, viz., 3.5 km/s.  

In Section 4.3 (Paper III), penetration of tungsten long rod projectiles into 
confined boron carbide was studied. Results from simulations were com-
pared to time-resolved penetration data from tests. The nominal impact ve-
locities were 1.5 to 2.5 km/s in the tests and 0.8 to 2.6 km/s in the simula-
tions, and the phenomenon of interface defeat or dwell was demonstrated. 
This phenomenon signifies that penetration does not occur or, at least, is 
delayed. When it occurs, the projectile flows out onto the ceramic surface 
without penetrating.  

The performance of electric armour against shaped charge jets was tested 
in Papers IV and V, see Section 5.1. Experiments with the same charge but 
with the power supply charged to different voltages (and energies) were 
performed. Qualitative and quantitative analysis of the jet after having 
passed through the armour was performed from flash X-ray pictures.   

Section 5.2 (Paper VI) deals with an idealized electric armour problem 
that is solved semi-analytically. The penetrator is assumed to move with a 
constant velocity and undergo only small linearly elastic deformations. Also, 
thermal effects are neglected and the current is assumed to be constant. With 
these assumptions, the current distribution in the conductor and the stresses 
and strains due to the magnetic forces (Lorentz force) are determined.  
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2. Projectiles and Shaped Charge Jets 

Projectiles and shaped charges are weapons used against armoured vehicles. 
Projectiles intended to defeat main battle tanks (MBT) are long and slender, 
are made of a heavy metal, like tungsten, and have a velocity in the interval 
1.5 to 2.0 km/s. They contain no explosives and are therefore called kinetic 
energy (KE) projectiles. They are launched from a heavy gun, normally 
mounted on another MBT. The calibre of the gun is larger than the diameter 
of the projectile, which has to be fixed to a sabot in the barrel. Related im-
pact phenomena are treated in the book [50]. 

When so-called long rod projectiles (LRP) with large length-to-diameter 
ratio, L/D, and comparatively high velocities penetrate steel armour, the 
projectile itself is heavily deformed by the large contact pressure, see Fig-
ure 1. It is “consumed” from the front end, while the rear part moves as a 
rigid body with almost constant velocity. Plastic deformation occurs only in 
a region very close to the front end. The projectile loses momentum more by 
being shortened (eroded) than by losing speed. The shape of the nose of 
eroding projectiles is important only for the aerodynamics, since it is de-
stroyed just after impact. There is a mathematical model by Tate [51] for 
eroding projectiles, which explains this. 

 
 

 
Figure 1. Long rod projectile.  

In Tate’s model for eroding projectiles, the velocity of the rear part of the 
projectile is called v  and the penetration velocity is dtdPu = , where P  is 
the penetration into the target. From the equality of two expressions for the 
contact pressure, a relation between these two velocities can be derived, viz., 

 t
2

t2
1

p
2

p2
1 )( RuuvY +=+− ρσ . (1) 

u v 
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This is Bernoulli’s equation corrected for material strength. Here pρ  and tρ  
are the densities of the projectile and the target materials, respectively, pY  is 
the yield stress of the projectile material, and tR  is related to the strength of 
the target material. If the material parameters are known and the velocities u  
and v  are measured in a test, tR  can be calculated from Equation (1) and be 
used as a measure of the penetration resistance. Theoretically, tR  is often 
estimated to be equal to the pressure needed to enlarge a spherical or a cy-
lindrical hole in an infinite volume of the target material. This pressure is 
approximately 4.5 or 3.5 times the yield stress, respectively [52]. In [53], 
arguments are presented for a slightly higher penetration resistance, viz., 5 
times the yield stress.  

If  Equation (1) is combined with the equation for the deceleration of the 
projectile pp YdtdvL −=ρ , where L is the current length of the projectile, 
and with the geometrical relations )( uvdtdL −−=  and udtdP = , we ob-
tain a system of four equations for the four unknown functions of time )(tv , 

)(tu , )(tL  and )(tP . From the solution of this system, it is possible to ob-
tain the total penetration in a semi-infinite target or the velocity and length of 
the projectile after it has penetrated a target of finite thickness. One should 
notice that some changes in the equations are needed when the contact pres-
sure is not high enough to cause both the projectile and the target to deform. 
This occurs when v has become so small that Equation (1) does not have a 
solution u satisfying 0>u  and 0>− uv . 

 
Figure 2. A shaped charge. 

In a shaped charge, a conical copper liner is compressed by the surrounding 
high explosive [54], see Figure 2. The collapse of the cone results in a thin 
axial copper jet moving with high velocity and stretching. The rest of the 
liner forms a slug, which has lower velocity than the jet and does not con-
tribute to the penetration. The velocity of the tip of the jet is about 7 or 8 
km/s. A theory of the jet formation is presented by Pugh, Eichelberger and 
Rostoker in [55]. It is based on earlier works, e.g. [56] by Birkhoff et.al. 

When a shaped charge jet penetrates a target, the contact pressure is so 
high that the strength of both jet and target can be neglected. This means that 
Equation (1) can be applied with 𝑌p = 𝑅𝑡 = 0, and 𝜌p = 𝜌j being the density 

Jet Copper Liner 

High Explosive

Booster 
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of the jet. It follows that the ratio between the penetration 𝑑𝑃 = 𝑢𝑑𝑡 during 
the time interval 𝑑𝑡 and the shortening of the jet −𝑑𝐿 = (𝑣 − 𝑢)𝑑𝑡 during 
the same time interval is equal to the square root of the density ratio. Intro-
ducing 𝑑𝐿j = −𝑑𝐿, the length of the part of the jet that contributes to the 
penetration during the time interval, the result can be written 

 
t

j

j ρ
ρ

=
dL
dP

  (2) 

This means that the total penetration is the product of the jet length and the 
square root of the density ratio, although “the jet length” has to be interpret-
ed in a suitable way since the jet is stretching. The charge is designed to 
detonate at some “standoff distance” from the target so that the jet has time 
to stretch. The stretching will eventually lead to fragmentation of the jet, 
after which the total jet length will not increase. Imperfections may cause the 
fragments to deviate from a straight line, which decreases the performance, 
since not all fragments will reach the bottom of the hole in the target. There-
fore there is an optimal standoff. 

In the velocity regime of shaped charge jets, i.e., the hydrodynamic limit, 
the penetration is independent of velocity. This is not true for projectiles, but 
this limit is approached. A tungsten projectile with L/D = 10 or 20 and a 
velocity around 1.7 km/s penetrates roughly its own length in steel armour 
[57]. In this case, the square root of the density ratio 21

tp )( ρρ  is equal to 
1.5.  

If the length of the projectile is kept constant and its diameter is increased, 
the penetration increases. This means that the penetration normalized against 
length P/L increases as the length-to-diameter ratio L/D decreases. This is 
the idea behind so-called segmented projectiles, which are studied in Paper 
II, see Section 4.2. 
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3. Methods and Materials 

3.1. Dimensional considerations and scaling 
Five of the basic units in the SI-system are used in this thesis, namely, meter 
(m) for length, kilogram (kg) for mass, second (s) for time, ampere (A) for 
electric current, and kelvin (K) for temperature. It is convenient to introduce 
symbols also for the dimensions, namely, length (L), mass (M), time (T), 
electric current (I), and temperature (Θ). All equations in physics are dimen-
sionally homogeneous, which means that both members of an equality and 
all terms of a sum have the same dimension. A consequence is the so-called 
Buckingham Pi Theorem, saying that relations between physical quantities 
can be expressed in terms of dimensionless groups, the pi-terms [58]. One 
way of finding them is the following. 

In dimensional analysis it is convenient to let the word “variable” mean 
not only proper variables but also what is normally called constants, like 
material parameters and constants of nature. For each variable, in that sense, 
in the model, an expression with the same dimension as the variable itself is 
constructed. This expression is called normalizing quantity for the variable. 
These normalizing quantities should be composed of a small number of typi-
cal or characteristic parameters. One method is to select a typical length, 
mass, time, current, and temperature in the problem. However, here we se-
lect as characteristic parameters, length a , velocity v , density ρ , electric 
current 0I , and temperature θ  in the model. This is a proper choice, since 
expressions having the basic dimensions can be formed from these charac-
teristic values: 

 aL = ,     3aM ρ= ,     vaT = ,     θ=Θ ,     0II = .  (3) 

In Table 1, the units and dimensions for several quantities are given. Their 
normalizing quantities are obtained from their dimensions by substituting the 
expressions from Equation (3) into the expression for their dimensions. For 
instance, stress has dimension 21 −− TML , and its normalizing quantity 2vρ  is 
found as 

 ( ) 223121 vvaaaTML ρρ == −−−− . (4) 
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Finally, pi-terms are found by dividing a variable by its normalizing quanti-
ty. This can be performed for each variable except for those selected as char-
acteristic ones. 

Table 1. Dimensions and normalizing quantities.   

Quantity Notation Unit Dimension Normalizing 
quantity 

Length 𝑎 m 𝐿  𝑎∗ = 𝑎 
Velocity 𝑣 m s⁄  𝐿 𝑇−1 𝑣∗ = 𝑣 
Density 𝜌 kg m3⁄  𝐿−3𝑀  𝜌∗ = 𝜌 
Temperature 𝜃 K Θ 𝜃∗ = 𝜃 
Current 𝐼 A 𝐼  𝐼∗ = 𝐼0 
Time 𝑡 s 𝑇  𝑡∗ = 𝑎 𝑣⁄  
Stress 𝜏 Pa 𝐿−1𝑀 𝑇−2 𝜏∗ = 𝜌𝑣2 
Strain rate 𝜀̇ s−1 𝑇−1 𝜀̇∗ = 𝑣 𝑎⁄  
Fracture toughness 𝐾Ic N m3 2⁄⁄  𝐿−1 2⁄ 𝑀 𝑇−2 𝐾∗ = 𝜌𝑣2𝑎1 2⁄  
Specific heat 𝜌𝐶v Pa K⁄  𝐿−1𝑀 𝑇−2Θ−1 (𝜌𝐶𝑣)∗ = 𝜌𝑣2 𝜃⁄  
Diffusivity 1 𝜇𝜎⁄  m2 s⁄  𝐿2𝑇−1 (1 𝜇𝜎⁄ )∗ = 𝑎𝑣 
Permeability 𝜇 Ωs m⁄  (𝐿 𝑀 𝑇−2𝐼−2) 𝜇∗ = 𝜇 
Conductivity 𝜎 1 Ωm⁄  (𝐿−3𝑀−1𝑇3𝐼2) 𝜎∗ = 1 𝜇𝑎𝑣⁄  
Magn. flux density 𝐵 Vs m2⁄  (𝑀 𝑇−2𝐼−1) 𝐵∗ = 𝜇𝐼0 𝑎⁄  
Current density 𝐽 𝐴 𝑚2⁄  𝐿−2𝐼 𝐽∗ = 𝐼0 𝑎2⁄  
Lorentz force 𝐹 N m3⁄  (𝐿−2𝑀 𝑇−2) 𝐹∗ = 𝜇 𝐼02 𝑎3⁄  

It is tedious to calculate the dimension for some of the electrical quantities 
(those put within parentheses) and the normalizing quantities obtained from 
them would look very strange. The reason seems to be that density does not 
occur naturally in electricity. If the permeability μ is used instead of density 
ρ, normalizing quantities are found more naturally. The normalizing quantity 
for magnetic flux density and Lorentz force are found by using Ampère’s 
law, Equation (40) in Section 5.2, and the fact that Lorentz force is the prod-
uct of magnetic flux density and velocity, respectively. The normalizing 
quantity for electric conductivity is obtained from the fact that μσ is the in-
verse of diffusivity and therefore has dimension 𝑇 𝐿2⁄ . The dimensionless 
conductivity 𝜎 𝜎∗⁄  turns out to be the magnetic Reynolds number  

 avR µσ=m . (5) 

That the introduction of μ is allowed is shown by the fact that the expres-
sions having the basic dimensions can still can be found from the character-
istic quantities a , v , µ , θ , and 𝐼0. The only non-trivial expression is that 
for mass, 𝑀 = 𝜇𝐼02𝑎 𝑣2⁄ . This is obtained by multiplying the mass 3aρ  with 
the ratio of two pressures, namely, 22

0 aIµ  and 2vρ . This ratio 222
0 avI ρµ  

is also a pi-term that may be useful. The pressure 22
0

* aIp µ=  is an alterna-
tive to 2* vρτ =  as a normalizing pressure.  

In the model in Paper VI, the magnetic flux density, current density, and 
Lorentz force are written  
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in dimensionless form. For stresses 
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two extra arguments are needed, namely, Poisson’s ratio ν  and the ratio 
between the velocity V  and the longitudinal wave speed c . In the model 
based on superposition of a radial plane deformation problem and an axial 
uniaxial deformation problem, the pi-term 222

0 avI ρµ mentioned above is 
apparently not needed.  

In Paper I and Section 4.1.2, dimensional analysis of a projectile penetrat-
ing a ceramic cylinder is performed in the way presented here.  

3.2 Continuum dynamic calculations 

Computer codes used for continuum mechanical simulations of impact and 
penetration events must be capable of handling transient wave propagation 
with large strains, high strain rates, non-linear material responses, and shock 
waves. Such codes are often called hydrocodes, since in the beginning 
strength was not so important in the material models. Two of the first hydro-
codes were HEMP [14] and TOODY [59-60]. Today’s models are much 
more complex. They include, e.g., strain hardening and strain rate effects 
and are often combined with failure models [61]. Artificial viscosity is used 
to smear out shock waves [62]. Equations expressing the conservation of 
mass, momentum and energy are expressed in discrete form on a spatial grid 
that may be either fixed in space (Euler) or moving with the deforming mate-
rial (Lagrange). The time integration scheme is of type leap frog. It is explic-
it, which requires the time step to be so small that a sound wave cannot trav-
el across a zone in one time step (the Courant-Friedrichs-Lewy stability con-
dition) [63]. These small time steps can be accepted for highly dynamical 
transient problems, in which the time step has to be small also in order to 
resolve the time scale. In addition, the total duration of the simulation is 
usually small.  
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For our simulations of ceramic armour, the Autodyn-2D code versions 
2.6, 2.8 and 4.1 were used in Papers I, II and III, respectively. Autodyn-2D 
has several solvers and we used the Lagrange solver, which is based on finite 
volume. The meshing is accomplished by Autodyn, which is an interactive 
program. The grid is composed of sub-grids (called parts in more resent 
versions of the code) that are rectangular in the index space. Sub-grids can 
be joined along a common boundary. They can also interact through an im-
pact logic, which permits sliding (without friction by default) and voids to 
open and close. From version 2.8 the impact logic was changed to a more 
robust method which uses a gap between the impacting sub-grids. This gap, 
specified by the user and checked by the code, should be between one tenth 
and half of the zone size.  

When a Lagrangian code is used for penetration simulations, some meas-
ure has to be taken in order to prevent the time step from going to zero be-
cause of severely distorted and compressed zones in the contact region be-
tween the projectile and the target. The trick is called (numerical) erosion 
[64], which in Autodyn is implemented in the following way. When in a 
zone a certain measure of strain exceeds a pre-set limit, called the erosion 
strain, this zone is deleted (eroded). If the option “retain mass” has been 
chosen, the freed nodes are treated as particles that do not interact with each 
other but do so with the remaining Lagrange grids. Otherwise, the nodes are 
discarded. The measure of strain used for the erosion in Papers I and II was 
the so-called “incremental geometric strain” defined as  

 ∫=
t

ijij dt
0

3
2

incr εεε  , (10) 

where ijε  is the strain rate tensor, which must be interpreted as the rate of 
deformation tensor, ijd , defined in Section 3.3, Equation (14), since the de-
formations are large. As this strain never decreases, it can reach the erosion 
strain even if the zone has quite a regular shape. Therefore the so called in-
stantaneous geometric strain  
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used in Paper III, was introduced in Autodyn [23]. It was later found that 
this strain measure could remain small even for heavily deformed cells [65] 
due to an unwanted cancellation effect between deviatoric and volumetric 
strains. This would lead to cells being eroded too late, which is acceptable. 
The expression for instantaneous geometric strain was modified in later ver-
sions of Autodyn.  
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Electric armour is studied in Papers IV-VI. The first two papers are purely 
experimental and the last contains an analytical model for an idealized situa-
tion. In Paper VI there is also a small finite element program written in 
Matlab that solves for the stresses when the Lorentz forces are known in a 
stationary case assuming small displacements.     

3.3 Elastic-plastic material models 

Under the assumption of small deformations, Hooke’s law for an isotropic 
linear elastic material may be written 

 ijij Gs ε2= ,       θKp −= . (12) 

Here G  and K  are shear and bulk modulus, respectively. The stress tensor 
ijijij ps δσ −=  has been split into the hydrostatic pressure 3kkp σ−=  and 

the stress deviator ijs , defined by the requirement that its trace 0=kks  van-
ishes. The mean stress 3kkσ  is the pressure with reversed sign. Similarly, 
the strain tensor ijijij e δθε )3(+=  has been split into the volumetric strain 

kkεθ =  and the deviatoric strain ije .  
The models used in this work are of a type, which is commonly used in 

hydrocodes. They are not restricted to small deformations, but treat the devi-
atoric and volumetric part of the model more or less independently, as does 
Equation (12). The pressure 

 ),( Efp ρ=  (13) 

is given as a function of the density ρ  and the specific internal energy E . 
The density ρ  is the current density, while the reference (or initial) density 
is called 0ρ . The deviatoric part of the model is treated incrementally. The 
formulation ijij eGs  2= , obtained by differentiating Equation (12a) with re-
spect to time, is valid only for small elastic deformations, which is not 
enough for our applications. Instead of the engineering strain tensor, the 
deformation is characterized by the rate of deformation tensor 

 ( )ijjiij xvxvd ∂∂+∂∂= 2
1 , (14) 

which is the symmetric part of the gradient ji xv ∂∂  of the velocity field iv . 
The skew symmetric part of this field 

 ( )ijjiij xvxvw ∂∂−∂∂= 2
1  (15) 

is the spin tensor. The time derivative of the stress deviator must be replaced 
by an objective one, and here the Jaumann stress rate 

 kjikkjikijij wsswss +−=∇   (16) 
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is used. The time derivative denoted by a dot is the material following time 
derivative. 

With these notations the incremental formulation is 

 ijijkkijij sddGs λδ −





 −=∇

3
12 , (17) 

where the expression inside the parentheses is the deviatoric part of the rate 
of deformation tensor. The scalar 0≥λ  is zero as long as the material is 
elastic, i.e. the von Mises effective stress 

 ijij ss
2
3

eff =σ  (18) 

is less than the yield stress Yσ  of the material. In the opposite case λ  is 
adjusted so that the effective stress remains less than or equal to the yield 
stress. An expression can be found for the increment of λ , but the algorithm 
used for stress update during a time step does not need that. The stress devia-
tor is first updated as if the material were elastic ( 0=λ  in Equation (17)), 
and then uniformly scaled down if that is necessary for maintaining it inside 
the flow surface, i.e. Yeff σσ ≤ . The last term in Equation (17) means that 
the plastic strain is in the radial direction in the deviator space, and the 
method is therefore often called Wilkins radial return method [14]. In princi-
pal stress space, Equation (17) implies that the plastic strain is perpendicular 
to the (1,1,1)-direction. Since the yield surface is rotationally symmetric 
around that direction for a plasticity theory based on von Mises effective 
stress, our flow rule is associative (plastic strain is perpendicular to the yield 
surface) if the yield stress is independent of pressure. The model for ceramic 
materials, presented below, has a yield stress that increases with pressure, 
and therefore the flow rule for that model is non-associative.  

3.4 Mie-Grüneisen equation of state 
Equation (13) for the pressure is often called equation of state (EOS). A 
simple example of an EOS is  

 µKp = , (19) 

where K  is the bulk modulus and 10 −= ρρµ is the compression. This is a 
linear and energy-independent EOS. Another EOS, which is more suitable 
for higher pressures and includes energy dependence is (called “shock” in 
Autodyn, and often referred to as being of Mie-Grüneisen type [66])   
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where ρρη 01−=  is another measure of compression. Here 0ρ , 0Γ , and 
0c  are density, Grüneisen gamma, and bulk sound speed in the reference 

state, respectively. The parameter s  is the slope of a linear fit 

 PS sUcU += 0  (21) 

of the shock wave speed as a function of particle speed behind a plane shock 
wave travelling into resting material in reference state. Since the dependence 
of shock wave speed on particle speed is linear for many solids, Equation 
(21) is a convenient way of representing the Hugoniot curve [66]. Equation 
(21) and the Rankine-Hugoniot jump relations [67] (expressing conservation 
of mass, momentum and energy over the shock front) lead to the expression 
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for the pressure vs. the compression η  behind the shock front. The Rankine-
Hugoniot relations also lead to an expression for the specific energy on the 
Hugoniot curve, viz.,  
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Table 2. Equation of state parameters of some metals of interest  

Parameter Notation Tungsten Titanium Steel 

EOS type  Shock Shock Linear 
Density (Mg/m3) 𝜌0 17.6 4.419 7.83 
Bulk sound speed (km/s) 𝑐0 4.029 5.13 - 
Slope in the Us-Up-diagram 𝑠 1.237 1.028 - 
Grüneisen coefficient Γ0 1.54 1.23 - 
Bulk modulus (GPa) 𝐾 - - 159. 

The curve (22) in the pressure-volume diagram can be extended to cases 
where the energy differs from the value (23), by assuming that the energy 
affects the pressure linearly with 00ρΓ  as the constant of proportionality. 
We obtain 

 ( ))()( H00H ηρη EEpp −Γ+= . (24) 
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Substitution of Equations (22) and (23) into Equation (24) gives the Equa-
tion of state (20). An index zero has been attached to Γ  in order to empha-
size that it is a constant in this model; in other models 00Γρ  may be replaced 
by Γρ , where Γ  is a function of ρ .  

The volumes by van Thiel et al. [68] are important sources for Hugoniot 
data. Parameter values for Mie-Grüneisen equation of state can also be found 
in [69]. Parameters for the Mie-Grüneisen equation of state for tungsten and 
titanium may be found in [70] and [71], respectively, and are also available 
in the material library of Autodyn. Values for some metals of interest are 
listed in Table 2. The density for tungsten was 17.0 Mg/m3 in the reference, 
but we used the value from our material supplier.  

3.5 Johnson-Cook strength model 
For tungsten and steel the Johnson-Cook constitutive model [72] was used. 
In this model, the yield stress  

 ( ) ( )( )( )mn CBA H0ppY 1ln1 θεεεσ −++=   (25)                                                                                                                                                                                 

is a function of the plastic strain pε , the plastic strain rate pε , and the tem-
perature θ  via the homologous temperature 

 
0m

0
H θθ

θθθ
−
−

= , (26) 

where 0θ  and mθ  are the reference and melting temperatures, respectively. 
Here the parameter A  is the static yield stress, B  and n  represent strain 
hardening, C  is the strain rate sensitivity, and m represents the thermal sof-
tening. Parameters for tungsten and steel for this model are found in [72] as 
well as in the material library of Autodyn.  

Table 3. Shear modulus and JC-parameters for tungsten and steel  

Parameter Notation Tungsten Steel 

Shear modulus (GPa) 𝐺 160. 81.8 
Static yield stress (GPa) 𝐴 1.506 0.792 
Strain hardening modulus (GPa) 𝐵 0.177 0.51 
Strain hardening exponent 𝑁 0.12 0.26 
Coefficient of strain rate 𝐶 0.016 0.014 
Strain rate threshold (s--1) 𝜀0̇ 1.0 1.0 
Thermal softening exponent 𝑚 1.0 1.03 
Reference temperature (K) 𝜃0 300. 300. 
Specific heat (J/kgK) 𝐶v 134. 477. 
Melting temperature 𝜃𝑚 1723. 1793. 
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In Paper II, the model by Steinberg and Guinan [69] was used for titanium. 
This model is unnecessarily complex for our purposes, but was used because 
parameter values were available in the material library of Autodyn and in 
[71]. Steinberg-Guinan’s model is valid up to much higher pressures and 
strain rates than the ones occurring in our simulations. It includes strain 
hardening, but no strain rate effects. It assumes that the strain rate is so high 
that the increase of yield stress with strain rate has ceased. Both shear modu-
lus and yield stress are allowed to depend on pressure and temperature in this 
model. Static values for these quantities for titanium are G0 = 41.9 GPa and 
Y0 = 1.33 GPa, respectively.  

3.6 The Johnson-Holmquist model for ceramic materials 
At the time when we began simulations of ceramic armour, Autodyn had one 
model for ceramic materials, the “cumulative damage model” [15]. After 
surveying some other models [73], we decided to implement a model by 
Johnson and Holmquist [16] for brittle materials as a user subroutine in Au-
todyn. This was used in Papers I and II. From version 4 of Autodyn, this 
model became available as one of the standard models in the code, and that 
was used in Paper III.  

Ductile materials undergo large plastic deformations before fracture, 
while brittle materials fracture after no or little plastic deformation. Ceramic 
materials normally do not deform plastically, but this may occur under high 
hydrostatic pressure. After the initial linear response, the slope of a typical 
stress versus strain curve decreases. For ductile materials this is due to plas-
tic deformation, while for ceramic materials it is mainly caused by formation 
and opening of cracks, which grow gradually until fracture. Many models 
handle this by reducing the elastic moduli, whereas Johnson and Holmquist 
reduce the yield stress and let the material lose its strength gradually. The 
elastic moduli are left constant. Hydrostatic pressure tends to prevent cracks 
to form and open and therefore makes the ceramics stronger. This effect of 
pressure is also included in the model. After fragmentation, the material still 
has some strength if the pressure is positive. This strength is due to friction 
between fragments. There must be pores in the fragmented material in order 
to let the fragments move relative to each other. This leads to a volume in-
crease in the damaged material, called bulking or dilatation, and is modelled 
by adding an extra term to the pressure. A comprehensive description of the 
model can be found in [17] as well as in the original reference [16]. Here we 
give a short description and discuss some problems with the input values to 
the standard implementation in Autodyn.  

The yield stresses for intact and fully damaged materials are given as 
functions of pressure p and strain rate ε  by 
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respectively. Here A , N , C , B , M , fmaxS  are dimensionless parameters, 
0hyd >σ  is the mean stress above which the strength of the intact material 

vanishes, and ε0  is the threshold strain rate for strain rate effects. For the 
fragmented material, the strength vanishes for negative pressures and is trun-
cated so that it does not exceed HELfmaxσS . The parameters HELσ  and HELp  
are used as normalizing parameters in the expressions for the yield stresses 
in order to render most of the other parameters dimensionless. They are de-
fined in Section 3.6.1. 

 For partly damaged material, the yield stress is given by 

 fiY )1(),,( σσεσ DDpD +−= , (29) 

where D  is a damage parameter, which is incremented in each time step by 
the ratio between the plastic strain increment pε∆  and a pressure dependent 
failure strain 
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Here 1D  and 2D  are dimensionless parameters. The damage parameter is 
therefore 

 ∑
∆

=
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, (31) 

where the sum is taken over all time steps up to the current time.   
Comparisons of results from our first attempt of implementing the model 

with results from examples in [16] showed that our implementation of the 
model gave too rapid increase of damage. This could be due to a difference 
between our and Johnson and Holmquist’s definition of the plastic strain 
increment used to drive the damage. In Autodyn, all inelastic deformations 
are regarded as plastic. We assumed that Johnson and Holmquist divided the 
total strain not only into elastic and plastic but also into a strain linked to the 
(change of yield stress due to) damage increase. Therefore they obtained a 
smaller plastic strain than that of Autodyn. From this assumption a modified 
version of Equation (31) was derived [74] in Paper I, viz., 
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which clearly gives slower damage increase.  
In the equation of state of the Johnson-Holmquist model, the pressure  

 dil321 p + K + K + K = p 32 µµµ  (33) 

is expressed as a sum of a third-degree polynomial in the compression 
10 −= ρρµ  and a term dilp  representing the dilatation. For 0<µ  the sec-

ond- and third-degree terms are omitted, and the pressure is restricted (on the 
tensile side) to hyd)1( σDp −−≥ . The term dilp  is zero for undamaged mate-
rial and increases as damage is accumulated. It is determined from an energy 
consideration. The portion of the decrease of the elastic deviatoric energy 
which is due only to the increase of damage over a time step is  
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, (34) 

where ),,(Y εσ pD  is the yield stress as a function of damage, pressure and 
strain rate inferred from Equations (27) to (29). Assuming that the fraction 
β  of this energy U∆  is converted to potential hydrostatic energy one can 
derive [16, 17] the approximate expression 

( ) UK2 +  tp +  ttK +  ttK = ttp ∆∆+∆+−∆+ 1
2

dil11dil )()()()( βµµ  (35) 

for the value of dilp  at time tt ∆+ .  

3.6.1 Determination of parameters in the Johnson-Holmquist-
model 
Determination of the parameters of the model is complicated, since some of 
them cannot be determined explicitly. A procedure is described in [17, 75]. 
Results from plate impact tests are important for this. The parameters for 
boron carbide used in Paper III were from Johnson and Holmquist’s own 
paper [17]. Their data, published together with C. Anderson, for alumina 
[76] were not available when we started our simulations for Papers I and II. 
We therefore used our own parameters for alumina, determined as follows.  

The number of parameters was reduced by disregarding strain rate sensi-
tivity and the non-linear terms in the equation of state, i.e., 0=C , 02 =K , 

03 =K . The elastic moduli were obtained from measurements, performed at 
our institute, of the longitudinal sound velocity (10.0 km/s) and a commonly 
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reported Poisson’s ratio of 0.22. The curve for the pressure-dependent yield 
stress, defined by essentially three parameters, was determined from the 
Hugoniot Elastic Limit ( HEL = 8.3 GPa) [77], the compressive strength (3.8 
GPa) [78] and the tensile strength, estimated to be one tenth of the compres-
sive strength. See Paper I. The parameters for the yield stress of the frac-
tured material and the parameters governing the damage evolution were es-
timated. The parameters for alumina are listed in Table 4. 

 

Table 4. Parameters in the Johnson-Holmquist model  

Parameter Notation Aluminia 
Papers I, II 

Boron 
carbide 

from [17] 

Boron car-
bide 

Input to 
Autodyn 
Paper III 

Density (Mg/m3) 𝜌0 3.80 2.51 2.51 
Bulk modulus (GPa) 𝐾 = 𝐾1 200. 233. 233. 
Coeff. 2nd degree term (GPa) 𝐾2 0.0 ‒593. ‒593. 
Coeff. 3rd degree term (GPa) 𝐾3 0.0 2800. 2800. 
Shear modulus (GPa) 𝐺 135. 197. 197. 
Hugoniot elastic limit (GPa) HEL (8.3) 19.0 19.0 
Effective stress at HEL (GPa) 𝜎HEL 5.9 15.44 - 
Pressure at HEL (GPa) 𝑝HEL 4.37 8.71 - 
Volumetric strain at HEL 𝜇HEL - 0.0408 - 
Intact strength coefficient 𝐴 0.989 0.927 0.9637 
Intact strength exponent 𝑁 0.3755 0.67 0.67 
Strain rate coefficient 𝐶 0.0 0.005 0.005 
Fracture strength coefficient 𝐵 0.77 0.70 0.7311 
Fracture strength exponent 𝑀 1.0 0.85 0.85 
Maximum fracture strength 𝑆fmax 0.5 0.2 0.2045 
Damage coefficient 𝐷1 0.01 0.001 0.001 
Damage exponent 𝐷2 1.0 0.5 0.5 
Bulking factor 𝛽 1.0 1.0 1.0 
Tensile strength (GPa) 𝜎hyd - 0.26 0.26 
Normalized tensile strength 𝜎hyd 𝑝HEL⁄  0.029 - - 

The Hugoniot elastic limit ( HEL ) was determined from plate impact tests 
with uniaxial deformation. The value of HEL  is the normal stress in the 
axial direction at the stress state (HEL) occurring when plastic deformation 
is to begin. At the same state of stress, the von Mises effective stress and the 
hydrostatic pressure are called HELσ  and HELp , respectively. For alumina 

HELσ  and HELp  were calculated from HEL  assuming linear elastic re-
sponse. That was in agreement with the use of a linear equation of state.  
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3.6.2 Input data in Autodyn for the Johnson-Holmquist-model 
The standard implementation in Autodyn of the Johnson-Holmquist model, 
used in Paper III, makes use of the fact that some parameters are interde-
pendent. The parameters HELσ  and HELp  are not input data, but are calcu-
lated as 

HEL2

3
4HEL GK

G
+

=σ ,          HEL
3
4HEL GK

Kp
+

=  (36)  

from the HEL-value, assuming linear elastic response up to the Hugoniot 
elastic limit. The intention is of course to help the user by reducing the num-
ber of input parameters and preventing supply of inconsistent data. Johnson 
and Holmquist themselves, however, use the non-linear EOS and arrive at 
slightly different values for HELσ  and HELp . It is not possible to compen-
sate by just changing the HEL-value, since even the quotient between HELσ  
and HELp  differs. 

The solution was to keep the 0.19HEL =  GPa, and let Autodyn compute 
HELσ  = 15.10 GPa and HELp  = 8.93 GPa, which differ slightly from the 

wanted values for boron carbide in Table 4, and then compensate for that by 
changing other parameters. It is possible since HELσ  and HELp  occur only 
in coefficients like NpA )( HELHELσ , MpB )( HELHELσ  and 2)( HEL1

DpD  in 
Equations (27), (28) and (30), respectively, and in the expression HELfmaxσS  
in the inequality (28). Therefore the errors in HELσ  and HELp  could be 
compensated for by changing the values of A , B , 1D  and fmaxS  to 

9637.0=A , 7311.0=B , 00101.01 =D  and 2045.0fmax =S , respectively. 
However, the original value of 1D  was used as this value was not very accu-
rately known, and the correction would have been only one per cent.  

3.7 Experimental techniques 
The impact tests in Papers I to III were performed with a two-stage light-gas 
gun which was capable of much higher projectile velocities than an ordinary 
powder gun. In a two-stage light-gas gun a powder charge accelerates a plas-
tic piston in a so-called pump tube which is filled with the light gas helium. 
Then the compressed helium accelerates the projectile in the launch tube 
(barrel). The higher projectile velocities obtained with this arrangement than 
with a powder gun are due to the fact that the sound speed is higher in heli-
um than in the combustion products of the powder (the sound speed in an 
ideal gas is proportional to the square root of the quotient of absolute tem-
perature and molecular weight). The light-gas gun at FOI (pump tube diame-
ter 80 mm, launch tube diameter up to 30 mm) is capable of launching a 
projectile to about 4 km/s. The velocity might be doubled, if hydrogen is 
used instead of helium. For velocities below 2 km/s an ordinary powder gun 
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can be used. In the studies reported here, most of the impact velocities were 
higher than those achievable with a powder gun. 

In Paper I direct impact technique was employed, while in Papers II and 
III inverse impact technique [9-12] was used. The latter means that the target 
was fired in the gun towards the projectile, which was held fix in front of the 
muzzle as shown in Figure 3. This leads to small geometrical dimensions 
with projectile diameters of 2 mm and less in the experiments. The ad-
vantage was that the projectile could be very accurately aligned in front of 
the barrel so that yaw was avoided. To prevent the target assembly from 
yawing, the set-up was arranged so that impact took place while the target 
assembly was still supported by the barrel. 

 
 

 
 

Figure 3. Experimental set-up of the reversed impact experiment from Paper III. 

The primary method used for registration of impact events in Papers I to III 
and shaped charges against electric armour in Papers IV and V was flash X-
ray photography (from 105 up to 1200 kV). There are methods for high-
speed photography capable of resolving such events, but strong light and 
smoke caused by the impact usually make them difficult to use. In Paper I, 
however, a series of photographs with an Imacon camera was successfully 
made. If targets and projectiles (in case of normal and inverse impact tests, 
respectively) had been instrumented with strain gauges, additional infor-
mation about the impact phenomena might have been obtained. However, 
the high-voltage pulses to the flash X-ray tubes caused disturbances which 
made it difficult or even impossible to use strain gauges and flash X-ray 
photography in the same experiment.   
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The shaped charge used in the tests of the electromagnetic armour had 
copper liner. The velocity of the jet tip for this charge was 7.3 km/s. The 
charge was fired downwards towards the armour, consisting of two electrode 
plates, see Figure 4. The jet was photographed with flash X-rays in the re-
gion between the plates and after (under) the plates. The jet was finally 
stopped by a stack of witness plates, which were placed at a suitable distance 
in order to make room for the flash X-ray photography of the jet. Because 
that distance was larger than the distance between the electrode plates and 
the main armour in a real construction, the penetration in the witness plates 
is not a suitable measure of the performance of the electric armour. Residual 
penetration and jet data could not be registered in the same experiment. 

 

 
 
Figure 4. The experimental setup with the shaped charge being fired downwards 
against the electrode plates. Flash X-ray tubes project the jet onto the X-ray film. 

The electrode plates were connected to the pulsed power supply (PPS) by a 
band cable, which was 4 m long and 0.6 m wide. A band cable was used as 
low inductance was a requirement. The electrode plates were made of alu-
minium and were 5 mm thick. The distance between them was 150 mm. The 
PPS [79] consisted of four capacitors with inductors in between, see Fig-
ure 5. The capacitance Ci was 412 µF and the inductance Li could be varied 
from 0.1 to 2 µH. The capacitors could be charged to 22 kV, corresponding 
to the energy 100 kJ per capacitor. (In reality these capacitors consisted of 
two smaller capacitors in parallel.) The pulse generated by the PPS had the 
approximate duration  

 iiCLNT 2= , (37a) 

where 𝑁 = 4 in this case. The system impedance was  

 ii CLZ = . (37b) 
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With the impedance 𝐿𝑖 = 0.38 µH, the pulse duration was 100 µs and the 
system impedance was 30 mΩ. 

In Figure 5, the positions of the current and voltage probes are indicated. 
The voltage was measured both before and after the transmission line (band 
cable).  
 

 
Figure 5. Equivalent net work for the pulsed power supply and the load.  
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4. Interaction of Long Rod Projectiles and 
Ceramic Armour 

4.1 Influence of scale on penetration 
4.1.1 Introduction 
Commonly penetration experiments are performed in reduced scale in order 
to simplify handling and decrease costs. Scaling laws are therefore essential 
for translation of results from tests to full scale. Usually, replica scaling is 
used, by which we mean that the geometrical dimensions are scaled uniform-
ly, while the materials and the impact velocity are kept the same. The validi-
ty of replica scaling in penetration mechanics has been subjected to several 
studies [39-41]. Thus, e.g., Magness and Leonard [39] reported improved 
projectile performance with increased scale when depleted uranium and 
tungsten projectiles penetrate different steel targets. On the other hand, 
Holmberg et al. [40] studied replica scaling for tungsten projectiles penetrat-
ing oblique steel plates but found no influence of scale. In Paper I we are 
concerned with the penetration of long rod projectiles into ceramic targets. 
We have chosen to study the validity of replica scaling for a simple target 
geometry which allows proper scaling of all geometrical dimensions.  

4.1.2 Methods 
Direct impact tests were carried out by firing flat-ended cylindrical tungsten 
projectiles with impact velocities 1.5 and 2.5 km/s towards targets consisting 
of an alumina cylinder backed up by a steel cylinder, see Figure 6. The pro-
jectiles had length-to-diameter ratio 15, and their lengths were 30, 75 and 
150 mm in the three tested scales. All other geometrical dimensions were 
scaled uniformly. Projectiles and targets used in the 1.5 km/s cases are 
shown in Figure 7. In each experiment the position of the projectile inside 
the alumina target was determined by flash X-ray photography at one instant 
of time. After the experiment, the final penetration was measured by X-
raying an axial slice of the backing, which was cut out from the steel cylin-
der. 

Two cases with a 75 mm long projectile and impact velocities 1.5 and 2.5 
km/s were simulated in order to investigate the feasibility of simulating pen-
etration in ceramic targets. The geometries are shown in Figure 6. The tung-
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sten projectile, alumina target and steel backing were modelled as separate 
subgrids. The erosion strain for tungsten and steel was 2.5 and for alumina 
2.0. The computational mesh consisted of square zones with side 0.5 mm in 
the projectile. In the alumina target, the zone size was the same as in the 
projectile at the symmetry line and increased radially. At the front end of the 
backing at the symmetry line, square zones with side 0.8 mm were used and 
the zone size increased both in the radial and axial direction. The material 
models are described in Section 3.3 to 3.6. Parameters are shown in Tables 2 
and 3 for tungsten and steel and in Table 4 for alumina. 
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Figure 6. Steel backing (white) and alumina target (shaded) for (a) 1.5 km/s and (b) 
2.5 km/s. (c) Tungsten projectile. Dimensions are given in terms of the projectile 
diameter. 

 
 

 
 

Figure 7. Alumina targets and tungsten projectiles for 1.5 km/s tests. 

Following the procedure of Section 3.1, a dimensional analysis is carried out, 
by first selecting characteristic quantities, viz., the length pL , the velocity 

pv , the density pρ , and the temperature pθ  of the projectile. Resulting nor-
malizing quantities together with units are shown in Table 5.  
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Table 4. Reference quantities and replica scale factors  

Quantity Unit Normalizing 
quantity 

Replica scale 
factor 

Length m 𝐿∗ = 𝐿p 𝜆 
Velocity m s⁄  𝑣∗ = 𝑣p 1 
Density kg m3⁄  𝜌∗ = 𝜌p 1 
Temperature K  𝜃∗ = 𝜃p 1 
Time s 𝑡∗ = 𝐿p𝑣p−1 1 
Stress Pa 𝜎∗ = 𝜌p𝑣p2 1 
Strain rate 1 s ⁄  𝜀̇∗ = 𝐿p−1𝑣p  𝜆−1 
Fracture toughness Pa m1 2⁄  𝐾I∗ = 𝜌p𝑣p2𝐿𝑝

1 2⁄  𝜆1 2⁄  
Specific heat J kg K ⁄  𝐶v∗ = 𝑣p2𝜃𝑝−1 1 

The functional relation describing penetration P as a function of time t can 
be expressed as 

 ( )P,** ttfLP =  (38) 

in non-dimensional form. Here *tt  is the first pi-term, and P  is a vector 
containing all other relevant pi-terms such as those including geometric di-
mensions and material parameters. Scaling laws are derived from the re-
quirement that corresponding pi-terms should have the same value in the 
prototype (full scale) and in the model (reduced scale). Such scaling can be 
found by assigning different scale factors to the lengths, velocities, densities 
and temperatures (the dimensions for our characteristic quantities). Then, 
other normalizing quantities (and other quantities with the same dimensions) 
are scaled according to their expressions in the third column of Table 5. 

In replica modelling the scale factors for velocity, density and tempera-
ture are equal to unity, and the scale factor for length is called λ . These 
scale factors for the four basic reference quantities together with scale fac-
tors for the other reference quantities are shown in the last column of Table 
5. Since the materials are the same in prototype and model in replica scaling, 
we would like all material parameters to have scale factors equal to unity. As 
can be seen in the last column of Table 5, this is the case for material param-
eters like density, sound speed, elastic modulus, yield stress, specific heat, 
and melting temperature. However, strain rate and fracture toughness scale 
as 1−λ  and 2/1λ , respectively. Thus, they do not scale properly. Therefore, 
with 1<λ  strain rates are higher and stress intensities lower in the model 
than in the prototype. The corresponding material parameters, characteristic 
strain rate and fracture toughness, should therefore also be higher and lower, 
respectively, in order to obtain proper scaling. Instead, in replica modelling 
these parameters have the same value in the model and in the prototype. 
Compared to proper scaling, this means that the materials in the model scale 
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have too low characteristic strain rate (leading to higher strain rate effects) 
and too high fracture toughness. Both of these effects tend to make the mate-
rial appear stronger in the model scale. 
 
 

(a)           
  

(b)           
Figure 8. (a) Radiograph 26.15 µs after the impact of a 75 mm projectile on an alu-
mina target at 1490 m/s. (b) Plot from simulation of the same case with impact ve-
locity at the nominal value 1.5 km/s. The plot is made at 25.98 µs, which corre-
sponds to the same dimensionless time as in the radiograph. The shaded areas in the 
alumina target illustrate the level of damage. 

4.1.3 Results and discussion 
Figure 8(a) shows a flash X-ray photograph of the projectile inside the alu-
mina target in the case of a 75 mm long projectile and impact velocity 1490 
m/s. It was taken 26.15 µs after impact. A plot from a simulation of the same 
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case 25.98 µs after impact is shown in Figure 8(b). The simulation was per-
formed for the nominal impact velocity 1.5 km/s, and the time for the simu-
lated plot was chosen so that the dimensionless time *tt  would be the same 
in the plot and the X-ray photograph. 
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Figure 9. Measured and computed penetration *LP  versus time *tt  for 30, 75 
and 150 mm projectiles at 1.5 km/s (open symbols) and for 75 mm projectiles at 2.5 
km/s (filled symbols). The computed penetration histories are shown as solid (1.5 
km/s) and dashed (2.5 km/s) curves. The alumina (shaded) targets and steel backings 
are represented by vertical bars. 

Figure 9 shows simulated penetration versus time in dimensionless form for 
the two impact velocities 1.5 and 2.5 km/s. The curves represent the two 
simulated cases and the symbols represent data from the tests. If scaling 
works as intended, the symbols for all cases with impact velocity 1.5 km/s 
should fall on one curve, cf. Equation (38). The symbols for 2.5 km/s should 
fall on another. As can be seen from the figure, this is the case at the lower 
impact velocity. At the higher impact velocity we cannot tell, however, as 
successful X-ray registrations were obtained for only one geometric scale. 
The agreement between the tests and the simulations is fair. 

Equation (38) can be used to analyse deviations from proper scaling. If 
two experimental situations with different geometrical scales are set up so 
that all corresponding pi-terms in P are the same for both cases, then the 
dimensionless penetration *LP  should be the same function of the dimen-
sionless time *tt  in both cases. As pointed out in Section 4.1.2, however, 
there is a problem with scaling strain rate sensitivity and fracture toughness. 
In Equation (38) this is manifested as follows: The pi-term in P containing 
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the fracture toughness (one for each material), *
Ic KK , is different in the 

two scales, since 2/1*2*** )()( LvK ρ=  is different whereas IcK  is the same. 
Similarly, pi-terms involving characteristic strain rates for the materials are 
different in the two scales. If these pi-terms in P, which represent quantities 
which do not scale properly, have negligible influence on the function ,f  
then *LP  would be approximately the same function of *tt  in both 
scales. 
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Figure 10. Measured and computed final penetration depth  *LPf versus scale *L  
for 30, 75 and 150 mm projectiles at 1.5 km/s (open symbols) and 2.5 km/s (filled 
symbols). The computed depths are shown as solid (1.5 km/s) and dashed (2.5 km/s) 
curves. 

Figure 10 shows the final penetration (equal to the thickness of the alumina 
target plus the residual penetration in the steel backing) in non-dimensional 
form (normalized with respect to the length of the projectile *L ) as a func-
tion *L  for the three tested scales ( *L = 30, 75, 150 mm). Here, proper scal-
ing signifies that the open symbols (1.5 km/s) should fall on one horizontal 
line and the solid symbols (2.5 km/s) on another. With good approximation 
this is the case. The lines in the diagram show the penetration for two simu-
lated cases, both with projectile length *L  = 75 mm. At the lower impact 
velocity, the simulated penetration agrees well with those from the tests. At 
the higher impact velocity, the simulated penetration (dashed line) is some-
what lower than those from the tests.  

As our intention was not to model scale effects, we used a strain-rate-
independent model for the alumina and performed the simulations for only one 
geometrical scale. However, the models for the tungsten and steel are strain-
rate-dependent [72], from which it follows that the computational model is not 

(mm) 
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perfectly invariant under replica scaling. In order to estimate the influence of 
the strain rate, we repeated the simulations with the strain rate constant C = 0 in 
the Johnson-Cook model and found that the influence on the normalized pene-
tration, shown in Figures 9 and 10, was less than 0.012. 

We conclude that the laws of replica scaling hold with sufficient degree of 
accuracy to justify scaled-down experiments with long tungsten projectiles 
penetrating unconfined steel-backed alumina targets. Possibly there is a ten-
dency for normalized penetration to increase slightly with scale. Such devia-
tion from replica scaling could partly be explained by the influences of strain 
rate and fracture toughness [80].    

4.2 Segmented and telescopic projectiles 
4.2.1 Introduction 
New acceleration techniques, which allow considerably higher projectile 
velocities than today’s powder guns, are now available and are likely to be 
used in future weapon systems. Examples are given by high velocity rockets, 
and by electro-thermal and electromagnetic guns. Long rod projectiles, being 
the dominating type of kinetic energy (KE) projectile used to defeat ar-
moured targets, have a penetration capability in homogeneous targets which 
asymptotically approaches a limit value at high velocities. If the velocity 
increases too much, the kinetic energy produces a wider rather than a deeper 
penetration channel [42]. In attempts to make more efficient use of the high 
velocities from the point of view of penetration depth, unconventional pro-
jectiles have been considered. Among them, segmented and telescopic pro-
jectiles have attained the greatest attention. Before hitting the target, a seg-
mented projectile consists of a number of separate segments, while a tele-
scopic projectile is composed of a leading core and a lagging tube. At veloci-
ties above 2 km/s both of these unconventional projectiles give larger 
penetration in steel than a homogeneous projectile with the same initial ge-
ometry [43-45]. Most studies of unconventional projectiles have concerned 
penetration into metallic targets, usually steel. In Paper II, however, the 
penetration into alumina targets of homogeneous, segmented and telescopic 
tungsten projectiles were studied through numerical simulations and experi-
mental tests. In these tests, reverse impact technique was used, which is the 
reason for the small dimensions. The diameter of the projectiles was 1.4 mm, 
which is a factor of ten or more less than full scale. In the simulations, the 
influence of segment separation distance and core-to-tube diameter ratio was 
investigated for segmented and telescopic projectiles, respectively. 
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4.2.2 Methods  
The target, which was the same in all cases, consisted of a cylinder of alumi-
na (diameter 14 mm, length 45 mm) with a titanium confinement, see Fig-
ure 11. A hole in the front part of the confinement allowed the projectiles to 
pass through and hit the alumina cylinder directly as shown. The geometries 
of the tungsten projectiles are shown in Figure 12. All of them had the same 
(collapsed) length L = 8.4 mm and external diameter D = 1.4 mm (L/D = 6). 
The homogenous long rod projectile was used as a reference. The segmented 
projectile consisted of six segments of equal length, each of them having 
length-to-diameter ratio equal to unity. Neighbouring segments were sepa-
rated by the distance s. The three types of segmented projectile in the simu-
lations had s/D = 1, 2 and 4. The telescopic projectile was composed of a 
cylindrical core and a tube of the same length, which perfectly fitted each 
other. The core-to-tube diameter ratios were d/D = 0.25, 0.50 and 0.75 in the 
simulations. The penetration of each of the seven projectiles was simulated 
for impact velocities v = 2.5, 3.0 and 3.5 km/s. 

Figure 13 shows the initial grid in the impact region for the homogenous 
projectile and the target. The zoning was equidistant in the tungsten projec-
tile, the alumina cylinder and the titanium confinement. The alumina cylin-
der was divided into 325 zones axially and 75 zones radially, which gives a 
zone size of 0.138 mm axially and 0.093 mm radially. The zones in the con-
finement were somewhat larger, 0.3 and 0.25 mm in the axial and radial 
directions, respectively. The zones in the tungsten projectiles were of the 
same size for all types, 0.127 mm axially and 0.0875 mm radially, which 
means 66 zones axially and 8 zones radially for the homogenous projectile. 

 
 

 
Figure 11. Target and homogeneous projectile. 

The interaction between the projectile, the alumina cylinder and the con-
finement was treated by the impact logic in Autodyn with “internal” gap size 
equal to 0.02 mm. The interaction between the different parts of the projec-
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tile was treated in the same way. The erosion strain for tungsten and alumina 
was set to 2.5 and 2.0, respectively. 

 
 
 

 
Figure 12.  (a) Homogeneous, (b) segmented and (c) telescopic projectile. 

 

The material models are described in Sections 3.4 to 3.6. For tungsten and 
titanium, equation of state parameters are shown in Table 2, and strength 
parameters are given in Section 3.5 (Table 3 for tungsten). The parameters 
for alumina are shown in Table 4. 

 
 

 
Figure 13. Grid in the impact region for the homogeneous projectile and the target. 
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The experimental tests were performed for one segmented (s/D = 2) and one 
telescopic (d/D =0.50) projectile, both with the impact velocities 2.5 and 3.0 
km/s. The homogenous projectile was tested at two velocities close to 2.5 
km/s. The final penetration depth was determined from shadowgraphs ob-
tained using flash radiography (450 kV X-ray flash). The flash was triggered 
when the projectile had been consumed and the penetration had ceased (25-
50 µs after impact depending on projectile type). This final penetration was 
compared to the corresponding value obtained from the simulations, which 
also gave penetration versus time.  

4.2.3 Results and discussion   
Penetration versus time was obtained from the simulations by evaluating 
plots saved at constant time intervals. Figure 14 shows these results for the 
highest and lowest of the three impact velocities. Final penetrations from all 
simulated and tested cases are shown in Figure 15. Note that the circles 
showing data from the tests with the homogenous projectile correspond to 
the simulated case represented by the dotted line. The diamonds and trian-
gles correspond to the curves s/D = 2 and d/D = 0.5, respectively. 

From Figure 14(a) and (b) it can be seen that the penetration versus time 
curves for the segmented projectiles have steps, which show the contribution 
from the different segments to the penetration. The build-up of penetration 
velocity when a new segment hits is almost instantaneous whereas the de-
crease in penetration velocity, when a segment is nearly consumed, is more 
gradual. This might explain why segmented projectiles are more effective 
than homogenous ones. The final penetration increases with the segment 
separation ratio s/D, see Figure 15(a). 

Since the leading part of the telescopic projectile is in fact a long rod, one 
would expect all the penetration versus time curves for the telescopic projec-
tiles in Figures 14(c) and (d) to coincide with the reference curve for the 
homogenous projectile from time zero up the point where the core is con-
sumed. However, the curves for the case d/D = 0.25 deviate from this expec-
tation, especially at the lowest impact velocity. The reason is probably that 
two zones in the radial direction for the core are not sufficient. When the 
core is consumed and the tube is about to start penetrating, the simulations 
show plateaus for some of the curves. This is due to the fact that the tube has 
been partly damaged and eroded through contact with the crater wall. De-
spite that, the segmented projectiles have larger penetration than the homog-
enous one. 

For proper function of the telescopic projectile, the leading core must cre-
ate a sufficiently wide crater to let the tube reach the bottom as undamaged 
as possible. The penetration properties are very sensitive to the diameter of 
the crater created by the core. Simulations of telescopic projectiles are there-
fore more difficult than simulations of homogenous and segmented ones. 
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The tube reaches the hole bottom almost undamaged for the case d/D = 0.75 
at all impact velocities, see Figure 16(a). In other cases, the tube is com-
pressed and partly eroded, see Figure 16(b). 
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Figure 14. Simulated penetration P/L versus time tv/L for (a, b) segmented projec-
tiles with different separation distance-to-segment length ratios s/D (solid curves) 
and for (c, d) telescopic projectiles with different ratios of core to tube diameter d/D 
(solid curves) at the impact velocities v = 2.5 km/s, v = 3.5 km/s. The dotted curve 
represents the homogenous projectile. 

Both tests and simulations show that for the investigated impact velocities 
unconventional projectile geometries give larger penetration than conven-
tional ones in alumina targets. In the tested cases, the telescopic projectiles 
were slightly more efficient than the segmented ones. The simulations of the 
segmented projectiles show that penetration increases with segment separa-
tion, although the rate of increase is decreasing in the tested interval. The 
simulation of the telescopic projectiles turned out to be less reliable, and 
therefore it is difficult to draw firm conclusions about the dependence of 
penetration on the ratio of core to tube diameter. 
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Figure 15. Final penetration Pf /L versus impact velocity v. (a) Segmented projectile 
with different ratios of separation distance-to-segment length s/D (simulations solid 
curves, experiments with s/D = 2 ). (b) Telescopic projectile with different ratios 
of core to tube diameter d/D (simulations solid curve, experiments with d/D = 0.50 
). Both (a) and (b) show results from the homogeneous projectile (simulations 
dotted curve, experiments ). 

 
 

 
Figure 16. Grid plot of the telescopic projectile just before the core is consumed. (a) 
v = 3.5 km/s, d/D = 0.75. (b) v = 2.5 km/s, d/D = 0.50. 

4.3 Penetration into confined boron carbide  
4.3.1 Introduction 
The purpose of Paper III was to obtain well-defined and time-resolved re-
sults for long rod penetration in ceramics in order to enhance the understand-
ing of processes, which occur at different impact velocities, such as those of 
lateral flow of the projectile (interface defeat) and of intermittent and asym-
metrical penetration. In Papers I and II, the main result from the tests was 
the final penetration of the projectile. In Paper III, instead, the penetration 
versus time was obtained by evaluating several flash X-ray photographs 
from the event. Boron carbide was chosen as armour material as it is highly 
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performing [8] and has a low density, which facilitates high-quality X-ray 
registration of the projectile-target interaction. The influence of impact ve-
locity and target confinement on penetration velocity was investigated 
through experimental tests and numerical simulations, and the results were 
compared with the relation between impact velocity and penetration velocity 
obtained from Tate’s model [51].  

4.3.2 Methods 
In the experimental tests, a confined boron carbide cylinder target was 
launched against a stationary tungsten long rod projectile using reverse im-
pact technique. See Figure 17. The projectiles were cylinders with length 
150 mm and diameter 2 mm. The boron carbide cylinders (Vickers hardness 
33 GPa) had length 39.6 mm and diameter 19 mm. The confinement consist-
ed of a steel (SIS 2541-3, comparable to AISI/SAE 4340) tube with front 
and rear plugs. The thickness of the plugs was always 4 mm, whereas differ-
ent thicknesses were used for the tube, viz., 1, 2 and 4 mm. The first two 
confinements were tested at the nominal impact velocities 1.5 and 2.50 km/s, 
while the third was tested only at 1.5 km/s. 

 
TubeFront and rear plug

d

 A

A - A  A

47.6
39.6 ø19 150

ø2

 
Figure 17. Targets and projectile for reverse impact tests. Dimensions in mm (d = 
21, 23 and 27 mm). 

Five 450 kV X-ray flashes were used to register the position of the projectile 
inside the target at different instants of time for each shot. From these regis-
trations, penetration versus time curves were obtained. An average penetra-
tion velocity u was evaluated for each shot by linear regression. In addition, 
two 150 kV X-ray flashes were used to determine the velocity of the target 
assembly after interaction with the projectile. This velocity was slightly low-
er than the initial target velocity but will be referred to as the impact veloci-
ty v.  

All cases tested were simulated. For 2 mm confinement, additional simu-
lations were carried out for the impact velocities 0.8, 1.0, 1.2, 2.0, 2.2 and 
2.4 km/s. The boron carbide cylinder and the steel confinement including the 
front and rear plugs were modelled by joined sub-grids. This means that the 
two materials were joined without possibility to slide or separate. The tung-



 43 

sten projectile was modelled with a separate sub-grid, and the interaction 
with the target was handled by the impact logic in Autodyn (“external” gap 
size 0.02 mm). Large deformations were treated by the method of erosion 
with the erosion strain set to 2.0 for boron carbide and to 1.5 for tungsten 
and steel. The grid consisted of rectangular zones of the same size in all sub-
grids, viz., 0.167 mm in the axial and 0.125 mm in the radial direction (6 and 
8 zones per mm).  

Material parameters for steel and tungsten are given in Tables 2 and 3. 
The parameters for boron carbide used in the Autodyn simulations are shown 
in the last column of Table 4. The reason for their discrepancy from Johnson 
and Holmquist’s parameters in the next last column is discussed in Section 
3.6.2. In addition to the simulations using Johnson-Holmquist model as pub-
lished, a few simulations were performed with the damage evolution sus-
pended, forcing the damage variable D in Equation (29) to remain zero. 
These simulations were carried out for 2 mm confinement thickness and the 
impact velocities 0.8, 1.0, 1.2 and 1.4 km/s.  

Penetration versus time curves and average penetration velocities ob-
tained from the simulations were compared to the corresponding data from 
the tests.  

4.3.3 Results and discussion 
X-ray pictures from the test with 2 mm confinement and 1454 m/s impact 
velocity are shown in Figure 18. In Figure 19 the penetration versus time 
curves are shown. The lowest curve in Figure 19 (b) represents the same 
case as the X-ray pictures. In this case an interesting effect can be observed, 
viz., extended lateral flow on the surface of the boron carbide in the early 
stages of the penetration process. This effect, also called interface defeat, 
was first reported by Hauver and co-workers [81]. It can also be seen that the 
influence of confinement thickness on penetration velocity is small, especial-
ly at high impact velocities. 
  

 

    
       9.5 µs                    15.7 µs  36.4 µs      46.4 µs 
Figure18. X-ray pictures from the case with 2 mm confinement and 1454 m/s impact 
velocity. 
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Figure 19 also shows penetration versus time curves from simulations of the 
tested cases. At the higher impact velocities (1787-2601 m/s), there is a fair 
agreement between measured and simulated penetrations. At the lower im-
pact velocities (1427-1480 m/s), however, the penetrations obtained from the 
simulations (with damage evolution) are much larger than those evaluated 
from the experimental tests. 

The average penetration velocity u versus impact velocity v evaluated 
from results of the tests is shown in Figure 20(a). Figure 20(b) shows u ver-
sus v for both tested and simulated cases with 2 mm confinement thickness. 
From the experimental data in Figure 20(a) it can be seen that the relation 
between penetration velocity and impact velocity has different character in 
different regions. At low impact velocities, the penetration velocity is zero or 
near zero. At high impact velocities, the relation between penetration veloci-
ty and impact velocity is approximately linear in accord with previous results 
for boron carbide [12]. Between these two regions, there is a narrow transi-
tion region of impact velocities with a rapid increase of penetration velocity. 

By using Tate’s relation (1) between penetration velocity u  and impact 
velocity v , we can estimate the variation of target penetration resistance tR  
within the transition region. This relationship is shown in Figure 20 for two 
different values of pt YR −  which, according to the results of the tests, corre-
spond to the lower and upper ends of the transition region. With the assump-
tion that the projectile strength is constant and equal to pY = 2 GPa at the 
high strain rates at hand, the target penetration resistance would vary be-
tween tR = 6.2 and 18.5 GPa through the transition region. Thus, the strong 
variation of penetration velocity might be attributed to a penetration re-
sistance which is strongly variable within the transition region but nearly 
constant in the region of high impact velocities. 

The penetration velocity in Figure 20(b) evaluated from simulations with 
damage evolution (black triangles) agrees reasonably well with the experi-
mental results (open triangles) for impact velocities above the transition re-
gion. However, the results of simulation do not show the strong variation of 
penetration velocity in the transition region which can be observed in the 
experimental results. For this reason, simulations with damage evolution 
suspended in the Johnson-Holmquist model were performed for impact ve-
locities below the transition region. The results of these simulations (grey 
triangles) show low penetration velocities in accord with the experimental 
tests. 
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Figure 19. Penetration P versus time t for different impact velocities according to 
experimental tests (open symbols) and simulations (solid symbols) with (a) 1, (b) 2 
and (c) 4 mm confinement. 
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Figure 20. Penetration velocity u versus impact velocity v. The shaded area shows 
the transition region and the two curves are according to Tate’s model. (a) Results 
from the tests with different confinements. (b) Results from tests () and from 
simulations with () and without () damage evolution for 2 mm confinement. 
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5 Interaction of Shaped Charge Jets and 
Electromagnetic Armour 

5.1. Experimental studies 
5.1.1. Introduction 
When a shaped charge jet has passed through the first plate of the electric 
armour and has come into contact with the second one, a strong current starts 
to flow through the jet. The aim of Papers IV and V was to investigate how 
the deposited electromagnetic energy will affect the jet. Even without elec-
tric current, the stretching shaped charge jet will fragment. This process is 
expected to be enhanced by the electric current and its associated magnetic 
field. The current causes resistive heating of the jet, and the jet is com-
pressed radially by the magnetic forces (Lorentz force). The latter effect 
leads to instability, because the compressive force becomes stronger when 
the radius of the jet decreases. When a part of the jet segment leaves the 
second plate, the compressive force suddenly disappears for that segment. 
This may also contribute to disturbances of the jet. 

Table 5.  
Energy in capacitors 

(kJ) 
X-ray times 

(µs) 
0 31 81 81 

39 36 86 86 
96 36 86 86 

 

5.1.2. Methods 
The experimental set-up and the pulsed power supply (PPS) are described in 
Section 3.7. In two experiments, the PPS was charged to the energies 39 and 
96 kJ, where the highest energy corresponds to 10.6 kV, see Table 6. One 
experiment without current was also performed as a reference. Shadowgraph 
X-ray pictures were taken at two different times in each experiment, see 
Table 6. For the last exposure, two X-ray tubes were used in order to get 
pictures from different angles. The voltage over the electrode plates, as well 
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as the voltage at the output of the PPS was registered. Also the current was 
registered.  

5.1.3. Results and discussion 
Resistance and inductance of the load  
Figure 21 shows the current pulse in the 96 kJ case, and Figure 22 shows the 
voltage for the same case. One voltage registration is made before the trans-
mission line and one is made after, close to the load. By analysing these data 
at the beginning of the pulse, it is possible to estimate the inductance of the 
load and transmission line. When the current is negligible, the voltage 
𝑈 = 𝐿 𝑑𝐼 𝑑𝑡 ⁄ over the load is entirely due to the inductance L. From the 
measurements, the time derivative of the current 𝑑𝐼 𝑑𝑡⁄ = 25 GA s⁄  and the 
voltage over the load (electrode plates and the jet) is estimated. This leads to 
an inductance of 340 nH over the load, i.e. 𝐿𝐸𝑙 𝑆𝐶𝐽⁄ + 𝐿𝑆𝐶𝐽 = 340 nH, com-
pare Figure 5 in Section 3.7. In the same way, the inductance of the combi-
nation of transmission line and load is found to be 420 nH, which leaves 
𝐿𝑇𝑟𝐿 =80 nH to the transmission line. Using the estimated value of the in-
ductance of the load, one can partition the voltage over the load in inductive 
and resistive parts and find that the resistive part of the load impedance var-
ies between 20 and 25 mΩ over the duration of the pulse.   

 

 

Figure 21. Measured current pulse in the 96 kJ experiment.   

Since the voltage can be split into resistive and inductive parts, the same is 
true for the supplied energy to the load, see Figure 23. The dotted line indi-
cates the energy initially stored in the PPS, and it is seen that about 90 % of 
that energy has been deposited in the load (96 kJ case). 
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The jet after the electrode plates 
The disruption of the jet is studied by X-ray radiography. Figure 24 shows 
the jet from three experiments at a certain time after the jet tip has reached 
the second electrode plate, namely, 81 µs for the 39 and 96 kJ cases and 
86 µs for the reference case without electric current. At those times the jet tip 
has moved about 620 mm from the second electrode plate. It is seen that 
higher supplied electric energy enhances the fragmentation of the jet.  

 

 

Figure 22. Measured voltage over the load (lower curve) and voltage at output from 
the PPS (upper curve) in the 96 kJ experiment. 

 

 

Figure 23. The energy deposition in jet and electrodes vs. time. The dotted line rep-
resents the energy stored in the PPS. The curves represent inductive energy (lowest 
curve), resistive energy (middle curve), and total energy (upper curve).   
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The fragments of the electrified jets have expanded considerably radially 
compared to those of the reference jet. Analysis of the X-ray photos for the 
96 kJ case indicates that the radial velocity of the outer surface of these 
fragments is around 200 m/s. This is shown in Figure 25, where the curves 
show the radial extension the fragments would have had if they had started 
to expand radially with velocity 200 m/s immediately after leaving the sec-
ond plate. There is a fare agreement between the radial extension of the jet 
fragments and these curves. 

 

 

Figure 24. X-ray pictures of jet disruption at different energies, viz., 96 kJ (top), 39 
kJ (middle), and 0 kJ (bottom). The time is 86 µs for the electrified jets and 81 µs 
for the non-electrified jet. 

 

 

Figure 25. The portion of the jet (96 kJ case) that has velocity over 3.0 km/s. The 
scale is stretched in the radial direction. The curves show estimates of the radius of 
the jet fragments, assuming a radial expansion velocity of 200 m/s. 

The jet between the electrode plates 
When a cross section travels the distance between the plates, it experiences 
current varying with time. Figure 26 illustrates this. The current vs. time is 
plotted in the figure together with the plates and the straight lines, which 
represent different cross sections of the jet. The slopes of the lines represent 
their velocities. When the part of the jet with velocity higher than 2.1 km/s 
leaves the electrode region, about 87 kJ (of the 96 kJ stored in the PPS) en-
ergy has been deposited in the jet, see Paper V. Since the mass of this part of 
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the jet is 30.5 g, the mean energy deposited in it is 2.8 MJ/kg. The energy 
needed to heat copper from room temperature up to just below boiling point 
is 1.3 MJ/kg, and from room temperature to just over boiling point is 6 
MJ/kg. So, one may estimate that about one third of the jet is vaporized.  

 
 

 

Figure 26. Position-time diagram for the jet with the current pulse. The vertical 
dashed lines, marked X-ray A and X-ray B, mark the times (36 and 86 µs) when the 
X-ray pictures were taken.  

In Paper V the focus is on the effects on the jet between the electrode plates. 
Figure 27 shows this part of the jet for the three cases at late time (81 and 86 
µs). It is seen that instabilities have started to develop, especially for the 
largest energy. A quantitative analysis of the radius and its oscillation has 
been performed in the following way: The radius vs. axial coordinate was 
extracted from the X-ray pictures by digital processing, and a second degree 
polynomial was fitted to this function, see the thick solid curve in Figure 28. 
Then the absolute value of the deviation is plotted in Figure 29 together with 
a second order polynomial fit. This last fit, which is for the 39 kJ case, is a 
measure of the amplitude of the instability oscillations in the jet. It may be 
compared to the results from a similar analysis of the non-electric case in 
Figure 30. There is a clear difference between these cases. 

The amplitude of the oscillations, the solid curve in Figure 29, increases 
with the axial coordinate. The growth rate of the amplitude with time can be 
estimated. By assuming that all cross sections of the jet maintain their ve-
locity over time, a relation between the axial coordinate and the time it has 
been affected by the current can be calculated. For the case in Figure 29, the 
result is that the growth rate is of the order of 10 m/s. 
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10 mm 

96 kJ 

39 kJ 

0 kJ 

 

Figure 27.The jet between the electrodes. The radial scale is magnified three times. 
The three cases correspond to energies 0 kJ, 39 kJ, and 96 kJ from below. The times 
are 81 µs for the lowest picture and 86 µs. for the other two. 

 

 

Figure 28. The jet diameter along the jet in the 39 kJ experiments at 86 µs extracted 
from Figure 27. The solid, thick curve is a second order polynomial fitted to the 
diameter to obtain the mean diameter of the jet and the dashed lines are the mean 
diameter plus and minus the deviation shown in Figure 29. The vertical dash-dotted 
lines mark the positions of the white reference markers in Figure 27. 
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Figure 29. The deviation from the mean diameter of the jet in the 39 kJ experiments 
at 86 µs. The solid, thick curve is the second-order polynomial fitted to the deviation 
from the mean diameter and indicates a clear growth of the instability from 0.07 mm 
to 0.5 mm. 

 

 

Figure 30. The deviation from the mean diameter of the jet in the 0 kJ experiments at 
81 µs. The solid, thick curve is the second order polynomial fitted to the deviation 
from the mean diameter. It indicates no growth of the instability and provides a 
reference for the natural deviation. Note that this reference level is around 0.1 mm 
all along the jet while in the 39 kJ experiment the deviation grows from approxi-
mately this value. Note that the 0 kJ experiment is depicted 5 µs earlier than the 39 
kJ experiment in which the jet moves between 10 and 15 mm.  

5.2. Stresses in a long cylindrical penetrator 
Paper VI is a theoretical study of a simplified problem. Instead of a shaped 
charge jet, the penetrator is a copper cylinder with a constant axial velocity. 
Small deformations and linear elastic response, according to Hooke’s law are 
assumed. Temperature effects are neglected, and the conductivity, which in 
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reality is temperature dependent, is assumed to be constant. Cylindrical 
symmetry is assumed. The supplied current is constant and a steady state 
solution for the magnetic field, current density, and Lorentz force in the cop-
per cylinder is determined. Stresses in the moving cylinder are determined 
from the Lorentz forces with two methods. In the first method, which is ana-
lytic, the solution is obtained by superposition of a radial problem of plane 
deformation and an axial problem of uniaxial stress. Mass inertia is neglect-
ed in the radial problem but not in the axial one. The second method for de-
termining stresses utilizes a small finite element program, written in Matlab. 

5.2.1 Theory 
An equation for the magnetic flux density is derived from two of Maxwell’s 
equations, viz., Faraday’s law 

 
t∂

∂
−=×∇

BE  (39) 

and Ampere’s law 

 ( ) JB =×∇ µ  (40) 

together with Ohm’s law. Here E is the electric field, B  is the magnetic flux 
density, J  is the current density, and µ  is the permeability, assumed to be 
constant. If the conducting material is at rest, Ohm’s law is EJ σ= , but if 
the conductor moves with the velocity field v , the current density should be 
driven by the “local” electric field BvEE ×+=′  sensed by an observer 
moving with the conducting material. Therefore Ohm’s law [82] becomes 

 )( BvEJ ×+=σ . (41) 

Eliminating J  and E  between Equations (39) to (41), and using a formula 
for )( B×∇×∇  and the fact that µ  and σ  are constants, leads to 

 ( )
t∂

∂
=××∇+∇

BBvB21
µσ

. (42) 

When the magnetic flux density is known, the current density is given by 
Ampere’s law (40), and the Lorentz force is given by 

 BJF ×= . (43) 

A cylindrical coordinate system, ),,( zr ϕ , in which the z-axis and the cyl-
inder axis of the copper rod coincide, is introduced. It is fixed relative to the 
electrode plates, i.e., the rod is moving in the coordinate system. We assume 
a type of cylindrical symmetry, which means that the ϕ -components of ve-
locity and current density vanish, i.e., zzrr vv eev ˆˆ +=  and zzrr JJ eeJ ˆˆ += , 
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and that the magnetic flux density ϕϕeB ˆB=  has only a ϕ -component. In 
addition, all fields are independent of the ϕ -coordinate. 

In the cylindrical coordinate system, Equation (42) is 
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In reality v  is the sum of the constant translation velocity zVê  and the small 
velocity field related to the small strains. The latter velocity field is neglect-
ed, which is in accordance with the assumption of small strains. Substituting 

zVev ˆ=  into Equation (44) and setting the time derivative to zero (since the 
problem is stationary) leads to 
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Figure 31. Cylindrical conductor moving through a pair of electrode plates. The 
function )(zf  is used in the Fourier analysis.  

The differential Equation (45) is to be solved in the region 0≥r , 
∞<<∞− z . Boundary conditions can be derived from the integral formula-

tion of Ampère’s law (40), namely, ∫= sBdIµ . If the integration path is the 
circular boundary of a section z = constant of the rod, I becomes the current 
through that section. Since the magnetic flux density is independent of the 
azimuthal coordinate, the magnetic flux density at the boundary is found to 
be 

 aIB πµ 20 = . (46) 
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V 

d 
h h 

 

 

-h d+h
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With a similar argument, and the integration path taken as a small circle 
around the z-axis, it is seen that the magnetic flux density vanishes at this 
axis. Thus, the boundary conditions become  

 0),0( =zB  (47) 

and  

 )(),( 0 zfBzaB =  (48) 

for 0=r  and ar = , respectively. Here )(zf  equals 1 if z is between the 
electrode plates and 0 if z is outside. The function varies linearly between 0 
and 1 over the thickness of the plates, se Figure 31. 

5.2.2 Solution by Fourier transform 
The magnetic flux density can be computed from Equations (45) to (48) and 
use of Fourier transformation in the z-coordinate. The Fourier transform of 
the magnetic flux density is 

 ∫
∞

∞−

−= zzrBerB zi d),(),(ˆ ζζ  (49) 

and the Fourier transform of the differential Equation (45) is 
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where 

 ζµσζ Viik −= 22 )( . (51) 

Equation (50) is a Bessel differential equation, and a solution that satisfies 
the boundary conditions (47) and (48) is  

 )(ˆ
)(
)(),(ˆ

1

1
0 ζζ f

kaJ
krJBrB = . (52) 

By use of the relations (40) and (43), expressions for the current density 
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1

00 ζ
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ζ f
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and the Lorentz force 

 BJF zr −= ,          BJF rz =  (54) 
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can be found, see Paper VI.  

5.2.3 Analytic method for stresses in the conductor 
In the central part of the conductor, at sufficient distance from the electrode 
plates, the dependence of the fields on the axial coordinate z is assumed to be 
weak so that partial derivatives with respect to z  can be neglected and plane 
cross-sections remain plane. Furthermore, the effect of radial inertia is as-
sumed to be negligible. Therefore, the solution for stresses will be obtained 
by superimposing the solutions of a quasi-static radial problem of plane de-
formation and a dynamic axial problem of uniaxial stress. 

In the radial problem of plane deformation, the radial displacement 
),( zru  is governed by the radial component 

 ( ) ),(
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21
2
11 zrF
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ru
rrr rν
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−
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of Navier’s equation [83], where G is the shear modulus and ν  is Poisson’s 
ratio. It is noted that the coordinate z enters just as a parameter. The non-
vanishing stresses are 
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 ( )ϕϕττντ += rrzz . (55c) 

The boundary conditions to Equation (54) 

 0),0( =zu ,          0),(),()1( =+
∂
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−
a

zauza
r
u νν  (56) 

express that the radial displacement is zero at the symmetry line and that the 
radial stress is zero at the boundary, ar = . The differential Equation (54) is 
solved by two successive integrations and adjustment to the boundary condi-
tions. 

We need the total axial force  

 ),(
21

42),()(
0

PD zauaGrdrzrzN
a

zz ν
νππτ

−
== ∫  (57) 

in the cross section (normal force). The last expression is obtained by ob-
serving that apart from a constant factor, ),( zrru  is a primitive function of 
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the integrand, see Equation (55). Since the Lorentz force is compressive in 
the cross section under consideration, the displacement ),( zau  is negative. 
Therefore the normal force is compressive, 0PD <N . 

The axial component of the Lorentz force is negligible in a cross section 
where we solved the radial problem, but near the electrode plates this com-
ponent is significant since the current density has a significant radial compo-
nent there. In Paper VI, it is shown that the total axial force 

 ( )∫=
a

rdrBP
0

2µπ  (58) 

caused by the Lorentz force near one of the electrode plates may be comput-
ed by integrating the so called magnetic pressure µ22B  over a cross section 
in between the plates. The force is directed outwards so that it tends to cause 
tension in the rod between the plates. It is clear that this tensile normal force 
in the rod will be P in the zero velocity case. Since the normal force PDN  in 
the radial plane deformation solution is compressive, it has to be “corrected” 
by superimposing a uniaxial stress state with a normal force 0AD >N , in 
order to obtain the correct tensile state. In the zero velocity case ADN  should 
be chosen so that PNN =+ ADPD . In the presence of velocity, a control 
volume argument is necessary. It takes momentum advection into account, 
and it shows (Paper VI) that      

 
( )2

PD
AD 1 cV

NPN
−
−

= . (59) 

After superposition, the radial stress and hoop stresses are still given by 
Equations (55a) and (55b), while the axial stress in (55c) is corrected by a 
constant term, i.e. 

 ( ) ANrrzz AD++= ϕϕττντ . (60) 

5.2.4 FE analysis of the stresses in the conductor 
A small two-dimensional time independent FE-program that solves the dif-
ferential equation 
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was written in Matlab. Here, the shear modulus G  and the parameter λ  are 
the Lame’s constants. The equation is expressed in Cartesian coordinates, 
where the 3x -axis is the same as the z -axis in the cylindrical coordinate 
system. It can be derived by starting with the time-dependent Navier’s equa-
tion in a coordinate system that follows the rod, and then performing a coor-
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dinate transformation (or referring to the definition of material following 
time derivative). The natural boundary condition  

 03
3

2 =
∂
∂

− n
x
uVn i

ikk ρτ  (62) 

is used. It says that the momentum flux across the boundary is zero. The first 
term represents the traction, and the second term represents the advection of 
momentum. The latter is seen by the fact that the second term is the product 
of 3Vnρ  and 3xuV i ∂∂ , which represents the mass flux and the velocity 
associated with small strains, respectively. This velocity is == DtDuv ii

3xuVtu ii ∂∂+∂∂ , and iu  is independent of time. For details of the FE-
formulation, see Paper VI.  

5.2.5 Results 
The results will be presented in dimensionless form. For the normalization, 
we chose the diameter aL =0  as characteristic length, and 2

0 aT µσ=  as 
characteristic time and consequently the characteristic velocity becomes 

000 TLV = . With these normalizations the dimensionless velocity 0VV  
becomes equal to the magnetic Reynolds number 

 aVRm µσ= . (63) 

The normalizing quantity for magnetic flux density aIB πµ 20 =  is ob-
tained from the boundary condition (46). For current density the normalizing 
quantity is taken as 2

00 aIJ π= , which is the mean axial current density 
between the plates. Consequently, the characteristic Lorentz force becomes 

322
000 2 aIBJF πµ== . As characteristic stress 0p , we chose the magnetic 

pressure associated with 0B , viz., 2222
00 82 aIBp πµµ == . The normaliz-

ing quantities obtained in Section 3.1, Table 1, differ by numerical factors 
only from the ones chosen here. This is because they were obtained purely 
by dimensional analysis, while we here want quantities with a more clear 
physical meaning.   

From dimensional analysis of the model, it is seen that the magnetic flux 
density, current density and Lorentz force are given by 
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and the stresses are given by 
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0 V
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hR
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z

a
rfp mrrrr ντ τ= .  (67) 

Here ν is Poisson’s ratio and 21)( ρEc =  is the longitudinal wave speed in 
the rod. The dimensionless wave speed can be expressed as acVc µσ=0 .  

In all simulated cases, the radius of the conductor was 1=a  mm, the 
plate separation distance was 30=d  mm, and the plate thickness was 1=h  
mm. Data for the copper conductor were density 31094.8 ⋅=ρ kg/m3, 
Youngs’s modulus 118=E  GPa, Poisson’s ratio 33.0=ν , and permeability 

7104 −⋅= πµ Ωs/m (the same as in vacuum). The conductivity σ  was chosen 
so that 75=µσ  2ms , i.e. 7.59=σ  1)( −Ωm , which is consistent with the 
value at room temperature. In the simulated cases, the velocities V  were 0 , 

4.0 , 8.0 , 2.1 , and 0.2  km/s, corresponding to the magnetic Reynolds 
numbers 0m =R , 30 , 60 , 90  and 150 . 

Results will be shown in figures with dimensionless variables. For sim-
plicity in this result section, we designate dimensionless quantities like ar , 

ad , 0BB , and 0prrτ  by r , d , B , and rrτ , respectively. In case we need 
a variable with dimension, we use an over-bar for clarity. 

Figure 32 shows contour plots for the magnetic flux density B for three 
velocities corresponding to magnetic Reynolds numbers 0m =R , 90 , 150 . 
In the region between the electrode plates, the magnetic field is strongest at 
the cylindrical surface and decreases towards the symmetry line. When the 
conductor is at rest, Figure 32(a), B  is directly proportional to r  and inde-
pendent of z  between the electrode plates. When the conductor moves, Fig-
ures 32(b) and (c), the magnetic field is displaced towards the cylindrical 
surface, close to the left (first) electrode plate. This is called velocity skin 
effect. Closer to the right (second) plate, the magnetic field has had more 
time to diffuse into the conductor. In the cases with velocity, the magnetic 
field is dragged downstream, even beyond the second plate. The contours in 
the figure are qualitatively similar to stream lines for the electric current 
density. 

Figure 33 shows radial profiles of current density zJ , magnetic flux den-
sity B , Lorentz force rF  and stresses rrτ , ϕϕτ  and zzτ  at the cross sections 

5=z . The stresses are calculated with the analytical method of Section 
5.2.3. In Figure 33(a) it is seen that the current density is uniform for zero 
velocity ( 0=mR ) and the current is displaced closer to the boundary of the 
conductor for increasing velocity (velocity skin effect). This skin effect is 
also seen for the magnetic flux density B  and the Lorentz force rF . 

The radial stress and the hoop stress in Figure 33 (d) and (e) are compres-
sive. They are equal in the centre of the cross section and decrease in magni-
tude as the velocity increases. At the boundary, the radial stress is zero (re-
quired by boundary condition) and the hoop stress is about 5.0−  for all 
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velocities. This is confirmed in Paper VI by a power series solution of the 
radial problem, which gives the expression )1()21( νντϕϕ −−−=  for the 
hoop stress at the boundary. This expression evaluates to 51.0−  if 33.0=ν . 

 
 

                     
Figure 32. Contour plots for normalized magnetic flux density ),( zrB  for velocities 
corresponding to magnetic Reynolds number =mR  (a) 0, (b) 90 and (c) 150. The 
contours represent =B 0.1, 0.2,... and 0.9 in the order of increasing radius. 

The axial stress is tensile and it increases with the velocity at the centre, 
while its dependence on velocity is more irregular closer to the boundary. A 
probable explanation is that the velocity influences the axial stress in two 
opposing ways. Increased velocity leads to more pronounced skin effect, 
which means that the area of the cross section, where the magnetic pressure 
is significant decreases. This results in a decrease of the integral in Equation 
(58). Decreasing P  leads to a decrease of ADN  in Equation (59) and finally 



 62 

in zzτ  in Equation (60). The other effect of velocity is that the magnifying 
factor 122 )1( −− cV  in Equation (59) leads to an increasing axial strain with 
increasing velocity. This latter effect (the magnification factor) is the domi-
nating effect in cross sections 𝑧 = 15 and 𝑧 = 25 further downstream, see 
Paper VI. There, the skin effect is less pronounced than in the cross section 𝑧 
= 5 shown here in Figure 33. 
 

 
Figure 33. Radial profiles for normalized (a) current density zJ , (b) magnetic flux 
density B , (c) Lorentz force rF  and stresses (d) rrτ , (e) ϕϕτ , (f) zzτ  at the up-
stream cross-section 5=z  for five magnetic Reynolds numbers mR  (velocities). 
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Figure 34. Radial profiles for von Mises effective stress effτ  for five magnetic 
Reynolds numbers mR (velocities) at (a) up-stream cross-section  z = 5, (b) mid 
cross-section  z = 15, and (c) down-stream cross-section  z = 25. Comparison be-
tween stresses obtained with analytic method (solid curves) and FE method (sym-
bols).  

Figure 34 shows the von Mises stress 

 ( ) ( ) ( )( ) 2122221
eff 2 rrzzzzrr τττττττ ϕϕϕϕ −+−+−= −  (68) 
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for three cross sections. Figure 34(a) corresponds to the same state of stress 
as shown in Figure 33. The stresses were determined both by use of the ana-
lytic method of Section 5.2.3 and the FE method of Section 5.2.4. It can be 
seen that the results obtained with the two methods agree well. Similar 
agreement was obtained for the individual stresses. In particular it is notable 
that the agreement is good as near the first electrode plate as two and a half 
diameters or 1/6 of their separation. This confirms the usefulness of the as-
sumptions that initially plane cross sections can be considered to remain 
plane and that radial inertia can be neglected. 

The effective stress increases towards the symmetry axis, in the down-
stream direction and with velocity. On the symmetry axis at 25=z , near the 
down-stream electrode plate, the effective stress is approximately 1.75 when 
the conductor is at rest and approximately 2.15 when the conductor moves 
with 150m =R , an increase with 23 %. 
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6. Conclusions 

Replica scaling, signifying that geometry is scaled uniformly and velocities 
and materials are kept the same, is sufficiently accurate to justify the scaled-
down experiments in this study.  

For high impact velocities (2.5 km/s), tests show that segmented and tele-
scopic projectiles perform better than ordinary homogenous ones against 
armour based on confined alumina as well as against steel armour. 

In a series of tests, where a long tungsten rod impacted a target of con-
fined boron carbide, both impact velocity and penetration velocity were 
evaluated. At low impact velocities, no significant penetration occurred. At 
high impact velocities, the relation between penetration velocity and impact 
velocity was approximately linear, and the penetration was steady and sym-
metrical. Between, there was a narrow transition region of impact velocities 
with intermittent and strongly variable penetration velocity. In the lower part 
of this region, extended lateral flow of the projectile took place on the sur-
face of the target. Simulations of ceramic armour were performed with Au-
todyn and the Johnson-Holmquist ceramic model. The agreement with tests 
was fair above the transition velocity and also below if the model material 
was forced to stay undamaged.  

Electric armour was tested against a shaped charge jet. About 90% of the 
energy in the capacitors was deposited in the jet. Higher energy in the capac-
itors caused the jet to fragment earlier. The disk-shaped fragments in the 
electrified jets are are less effective penetrators than the elongated fragments 
obtained in the absence of current.  
An idealized case with constant current and a penetrator undergoing 
only small elastic deformations was studied theoretically. A velocity 
skin effect was exhibited. The radial and hoop stresses are compres-
sive and their magnitudes increase towards the symmetry axis, where 
they are maximal and equal. The von Mises effective stress increases 
towards the symmetry axis, in the downstream direction and with ve-
locity. Stresses obtained with the semi-analytical method agreed well 
with those from the FE-analysis. 
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7. Summary in Swedish 

Hotet mot pansrade stridsfordon består till stor del av projektiler och riktad 
sprängverkansgranater (RSV). Projektilerna verkar endast genom sin kine-
tiska energi och innehåller alltså inte sprängämne. De är vanligen av en typ 
som kallas eroderande. I en RSV-granat trycks en kopparkon ihop av spräng-
ämne på så sätt att en tunn stråle av koppar skickas ut med mycket hög has-
tighet. Den främre delen har högre hastighet (7-8 km/s) än den bakre, varför 
strålen sträcks ut och slutligen fragmenterar. Sedan länge har pansrade 
stridsfordon använt homogent stålpansar som ballistiskt skydd. Behovet av 
ökad skyddsförmåga har lett till att nya lösningar måste prövas för att inte 
vikten ska bli orimligt hög. I denna avhandling studeras två typer av pansar, 
nämligen, kerampansar och elektromagnetiskt pansar.  

Keramiska material, t.ex. aluminiumoxid och borkarbid, är lättare än stål 
och har hög tryckhållfasthet, vilket gör dem lovande som pansarmaterial. 
Keramer är dock svaga vid dragbelastning och spröda. För att komma till sin 
rätt måste de kombineras med andra material och fördämmas på olika sätt.   

Många av försöken med keramer har gjorts med så kallad omvänd skjut-
teknik. Det innebär att ett mål, bestående av en keram innesluten i en metall-
cylinder, skjuts mot projektilen, som är placerad strax utanför kanonens 
mynning. Detta görs för att undvika snedställningar hos projektilen. Dessa 
försök blir med nödvändighet gjorda i mycket liten skala. För att tolka dessa 
försök måste man skala upp resultaten. Den vanliga skalningen är att skala 
alla geometriska dimensioner lika och behålla material och hastigheter oför-
ändrade. En serie försök, där aluminiumoxid med ståluppbackning besköts 
med en volframprojektil, visade användbarheten av denna skalning. Eventu-
ellt kunde man se att kvoten mellan projektilens inträngning i målet och dess 
längd ökade något litet med längskalan. 

En fördel med den lilla längdskalan är att det är möjligt att med röntgen 
lysa igenom målet och visualisera hålkanalen och bestämma projektilens 
läge i målet. Det utnyttjades i en försöksserie där borkarbid besköts med en 
eroderande volframprojektil. Intressanta fenomen i sambandet mellan an-
slagshastighet och inträngningshastighet analyserades. De kan tolkas så att 
keramens motstånd mot inträngning ligger på två nivåer. När anslagshastig-
heten ökas från låga värden uppvisar keramen först det starka beteendet, men 
vid hastigheter väl över minimihastigheten för inträngning uppvasar kera-
men det svagare beteendet. Däremellan finns ett litet intervall av övergångs-
område av anslagshastigheter där beteendet verkar mer slumpartat. Simule-
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ringar gjordes med det kontinuummekaiska programmet Autodyn och en 
materialmodell för keramer av Johnson och Holmquist. Överensstämmelsen 
var god vid hastigheter över övergångsområdet, och det stämde även rätt bra 
under om skadeutvecklingen i modellen stängdes av.  

Elektriskt pansar består av två plåtar som hålls vid olika elektrisk potenti-
al av ett elaggregat som har förmåga att leverera en kraftig ström av stor-
leksordningen 100 kA. När en RSV-stråle går igenom pansaret kortsluts 
plåtarna och en elektrisk ström börjar gå genom kopparstrålen. Uppvärm-
ningen och de magnetiska krafterna åstadkommer störningar i strålen, som 
minskar dess inträngningsförmåga. Det elaggregatet, som använts vid expe-
rimenten, består av kondensatorer med sammanlagd kapacitans på 1,6 mF 
och kan laddas upp till energin 400 kJ. Det är för utrymmeskrävande för att 
kunna användas i en praktisk konstruktion i ett fordon.  

Vid experimenten registreras strömmen och spänningen så att deponerad 
energi kan beräknas. RSV-strålen fotograferas med röntgen både emellan 
plattorna och även vid två tidpunkter efter passagen av dessa. Ett referens-
skott utan ström genomfördes och jämfördes med två skott där kondensato-
rerna laddats till 39 respektive 96 kJ. Efter passage av plattorna syns tydliga 
skillnader på strålarna. Referensstrålen har fragmenterat i långsmala frag-
ment, medan de elektrifierade strålarnas fragment ser ut att ha blivit förkor-
tade och fått ökad diameter, formen är mer som en skiva. Det kan dock 
hända att de är ”ihåliga” så att de i själva verket har formen av en torus.  

Strömmen i strålen leder till uppvärmning och till magnetiska krafter (Lo-
rentz-kraft) som strävar att komprimera strålen radiellt. Effekten av de mag-
netiska krafterna tilltar när strålens diameter minskar, varför källan till en 
instabilitet finns. På de ställen av strålen som komprimeras radiellt blir också 
strömtätheten och därmed uppvärmningen större. Dessa ställen kanske rent 
av förångas och bildar de gap mellan de skivformade fragmenten som syns 
på röntgenbilderna. En annan mekanism kan vara att den komprimerande 
radiella kraften som påverkar strålen mellan plattorna plötslig upphör när 
den andra plattan passeras. Uppskattningar visar att om tillförda energin 
skulle fördela sig jämnt i strålen skulle den räcka till för smältning.  

En teoretisk studie gjordes av ett mycket förenklat fall, där RSV-strålen 
bytts ut mot en stel cylinder som går med konstant hastighet. Små elastiska 
töjningar är tillåtna i cylindern. Strömmen antogs vara konstant. Magnetfäl-
tet och därmed strömtätheten och Lorentz-kraften beräknades med FTT. Ur 
Lorentz-kraften beräknades sedan de mekaniska spänningarna med en analy-
tisk metod som bygger på superposition av ett radiellt problem med plan 
deformation och ett axiellt med enaxlig spänning. I det förra men inte i det 
senare problemet försummades masströghetseffekter. Resultatet stämde bra 
med resultatet från ett FE-program gjort i Matlab. Hastighetsskineffekten 
demonstrerades. Den innebär att strömmen går på ytan av cylindern nära 
första plattan. När en tvärsektion rör sig genom området mellan plattorna tar 
det tid för strömmen att diffundera in i mot symmetriaxeln.   
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