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Abstract

Normal impact of conical tungsten projectiles on flat silicon carbide targets was studied experimentally
and numerically for half apex angles 51 and 5–151, respectively, and comparisons were made with
cylindrical projectiles. A 30mm powder gun and two 150 kV and four 450 kV X-ray flashes were used in the
impact tests. The numerical simulations were run with the Autodyn code in two steps. In the first, the
surface loads were determined for different impact velocities under assumed condition of interface defeat.
In the second, these surface loads were applied to the targets in order to obtain critical states of damage and
failure related to the transition between interface defeat and penetration, and the corresponding critical
velocities. In the impact tests, interface defeat occurred below a transition velocity, which was significantly
lower for the conical than for the cylindrical projectiles. Above the transition velocity, the initial
penetration of conical projectiles differed markedly from that usually observed for cylindrical projectiles. It
occurred along a cone-shaped surface crack, qualitatively corresponding to surface failure observed in the
simulations. The transition velocity for the conical projectile was found to be close to the critical velocity
associated with this surface failure.
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Nomenclature

a radius of the original projectile at the target surface
p surface load
p0 maximum surface load
pconf lateral confining pressure
r radius
t time
tf final time
v0 impact velocity
vID0 critical velocity related to incipient damage
vFD0 critical velocity related to full damage
vSF0 critical velocity related to surface failure
v�0 transition velocity
y half apex angle
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1. Introduction

Modern ceramic armours show great resistance to penetration. Under certain conditions they
can defeat an incoming projectile on their surfaces. This phenomenon, called interface defeat or
dwell, was first described by Hauver et al. [1,2] and later by Rapacki et al. [3] for long-rod
projectiles at normal impact.
An important quantity for designers of armours and producers of ceramic materials is the

maximum impact velocity at which interface defeat no longer can be maintained and penetration
starts. This transition velocity has been estimated experimentally for different combinations of
projectiles and ceramic targets [4,5] and seems to depend on the hardness [4] as well as the
toughness of the target material [5]. The transition from interface defeat to penetration at normal
impact in thick ceramic targets is related to the collapse of a highly constrained domain in the
ceramic material in front of the projectile. In this domain, the pressure and shear stresses are so
large that massive micro-mechanical damage and possibly plastic yield occur. Such damage
domains have been found by examining impacted targets [2]. Their sizes and shapes depend on the
surface load and its distribution and therefore on the density, strength and velocity of the
projectile [4,6]. As the surface load also depends on the shape of the projectile, it can be expected
that the transition velocities will be different for projectiles with different geometries, e.g.,
cylindrical and conical.
The aim of the study was to assess the influence of different conical shapes of a tungsten

projectile on the transition velocity for a flat silicon carbide target. A 30mm powder gun was used
in experimental tests, and numerical simulations using the Autodyn code were run in two steps. In
the first, the surface loads on the target were determined for different impact velocities under
assumed condition of interface defeat. In the second, these surface loads were applied to the target
in order to obtain critical states of damage and failure related to the transition between interface
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defeat and penetration. Critical impact velocities resulting in incipient damage (ID), full damage
(FD) (damage domain reaching the loaded surface) and surface failure (SF) (appearance of a
conical surface crack) were determined and compared with the transition velocity estimated from
the experimental tests.
2. Impact experiments

The impact experiments were performed using a 30mm powder gun. Tungsten projectiles were
launched against silicon carbide targets mounted in front of the gun barrel. The target was
suspended at a distance of 155mm from the muzzle of the gun in a block of plastic foam
(Divinycell, density 45 kg/m3). This block was attached to the muzzle.
Projectiles with cylindrical and conical fronts of length 30mm were fabricated by grinding

sintered tungsten alloy rods (Y925 from Kennametal Hertel AG) with length 80mm and diameter
5mm. The geometries of the projectiles are shown in Fig. 1(a). The cylindrical fronts had diameter
2mm (radius a ¼ 1mm) and were flat ended. The conical fronts had half apex angle y ¼ 51 and
were made flat ended with two different tip diameters: 0.02 and 0.2mm. A plastic sabot (Lexan)
with a thin pusher plate (titanium) supported the projectile during launch. Its length was 45mm
which allowed the leading 35mm of the projectile to interact with the target without influence
from the sabot. A thin copper ring mounted at the front of the sabot was used for triggering.
The target consisted of a silicon carbide cylinder (SiC-B from Cercom Inc.), with length 20mm

and diameter 35mm, shrink fitted into a cylindrical steel cup (Mar 350) with length 44mm and
diameter 40mm. The geometry of the target is shown in Fig. 1(b). The inner diameter of the cup
was 0.07mm smaller than the diameter of the cylinder. The cup was heated to about 475 1C before
the cylinder was inserted. The lateral confining pressure on the ceramic cylinder after cooling was
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Fig. 1. (a) Projectiles and (b) target with copper cover. Lengths in mm.
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estimated (without considering the stiffening effect of the base of the steel cup) as

pconf ¼
d

Rc

1� nc
Ec
þ
ð1� nsÞR2

c þ ð1þ nsÞR2
s

EsðR
2
s � R2

cÞ

 !�1
,

where d is the difference between the radius of the cylinder and inner radius of the cup, R is
the radius, n is the Poisson’s ratio and E is the Young’s modulus. The indices c and s refer to
ceramic and steel, respectively. With d ¼ 0:035� 0:005mm, Rc ¼ 17:5mm, Rs ¼ 20mm,
nc ¼ 0:16, ns ¼ 0:3, Ec ¼ 449GPa and Es ¼ 194GPa, the lateral confining pressure becomes
pconf ¼ 47� 10MPa.
In the tests with the cylindrical projectiles and conical projectiles with the larger front diameter

(0.2mm), a small cylindrical copper cover was glued along its rim to the surface of the target. The
copper cover had diameter 10mm and thickness 0.5mm except in its central part, where it
expanded to a cylinder with diameter 3mm and thickness 4mm. The geometry of the copper cover
is shown in Fig. 1(b).
Two 150 kV X-ray flashes were used to determine the impact velocity v0. The first was triggered

100mm before impact and the second at impact. The impact velocity was determined to be within
75m/s. Four 450 kV X-ray flashes, positioned at the same radial distance from the centre line but
with an angular separation of 301, were used to record the interaction of the projectile and target.
3. Impact simulations

3.1. Simulations in two steps

Autodyn [7,8], a coupled Euler–Lagrange (ALE) finite difference code, was used to determine
the surface load on the target and the resulting target damage due to impact by conical and
cylindrical projectiles. The simulations, two-dimensional with rotational symmetry, were carried
out in two steps. In the first, the projectile load on a flat, rigid and friction-free target surface was
determined through Euler simulation. In the second, the surface load distribution was applied to a
deformable target, and the resulting damage was assessed through Lagrange simulation.

3.2. Distribution of load on the target

In the first step of simulation, the Johnson and Cook [9] constitutive model was used for the
projectile material (tungsten). In this model, the yield stress

sY ¼ ðAþ B�npÞ 1þ C ln
_�p
_�0

� �
ð1� Tm

HÞ

is a function of the plastic strain �p, the plastic strain rate _�p, and the temperature T through the
homologous temperature TH ¼ ðT � T0Þ=ðTm � T0Þ, where T0 and Tm are the reference and
melting temperatures, respectively. The parameter A is the static yield stress at �p ¼ 0 and TH ¼ 0,
B and n represent strain hardening, C is the strain rate sensitivity, and m represents thermal
softening. The material data used for tungsten [10] are shown in Table 1.
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Table 1

Material data for tungsten (Y-925)

Quantity Parameter Unit Y-925

Density r kg/m3 17700

Shear modulus G GPa 160

Bulk sound speed c0 m/s 4029

Slope in the Us �Up diagram S — 1.237

Grüneisen coefficient G — 1.54

Static yield limit s0 GPa 0.631

Strain hardening modulus A GPa 1.258

Strain hardening exponent N — 0.092

Coefficient of strain rate B — 0.014

Thermal softening exponent M — 0.94

Melt temperature Tmelt K 1723

Reference temperature Troom K 293

Strain rate threshold _�0 1/s 1

Specific heat Cp J/kgK 150

Fig. 2. (a) Flow of a conical projectile on a flat, rigid and friction-free target surface. (b) Distribution of projectile

material at start and end of simulation.
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Rotationally symmetrical impact between a long and straight conical projectile with half apex
angle y and velocity v0, and a flat, friction-free target surface was considered for time 0ptptf .
The target surface was assumed to be rigid. The flow at time t ¼ tf ¼ a=v0 tanðyÞ, where a ¼ 1mm
is the radius of the imagined original cone at the target surface, is illustrated in Fig. 2(a). This
radius was also taken as the radius of the cylindrical projectile (y ¼ 0�). An inflow boundary
condition was used to simulate an infinitely long projectile, and an outflow boundary condition
was used to let the projectile material leave the grid. This is shown in Fig. 2(b). Half apex angles
y ¼ 0�, 51, 101 and 151, and impact velocities from 500 to 1750m/s were used.
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Four different grid sizes were employed. All grids had 300 quadrangle zones radially over a
length of 3a. The largest grid, used for the half apex angle y ¼ 5�, consisted of 450 quadrangle
zones axially over a depth of 3a= tanðyÞ. The grids for half apex angles y ¼ 10� and 151 were
reduced in depth and number of zones in proportion to tanðyÞ. The size of the grid for the
cylindrical projectile was 3a radially and 4a axially. The size of the smallest zone, at the
intersection of the axis and the target boundary, was 1/600 grid radius in both directions. From
this point, the zone size increased geometrically, 1.18% per element axially and 0.42% radially.
At the final time t ¼ tf , an approximately self-similar flow had developed. Similarly, when the

simulations of impact involving the cylindrical projectile were stopped, an approximately
stationary flow and a constant distribution of surface load had been reached.

3.3. Damage of the target

In the second step of the simulations, the Johnson and Holmquist [11] constitutive model JH1
was used for the target material (silicon carbide). This model makes use of two yield strengths; S

for the undamaged (D ¼ 0) and partly damaged (0oDo1) material and Sf for the fully damaged
(failed) material (D ¼ 1). Both strengths depend on pressure and strain rate. The accumulated
damage

D ¼
X

D�p=�fp,

where D�p is the plastic strain increment and �fp is the pressure-dependent failure strain, controls
the degradation of strength. The yield strength S for 0pDo1 instantaneously drops to Sf then
D ¼ 1. In the failed material, in addition, the strength vanishes for negative pressures. The
material data used in the simulations for silicon carbide [12] are shown in Table 2. The influence of
strain rate was not used.
The grid used consisted of 45540 quadrangle zones, 165 axially and 276 radially. The

corresponding grid dimensions were 20a and 17:5a, respectively. The size of the smallest zone, at
the intersection of the axis and the target boundary, was 1/3500 grid radius in both directions.
From this point, the zone size increased geometrically, 2.94% per element axially and 1.44%
radially.
A surface load with the same distribution as that obtained in the first step of simulation was

applied as a boundary condition. Its amplitude was increased in direct proportion to time from
zero up to the point at which the domain of damaged material (D40) reached the target surface
on the axis of symmetry. Several simulations with different loading rates were tested in order to
find quasi-static loading conditions. The boundary conditions used at the rear end and at the
lateral surface of the cylinder were fixed (zero axial velocity) and free, respectively. Thus, the
influence of lateral confining pressure was ignored.

3.4. Critical velocities

The surface loads and the corresponding critical velocities were established at which (i) damage
(D40) is initiated at a point on the axis below the surface, (ii) the domain of damage (D40)
reaches the target surface, and (iii) a ring-shaped surface failure (D ¼ 1Þ is initiated. These states
of damage, labelled incipient damage (ID), full damage (FD) and surface failure (SF), are
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(a) (b) (c) 

Fig. 3. Critical levels of damage and failure. (a) Incipient damage (ID), (b) full damage (FD) and (c) surface failure

(SF).

Table 2

Material data for silicon carbide (SiC-B)

Quantity Parameter Unit SiC-B

Density r kg/m3 3215

Bulk modulus K GPa 220

Shear modulus G GPa 193

Modulus of elasticity E GPa 449

Tensile strength T GPa 0.75

Intact strength coefficients S1 GPa 7.1

P1 GPa 2.5

S2 GPa 12.2

P2 GPa 10.0

Strain rate coefficient C — 0.0

Failed strength coefficients Sf
max

GPa 1.3

a — 0.40

Pressure coefficients K1 GPa 220

K2 GPa 361

Bulking factor b — 1.0

Damage coefficients f 1/GPa 0.012

�fmax
— 1.2
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illustrated in Fig. 3. They are sensitive to the surface load distribution, which for a given projectile
depends on the impact velocity. Therefore, the two steps of simulation were conducted in an
iterative manner until the projectile velocity corresponding to each state of damage had been
found within 5%.
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4. Results

X-ray pictures from the impact tests are shown in Figs. 4–6, which illustrate the phenomena of
interface defeat and penetration. Cylindrical and conical projectiles at four different times after
impact are shown in Figs. 4 and 5, respectively. Conical projectiles interacting with targets,
t = 4 µs t = 8 µs t = 13 µs t = 17 µs 

Fig. 4. Cylindrical projectile (y ¼ 0�) impacting target with copper cover. Impact velocity 1315m/s, interface defeat

(Test 59).

(a) t = 2 µs t = 9 µs t = 15 µs t = 22 µs 

(b) t = 10 µs t = 15 µs t = 20 µs  

No picture

Fig. 5. Conical projectiles with half apex angle y ¼ 5� impacting targets without copper cover. (a) Impact velocity

1022m/s, interface defeat (Test 38). (b) Impact velocity 1293m/s, penetration (Test 25).
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(a) 1022 m/s 1109 m/s 1243 m/s 1293 m/s 

(b) 849 m/s 1020 m/s 1036 m/s 1091 m/s  

Fig. 6. Conical projectiles with half apex angle y ¼ 5� impacting targets with different impact velocities. Exposures at

times t ¼ 20–30ms when most of the cone is eroded. (a) Tests without copper cover, transition velocity between 1022

and 1109m/s. (b) Tests with copper cover (totally eroded), transition velocity between 1020 and 1036m/s.
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without and with copper cover, at different impact velocities are shown in Figs. 6(a) and (b),
respectively.
The impact velocities and target responses in terms of interface defeat or penetration for the

different tests are presented in Table 3, and the transition velocities v�0 (more strictly, the velocity
intervals within which transition occurred) are shown in Table 4. For the tests with cylindrical
projectiles (y ¼ 0�), the upper velocity limit was taken from previous tests with the same projectile
and target materials and a similar but smaller target [5]. Fig. 7 shows the impact surface of the
recovered target from Test 45. An undamaged impacted circular area and a surrounding cone-
shaped surface crack can be seen. Due to the loss of X-ray pictures it was not possible to
accurately evaluate the impact velocity or observe the full target response in this test. The launch
parameters, however, correspond to a velocity of around 1000m/s.
The calculated maximum surface load p0 versus impact velocity v0 for different half apex angles

y is shown in Fig. 8. It can be seen that p0 increases with both of these parameters. The radial
distribution of the load at different times t for y ¼51 and v0 ¼ 1000m=s is shown in Fig. 9. The
surface load p versus radius r is shown in Fig. 9(a), and the corresponding relationship between
the dimensionless quantities p=p0 and r=a, with a ¼ v0t tanðyÞ, is shown in Fig. 9(b). It can be seen
that this relationship is nearly independent of time. The influence of v0 and y on the relationship
p=p0 versus r=a is shown in Fig. 10. The calculated domains of damaged and failed material due to
the surface load from a cylindrical and a conical projectile are exemplified in Fig. 11.
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Table 4

Transition velocities from impact tests. The ends of intervals represent the highest velocity without penetration (�) and

the lowest velocity with penetration (+)

Half apex anglev y (1) Copper cover Transition velocity v�0 (m/s)

0 Yes 14427126

5 No 1066743

5 Yes 102878

Table 3

Results of impact tests

Half apex angle y (1) Copper cover Impact velocity v0 (m/s) Target response Test

0 Yes 993 Interface defeat 58

0 Yes 1182 Interface defeat 56

0 Yes 1203 Interface defeat 53

0 Yes 1315 Interface defeat 59

5 No 1022 Interface defeat 38

5 No 1109 Penetration 42

5 No 1243 Penetration 41

5 No 1293 Penetration 25

5 Yes 849 Interface defeat 55

5 Yes 929 Interface defeat 63

5 Yes 1020 Interface defeat 60

5 Yes 1035 Penetration 48

5 Yes 1036 Penetration 47

5 Yes 1044 Penetration 61

5 Yes 1091 Penetration 62

5 Yes �1000 No X-ray pictures 45

Fig. 7. Damaged front surface of recovered target (Test 45). Undamaged circular area in the centre surrounded by

cone-shaped surface crack. Conical projectile with half apex angle y ¼ 5� and copper cover.

P. Lundberg et al. / International Journal of Impact Engineering 32 (2006) 1842–1856 1851
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p=p0 versus r=a. Conical projectile with half apex angle y ¼ 5� and impact velocity v0 ¼ 1000m=s.
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Fig. 10. Dimensionless surface load p=p0 versus dimensionless radius r=a. Conical projectile (J ¼ 51, B ¼ 101,

n ¼ 151) with impact velocity (a) 750m/s and (b) 1500m/s.
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Fig. 11. Projectile shape, surface load distribution and corresponding domains of damaged (grey) and failed (black)

target material at impact velocity 1500m/s for (a) cylindrical and (b) conical projectile with half apex angle y ¼ 5�.
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The dependence on y of the experimentally determined transition velocity v�0 and the calculated
critical impact velocities vID0 , vFD0 and vSF0 , corresponding to incipient damage, full damage and
surface failure, respectively, are shown in Fig. 12.
5. Discussion

The impact velocities of the cylindrical projectiles were kept below 1350m/s in order to avoid
bending and fracture of the projectiles during the launch. At these velocities all tests with
cylindrical projectiles resulted in interface defeat. This is illustrated in Fig. 4 for Test 59 which had
the highest impact velocity, 1315m/s. As a similar combination of cylindrical projectile and target
had been used in a previous study [5], the upper bound of the transition velocity from interface
defeat to penetration for the cylindrical projectile was obtained from that study. As the lateral
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confining pressure lower by a factor of three and a smaller copper cover were used here, it is likely
that this upper bound is not too low.
The copper covers were used in order to reduce the initial effect of impact by establishing

erosion before the projectiles reached the target surfaces. The use of smaller cover size relative to
the projectile radius than in the previous tests [5] may have resulted in less erosion of the
projectile, higher tip velocity and higher stress transmitted to the target surface at a given impact
velocity. This may have increased the surface damage and reduced the transition velocity in the
case of cylindrical projectiles.
In the tests with conical projectiles (y ¼ 5�), the size of the copper cover was large compared to

the initial diameter of the projectile tip. This means that the initial loading of the target surface
was smoother than in the tests with cylindrical projectiles. Yet, the transition velocity for conical
projectiles and copper-covered targets was significantly lower than that for the cylindrical
projectiles and the same kind of targets. For the conical projectiles, the copper cover had little
effect on the transition velocity as can be seen in Fig. 6 and Table 4. This indicates that the
difference in transient load due to the cover had little significance.
Above the transition velocity, the mode of initial penetration of the conical projectile differed

markedly from that usually seen for cylindrical projectiles. The penetration occurred along a
conical surface crack, which qualitatively corresponds to the surface failure observed in the
simulations (Fig. 11). This can be seen in Fig. 5(b), where the exposures at 10 and 15ms indicate
that the angle of the cone crack relative to the target surface is 30–351. In the last exposure, at
20ms, the projectile material had penetrated along the crack to a depth of 2–4mm. Penetration or
flow along a conical crack is also evident in the recovered target from Test 45 (all other targets
were fragmented). Fig. 7 shows the front surface of this target in different magnifications. Within
a circular area in the centre, with diameter 3.8mm, the target surface is undamaged but covered
with a thin layer of projectile material. Such material is also deposited on the crack surface down
to a depth of 2mm. The crack starts as a cylindrical ring to a depth of 0.2mm and proceeds at an
angle of 30–321 relative to the target surface to a depth of about 3.5mm. This type of cone-shaped
surface crack is a result of the radial stretching of the target surface in the vicinity of the loaded
area and has been studied extensively under quasi-static loading conditions.
The simulations show that the amplitude p0 ¼ pð0; tÞ of the surface load pðr; tÞ is approximately

independent of time for conical as well as cylindrical projectiles. This can be seen in Fig. 9(a) for a
conical projectile. For such projectiles at large time, the flow can be expected to be nearly self-
similar so that the dimensionless surface load p=p0 versus dimensionless radius r=a, with
a ¼ v0t tanðyÞ, is approximately independent of time. This is illustrated in Fig. 9(b). The radial
broadening of the surface load with increased impact velocity illustrated by Fig. 10 is mainly an
effect of decreased influence of strength at higher impact velocities [6].
Because of difficulties to solve the complete interaction of projectile and target, as was done in

[12] for similar problems, the damage of the target was determined for an idealised quasi-static
loading. Neither the initial transient part of the loading nor the radial growth of the load for
conical projectiles was taken into account. It is believed that these simplifications did not
introduce significant errors, especially when comparing with the tests in which copper covers and
projectiles with small apex angles were used. The copper cover significantly reduces the effect of
the initial transient part of the loading, and with a small apex angle there is only a small change in
radial extension of the surface load during the time it takes to load the target surface to full
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amplitude. The influence of the deformation of the target surface on the surface load distribution
and the influence of lateral confining pressure on the target response were tested through
simulations for the cylindrical projectile. These simulations showed that the surface deformation
has insignificant effect on the load distribution but that the lateral confining pressure increases the
critical velocity corresponding to surface failure. The increase was found to be less than 5%. The
other two critical velocities remain unchanged. A more extensive analysis of the influence of
confining pressure, like the ones carried out in [13,14], is beyond the scope of this paper.
The calculated damage of the target material is shown in Figs. 11(a) and (b) for a cylindrical

(y ¼01) and a conical (y ¼51) projectile, respectively, with the same effective radius a ¼1mm and
impact velocity 1500m/s. The projectiles give rise to similar damage, viz., a domain of damaged
material just below the target surface and a cone-shaped zone of failed material at the surface. The
domain of damaged material and the cone-shaped zone of failed material for the cylindrical
projectile qualitatively correspond to findings from post-impact examinations of targets from
interface defeat experiments [2].
The decrease of the critical velocities vID0 , vFD0 and vSF0 with increasing half apex angle y (Fig. 12)

is mainly an effect of the increase in the maximum surface load p0 with this angle (Fig. 8). For the
cylindrical projectile (y ¼ 0�), the magnitudes of these velocities and the transition velocity
v�0 are related as vID0 ¼ 990m=sovSF0 ¼ 1230m=sov�0 ¼ 1442m=sovFD0 ¼ 1690m=s. For the
conical projectile and the copper-covered target, they are related as vID0 ¼ 960m=so
vSF0 ¼ 1030m=s � v�0 ¼ 1028m=sovFD0 ¼ 1500m=s. Thus, for the conical projectile the transition
velocity is much lower relative to the three critical velocities than that for the cylindrical projectile,
and it is close to the critical velocity vSF0 associated with the formation of surface failure observed
both in the experimental tests and in the simulations. This means that the difference in transition
velocity between the cylindrical and conical projectile is too large to be explained by the increased
surface load alone.
The main reason for the different modes of penetration of cylindrical and conical projectiles,

and the large difference in transition velocity, is believed to be the radial growth of the surface
load from the conical projectile. This growth has the effect that cone-shaped surface cracks are
exposed to the radial flow of projectile material under rising surface load. Therefore, when the
load is sufficiently high, projectile material penetrates into the cracks as seen in the experimental
tests. Similar flow of projectile material into large surface cracks might occur also for cylindrical
projectiles in the case of yawed impact.
6. Conclusions

Normal impact of conical tungsten projectiles on flat silicon carbide targets was studied
experimentally and through simulations for half apex angles 51 and 5–151, respectively, and
comparisons were made with cylindrical projectiles. In the impact tests, interface defeat occurred
below a transition velocity which was significantly lower for the conical than for the cylindrical
projectiles. Above the transition velocity, the initial penetration of conical projectiles differed
markedly from that usually observed for cylindrical projectiles. It occurred along a cone-shaped
surface crack, qualitatively corresponding to surface failure observed in the simulations. The
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transition velocity for the conical projectile is close to the critical velocity associated with this
surface failure.
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