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Abstract

Armour systems containing high-quality ceramics may be capable of defeating armour-piercing
projectiles on the surfaces of these hard materials. This capability, named interface defeat, has been studied
for four different silicon carbide ceramic materials, viz., SiC–B, SiC–N, SiC–SC–1RN and SiC–HPN by use
of a light-gas gun and a small-scale reverse impact technique. The velocities of a tungsten projectile marking
the transition between interface defeat and penetration have been determined and compared with the
Vickers hardness and fracture toughness of the ceramic materials. It is found that the transition velocity
increases with the fracture toughness but not with the Vickers hardness. This indicates that, under the
prevailing conditions, fracture may have had more influence than plastic flow on the transition. As a
consequence, the observed transition velocities may not be the maximum ones achievable, at least not for
SiC–B, SiC–N and SiC–SC–1RN. By suppression of the initiation and propagation of cracks through
increase of the confining pressure, it may be possible to increase the transition velocities.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Armour systems containing high-quality ceramic materials, may be capable of defeating
armour-piercing projectiles on the surfaces of these hard materials. This phenomenon, called
interface defeat and first reported by Hauver et al. [1–3], has been investigated at FOI since the
middle of the 1990s [4–6]. By use of a reverse impact technique [7] and targets with initially
constrained ceramic cylinders (shrink-fitted in a steel sleeve) it has been shown that, for a given
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cylindrical projectile, ceramics of different types (e.g., titanium diboride and boron carbide) are
characterized by different velocities, called transition velocities, that mark the transition between
interface defeat and penetration [6].
In order to facilitate comparison of the protection performances of materials with only small

differences in mechanical properties, the initial target configuration has been further developed. In
particular, the front cover and the confinement tube have been redesigned so that the maximum
impact velocity for supporting interface defeat can be assessed in a more reproducible way.
Increased simplicity of the target also facilitates modelling with regard to interface defeat and
penetration.
This paper reports transition velocities for four different silicon carbide ceramic materials, viz.,

SiC–B, SiC–N, SiC–SC–1RN and SiC–HPN, which have been determined by use of the new
target design. Penetration versus time data evaluated from X-ray radiographs are presented for
these materials together with evaluated penetration and erosion velocities. The transition
velocities are compared with Vickers hardness and fracture toughness determined from
indentation tests.

2. Experiments

The experiments were performed using a two-stage light-gas gun and a reverse impact
technique. Confined ceramic cylinders with nominal diameter 20mm and length 20mm were
launched against stationary projectiles suspended in blocks of Divinycell material (density 45 kg/
m3). The projectiles were cylinders with length 80mm and diameter 2mm made of a sintered
tungsten alloy (Y925 from Kennametal Hertel AG [8]). Fig. 1 shows the projectile in its fixture in
front of the muzzle of the gun.
The confinement consisted of a thick-walled steel (Mar 350) tube with a circular copper cover

(OFHC). The external diameter of the steel tube was 28mm, and its internal diameter was
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Nomenclature

H Vickers hardness
KIc fracture toughness
L eroded projectile length
’L erosion velocity

P penetration
p0 maximum contact pressure
U penetration velocity
t time
v projectile velocity ð¼ u þ ’LÞ
v0 impact velocity
v�0 transition velocity
tc shear yield strength of ceramic material
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0.07mm smaller than the diameter of the ceramic cylinder. Shrink fit was achieved by heating the
steel tube to about 475�C before inserting the ceramic cylinder. The copper cover with diameter
27.4mm and thickness 0.5mm expanded in its central part to a cylinder with diameter 4mm and
thickness 8mm. It was glued onto the steel cylinder along the rim. The geometries of the projectile
and the target are shown in Fig. 2.
The shrink fit resulted in a confining radial pressure on the ceramic cylinder estimated as

p ¼
d

Rc ð1� ncÞ=Ec þ ðð1� nsÞR2
c þ ð1þ nsÞR2

s Þ=EsðR2
s � R2

cÞ
� �;

where d is the difference between the radius of the ceramic cylinder and the interior radius of the
confining steel tube, R is radius, n is Poisson’s ratio, and E is Young modulus. Indices ‘‘c’’ and ‘‘s’’
refer to ceramic and steel, respectively. With d ¼ 0:03570:005mm; Rc ¼ 10 mm; Rs ¼ 14 mm;
nc ¼ 0:16; ns ¼ 0:3; Ec ¼ 449GPa and Es ¼ 186GPa; the radial pressure becomes
pE174725MPa:
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Fig. 1. Projectile in fixture in front of muzzle.
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Fig. 2. (a) Projectile, (b) target and (c) close-up of the attachment of the copper cover to the steel confinement (mm).
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The four ceramic materials had been produced by Cercom, Inc., USA by use of pressure-assisted
densification technique (PAD). They had been manufactured in different ways, with differences in
powder composition, sintering parameters, etc., but the final products showed only minor
differences in mechanical properties. The final cylinders were cut and ground from two larger plates
for each material. One cylinder of each material was used for material characterization.
The Vickers hardness and the fracture toughness of the ceramic materials were determined by

means of a Wholpert macro-hardness indenter equipped with video-system and imaging software.
The materials were carefully polished in a semi-automatic polishing machine, and each material
was indented 12 times. The fracture toughness was determined according to Anstis et al. [9] as

KIc ¼ A
E

H

� �1=2
P

c3=2
;

where A is a constant, E is the modulus of elasticity, H is the Vickers hardness, P is the load
(98N), and c is the observed crack length.
The impact velocity, the penetration and the eroded projectile length were evaluated from

pictures taken by use of X-ray flashes. Trigger signals caused by short circuit of two twisted
isolated wires mounted close to the projectile and a delay unit were used to control the timing of
the flashes. The delay times were measured with an inaccuracy of 70.05ms.
Two 150 kV X-ray flash pictures were used to determine the impact velocity v0: The first was

exposed at impact and the second after the target–projectile interaction had ended. The impact
velocity determined this way was systematically underestimated by about 1% in the case of
interface defeat because of the deceleration of the target. In addition, there was an inaccuracy of
the velocity measurement of 75m/s.
Four 450 kV X-ray flashes, positioned at the same distance from the barrel and separated by

30� were used to record the penetration process. The penetration P in the ceramic and the eroded
projectile length L were determined from the X-ray pictures by use of image-processing
techniques. The inaccuracy in the measurement was of the order of70.20mm. From the flash X-
ray data, the penetration velocity u and the projectile erosion velocity ’L were obtained using linear
least square fits.

3. Results

X-ray pictures from tests with SiC–HPN below and above the transition velocity v�0 are shown
in Fig. 3. Fig. 4 shows two examples of non-steady penetration.
The penetration P and the eroded length L of the projectile are shown versus time t in Figs. 5

and 6. Zero time in Figs. 5 and 6 refers to the time when the projectile hits the front copper cover,
while the penetration refers to the depth in the ceramic material only.
Average penetration velocities u and erosion velocities ’L are shown together with the projectile

velocity v ¼ u þ ’L in Tables 1–4. In Tests 420 (SiC–B) and 424 (SiC–N), the impact process
changed character between X-ray pictures 2 and 3 (transition from interface defeat to
penetration). Therefore, only data from pictures 3 and 4 were used to calculate the penetration
and erosion velocities in these tests. The Vickers hardness H; the fracture toughness KIc and the
transition velocity v�0 of each ceramic material are shown in Table 5.
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The penetration velocity u and the erosion velocity ’L are shown versus impact velocity v0 in
Figs. 7 and 8, respectively. The velocity intervals within which transition occurred are shaded. The
transition velocities v�0 (strictly the velocity intervals within which transition occurred) are shown
versus Vickers hardness H and fracture toughness KIc of the ceramic materials in Fig. 9. The
Vickers hardness and the toughness are normalised to these quantities for SiC–B.

4. Discussion

Fig. 3(a) shows the development of interface defeat at an impact velocity below the transition
velocity. The copper cover is believed to reduce the initial effect of impact by establishing erosion
of the projectile before the latter reaches the ceramic surface. During this process and the ensuing
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(a) 18.3 µs 28.8 µs 33.6 µs 

(b)  10.3 µs 17.4 µs 26.6 µs 31.6 µs

11.4 µs

Fig. 3. SiC–HPN target and projectile (a) below (1578m/s, Test 341) and (b) above (1749m/s, Test 344) transition

velocity (1625712m/s).
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Fig. 4. Non-steady penetration in SiC–N at (a) 1572m/s (Test 433) and (b) 1618m/s (Test 354). The transition velocity

was 150775m/s.
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Fig. 5. Penetration P versus time t for (a) SiC–B, (b) SiC–N, (c) SiC–SC–1RN and (d) SiC–HPN. Impact velocities in

m/s and test numbers within parentheses.
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Fig. 6. Eroded length L of projectile versus time t for (a) SiC–B, (b) SiC–N, (c) SiC–SC–1RN and (d) SiC–HPN.

Impact velocities in m/s and test numbers within parentheses.

Table 1

Penetration and erosion velocity data for SiC–B

Test no. Impact velocity

v0 (m/s)

Penetration velocity

u (m/s)

Erosion velocity
’L (m/s)

Projectile velocity

v ¼ u þ ’L (m/s)

300 1509 0 1450 1450

327 1809 706 1056 1762

328 1745 680 1042 1722

417 1316 0 1282 1282

418 1498 0 1468 1468

419 1498 0 1477 1477

420 1568 367 1150 1517

421 1766 682 1070 1752

430 1917 881 1039 1920

431 2049 1054 1013 2067

435 1669 579 1052 1631

437 1530 0 1526 1526

438 2064 1046 979 2025
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Table 2

Penetration and erosion velocity data for SiC–N

Test no. Impact velocity

v0 (m/s)

Penetration velocity

u (m/s)

Erosion velocity
’L (m/s)

Projectile velocity

v ¼ u þ ’L (m/s)

354 1618 613 990 1603

357 1602 497 1086 1583

359 1576 522 1014 1536

361 1556 506 1049 1555

363 1502 580 908 1488

365 1401 0 1362 1362

366 1406 0 1363 1363

423 1512 0 1502 1502

424 1529 439 1012 1451

425 1493 0 1476 1476

433 1572 384 1000 1384

Table 3

Penetration and erosion velocity data for SiC–SC–1RN

Test no. Impact velocity

v0 (m/s)

Penetration velocity

u (m/s)

Erosion velocity
’L (m/s)

Projectile velocity

v ¼ u þ ’L (m/s)

356 1650 455 1168 1623

358 1567 530 1009 1539

360 1569 611 937 1548

364 1497 0 1428 1428

368 1446 0 1420 1420

369 1456 0 1423 1423

426 1582 498 1062 1560

427 1586 393 1171 1564

428 1551 481 1066 1547

436 1501 0 1512 1512

Table 4

Penetration and erosion velocity data for SiC–HPN

Test no. Impact velocity

v0 (m/s)

Penetration velocity

u (m/s)

Erosion velocity
’L (m/s)

Projectile velocity

v ¼ u þ ’L (m/s)

340 1673 708 939 1647

341 1578 0 1566 1566

342 1636 602 1010 1612

344 1749 795 935 1730

362 1527 0 1507 1507

429 1504 0 1397 1397

432 1563 0 1524 1524

434 1613 0 1569 1569
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radial flow of the projectile material, the copper cover is eroded so that the projectile material is
left unsupported on the target surface. The results show that after radial flow had been
established, it continued steadily for a long time. This observation agrees with previous findings
[5]. Out of the 19 tests, where radial flow was established initially, penetration at a later time
(around 20ms after impact) occurred in only two.
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Table 5

Vickers hardness, fracture toughness and transition velocity of ceramic materials

Ceramic Vickers hardness

H (GPa)

Fracture toughness

KIc (MPam
1
2)

Transition velocity

v�0 (m/s)

SiC–B 25.2071.74 3.0070.44 1549719
SiC–N 27.1671.76 2.7570.32 150775
SiC–SC–1RN 28.8571.92 2.8470.22 1526725
SiC–HPN 25.3272.02 3.1770.13 1625712

The lower and upper signs of the transition velocity correspond to the highest velocity without penetration and the

lowest velocity with penetration, respectively.
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Fig. 7. Penetration velocity u versus impact velocity v0 for (a) SiC–B, (b) SiC–N, (c) SiC–SC–1RN and (d) SiC–HPN.

The shaded areas indicate transition regions. The solid lines represent a second-degree polynomial fit to the SiC–B data.
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At impact velocities above the transition velocity, penetration occured as shown in Fig. 3(b).
Under such conditions, a short period of dwell (3–5ms) before the start of penetration was often
manifested through radial flow which could be observed on the X-ray pictures. Such initial delay,
which may be linked to stress wave reflections or initiation of fracture, must be taken into account
in small-scale interface-defeat experiments with very short projectiles.
In several of the tests where penetration occurred, the penetration seems to have been

interrupted after a short period of time. At this point, the projectile material started to flow
outwards along some cone-shaped fracture system which had been formed as a result of the
loading conditions. Fig. 4 shows this course of events in SiC–N (tests 433 and 354). This
phenomenon is probably the main source of the rather large scatter in the penetration and
erosion velocities for SiC–N and SiC–SC–1RN which can be seen in Figs. 7 and 8. In these figures
it can be seen that the lowest penetration velocities and the highest erosion velocities were
obtained with SiC–B. In this sense, it appears that SiC–B provides the largest resistance to
penetration of the tested materials. However, more data at higher velocities are needed to assess if
this is true.
Each of the four ceramic materials tested shows a distinct transition from interface defeat to

penetration. Possibly, there exists a unique transition velocity for each combination of projectile,
target material and target configuration. This is supported by the tests with SiC–N where the
maximum velocity observed for interface defeat was 1512m/s and the minimum velocity observed
for penetration was 1502m/s. Here, the overlap of 10m/s corresponds to the estimated inaccuracy
75m/s in the velocity measurements.
Of the four materials, SiC–N shows the lowest transition velocity, slightly above 1500m/s and

SiC–HPN the highest, slightly above 1600m/s. As the target configurations and impact conditions
were the same in all tests, the difference between these transition velocities should depend on the
mechanical properties of the two ceramic materials. Furthermore, as the maximum contact
pressure p0 produced by the projectile during interface defeat is proportional to the square of the
impact velocity v0; i.e. p0pv20; the 8% higher transition velocity for SiC–HPN than for SiC–N
corresponds to a 16% higher contact pressure. If the transition velocity v�0 and the maximum
contact pressure p�0 at interface defeat are related to the shear yield strength tc of the ceramic
material through tcpp�0pv�20 as proposed in [6], the strength of SiC–HPN would be expected to
be about 16% higher than that of SiC–N. As can be seen in Fig. 9(a), however, the ranking in
terms of hardness of the ceramic materials is not the same as that in terms of transition velocity.
Actually, the hardness of SiC–HPN is 7% lower than that of SiC–N. This indicates that hardness
alone, which reflects the shear yield strength, is not sufficient for estimation of the relative
performances of ceramic materials in terms of transition velocities. It follows that the transition
velocity cannot be controlled by plastic flow alone.
Fig. 9(b) shows the transition velocity versus fracture toughness. Here, an increase in transition

velocity corresponds to an increase in fracture toughness. The contact pressure is 16% and the
fracture toughness 15% higher for SiC–HPN than for SiC–N. This observation indicates that,
under the prevailing conditions, fracture may have had more influence than plastic flow on the
transition from interface defeat to penetration. As a consequence, the observed transition
velocities may not be the maximum ones achievable, at least not for SiC–B, SiC–N and SiC–SC–
1RN. By suppression of the initiation and propagation of cracks through increase of the confining
pressure, it may be possible to increase the transition velocities.
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