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bstract

he testing methodology for transparent armour is described. The focus of this paper is on the assessment of the protective strength of transparent
eramics being used in transparent armour systems. Not only the ballistic testing method but also experimental techniques which allow the

isualization of damage and the projectile penetration are discussed. Visualization techniques are essential for understanding the mechanisms of
nteraction between projectile and target material. Ballistic tests results, high-speed photographs and flash-radiographs from experiments with
ransparent armour are presented.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Conventional transparent armour consists of glass laminates
ith polymer interlayers and backing. Comprehensive testing
f glass–polycarbonate laminates with so-called armour pierc-
ng (AP) ammunitions, i.e. projectiles with a hard core material
steel, tungsten carbide or tungsten), has demonstrated that the
ore of the projectiles is hardly being eroded during penetration
nd does not break in most instances. Thus, targets of relatively
igh weight and thickness are needed in order to defeat AP
hreats with the traditional materials for transparent armour. A
ignificant weight reduction can be achieved by means of a hard
ront layer of transparent ceramics. The concept of a hard trans-
arent front layer of sapphire, which has the function to induce
amage to the projectile core by erosion and fragmentation, was
lready introduced about three decades ago.1 Progress in mate-
ial technology over the last 30 years has also made available
luminium oxynitride (AlON),2 magnesium aluminate spinel
MgAl2O4)3 and sub-�m grain size polycrystalline �-Al2O3

4

s alternative ceramic materials which fulfil the requirements of
ransparency and hardness. The manufacturing technologies for
hese materials have reached a state-of-the-art, that the use of

ransparent ceramics for armour applications appears feasible in
he medium-term.
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The three main objectives of the study presented here were the
ollowing: first, the results of the tests should indicate the thresh-
ld ceramic thickness to effect erosion and fracture of the core
f AP projectiles in order to achieve a significant weight saving
ompared to glass/polymer laminates. The second objective was
o clarify, whether or not there is an optimum ceramic weight
raction in a ceramic/glass/polymer laminate with respect to the
allistic resistance. These two mentioned objectives refer to the
ptimization of transparent laminates with one type of ceramic
ront layer. However, the ballistic testing method should also
e able to discriminate between the performances of different
ransparent ceramics. Therefore, the third objective was to clar-
fy, which of the candidate front layer materials offers the highest
rotection.

. Ballistic testing

In order to assess the ballistic resistance of transparent ceram-
cs as part of a transparent armour system the following approach
as chosen. The targets consisted of three main components: (1)
ceramic front layer of thickness between 1.3 mm and 8.3 mm,

2) a glass laminate consisting of one, two or three layers of
oda-lime float glass and (3) a polycarbonate layer of 4 mm
hickness. The three target components were clamped together
y means of two steel frames. No glue was used in order to

oin the different target layers. The lateral dimensions of the
eramic tiles were in the range of ≈85–100 mm2. The size of
he ceramic tiles was chosen such, that on one hand the ballistic
erformance was not reduced compared to bigger tiles with the

mailto:strassburger@emi.fraunhofer.de
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Fig. 1. Schematic and ph

pecific type of projectile used and on the other hand, the cost
or the manufacture of the specimens was not higher than neces-
ary. The glass and polycarbonate plates were of the dimensions
50 mm × 150 mm. Test series with stacks of glass plates of lat-
ral dimensions 400 mm × 400 mm and 150 mm × 150 mm did
ot indicate a difference in the ballistic resistance. Thus, the
maller size was selected for the test series, where the perfor-
ance against a single hit was assessed. Another test series with

tacks of soda-lime float glass of total thickness 59 mm, which
ere assembled of either 4 layers or 10 layers of glass, revealed
lower ballistic resistance in the case of the higher number of

ayers. Since the objective of the study was the assessment of
he performance of the ceramic front layer, the glass part of the
argets was assembled from as little layers as necessary, in order
o achieve the desired total thickness. The minimum thickness
f a single layer was 8 mm. With the reduction of the numbers
f glass layers also a reduction of the number of parameters was
trived for. Fig. 1 shows a schematic of the target assembly and
hotographs of a typical target. Since the ceramics were not pol-
shed for the ballistic tests, it is not possible to look through the
resented target.

The thickness range of the ceramic front layer was selected
n the basis of two primary considerations. On one hand it is
esirable to use not more ceramic material than necessary, due
o the high costs of transparent ceramic compared to other mate-
ials used in conventional transparent armour. On the other hand
here are the requirements for light transmission of transparent
rmour systems for application in vehicles. In order to prevent a
educed transmission with increasing thickness of the ceramic,
he real in-line transmission has to be close to the theoretical
imit of the material. At the time being transparent ceramics
ith real in-line transmission close to the theoretical limit are

vailable.5 However, at the time when this study was started it
as assumed, that it would be easier to meet the transmission
equirement for transparent armour systems with thin ceramic
ayers. Thus, configurations with thick ceramic layers and tar-
ets, consisting of a ceramic and polycarbonate backing only,
ave not been considered here. Table 1 lists the tested trans-

n
t
w
∼

aphs of target assembly.

arent ceramic materials and some typical values of mechanical
nd physical properties. The sintered Al2O3 and the Spinel were
anufactured by the Fraunhofer Institute for Ceramic Tech-

ologies and Systems (IKTS), Dresden. The properties of these
wo materials and the sapphire were determined at IKTS. The
lON data have been adopted from the datasheet of Surmet
orporation, the manufacturer of this material.

The complete series of tests was conducted using one type
f armour piercing (AP) projectile with steel core of calibre
.62 mm × 51 and a total mass of 9.5 g. The steel cores had a
ass of 3.7 g and a length of 23.5 mm. The impact velocity was

ept constant at nominally 850 ± 15 m/s.

. Test results and discussion

The first material tested was a high-purity, fully dense sintered
-Al2O3 of sub-�m grain size, manufactured by IKTS. Targets
ere assembled with ceramic front layers of 1.3 mm, 1.5 mm,
mm and 4 mm thickness. For each ceramic layer thickness the
inimum glass backing thickness was determined, where the

rojectile could be stopped. In all tests yaw and pitch of the
rojectiles were measured by means of flash radiographs. The
esidual velocities of the projectiles were determined from dou-
le exposure flash radiographs. Fig. 2 gives an example of flash
-ray pictures of a test where the projectile was stopped (top)

nd of a case with perforation of the target (bottom). The film
as exposed three times in both cases. The first exposure shows

he projectile shortly before impact, whereas the second and
hird exposures visualize the target deformation and the residual
rojectile at two different times after perforation, respectively.

Fig. 3 shows the residual velocity of the projectiles as a func-
ion of the total areal density of the targets. The total areal
ensity ρFTOT is the sum of the areal densities of the three
arget components, whereas the areal density of the compo-

ents is defined as the product of the material density and
he thickness, respectively. Consider for example the targets
ith a 1.5 mm Al2O3 front layer and a total areal density of
85 kg/m2. These targets were assembled from 1.5 mm Al2O3,
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Table 1
Properties of transparent ceramics

Material Young’s modulus (GPa) Hardness HV10 (GPa) Four-point bend strength (MPa)

Sapphire ∼400 15–16 400–600
Sintered Al2O3 ∼400 20.5–21.5 600–700
Sintered MgAl2O4 Spinel ∼275 14.5–15 200–250
AlON 323 1850 MPa Knoop Ind. 200 g –

Fig. 2. Flash X-ray pictures of projectile defeat (top) and perf

Fig. 3. Residual velocity versus areal density for ceramic/glass/polycarbonate
targets.
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oration (bottom) by Al2O3/glass/polycarbonate targets.

× 15 mm = 15 mm + 15 mm glass and 4 mm polycarbonate:

FTOT = 1.5 mm × 3.99 g/cm3 + 30 mm × 2.5 g/cm3

+4 mm × 1.18 g/cm3 = 85.7 kg/m2

The open triangles along with the dashed black line represent
he results with soda-lime glass/polycarbonate targets. These
esults are used as a reference or baseline for comparison with
he results of the ceramic/glass/polycarbonate targets. The solid
oloured lines represent the results with sintered Al2O3 front lay-
rs of different thickness. The values of the ballistic limit areal
ensities (i.e. residual velocity = zero) for the different sintered
l2O3 front layer thicknesses are based on three tests where the
rojectile was stopped, respectively. The solid lines are depicted
s guidelines, but do not represent best-fit curves of the experi-

ental data. Each colour stands for one ceramic layer thickness
ith all materials. The materials are distinguished by the sym-
ols. For the sake of clarity the symbols are omitted with the
intered Al2O3.
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The curves of the sintered Al2O3 clearly demonstrate that
ven with a thin ceramic front layer significant weight savings
an be achieved compared to the reference glass/polymer sys-
em. The ballistic performance increases as the thickness TCer of
he ceramic front layer increases up to TCer = 4 mm. Several tests
ave been performed (data not shown in Fig. 3) with opaque sin-
ered Al2O3 surrogate material and transparent Spinel and AlON
ront layers of 6 mm and 8 mm thickness. The minimum areal
ensity, sufficient to stop the projectile, which could be achieved
ith those targets, was also ≈60 kg/m2. Thus, no significant

ncrease of efficiency against the test projectile was observed
ith ceramic front layers of more than 4 mm thickness.
Sapphire specimens of two different crystal orientations

0001 and 1120) were tested. It can be recognized from the data
n Fig. 3, that with a Sapphire thickness of 1.5 mm and 2 mm
esidual velocities of about 400 m/s were observed with target
et-ups, which stopped the projectile when sintered Al2O3 was
sed as front layer. Residual velocities of ∼250 m/s occurred
ith Sapphire specimens of 4 mm thickness. No significant dif-

erence of the ballistic resistance was observed between both
rystal orientations.

With the Spinel not only perforation but also projectile defeat
as observed at ceramic thickness of 1.7 mm and 2.2 mm. The
aximum residual velocities were ∼120 m/s. No perforation

ccurred at 4 mm Spinel thickness. This means, the protective
trength of the tested Spinel was nearly as good as that of the
intered Al2O3, and significantly higher than that of Sapphire.

With AlON two tests were performed with ceramic thickness
f 1.6 mm, 2.2 mm and 4.3 mm, respectively. No perforation of
he targets was observed in these tests.

The efficiency of the ceramic/glass/polycarbonate targets and
he possible weight savings are illustrated in Fig. 4, which
hows the areal density of targets which stop the projectile, with
ront layers of the different tested transparent ceramics. Fig. 4
learly demonstrates, that already a thin ceramic front layer of

bout 2 mm thickness allows for weight savings of more than
0% against the type of projectile considered. Whereas sintered
l2O3, Spinel and AlON exhibit a similar ballistic performance,
lower ballistic resistance was observed with sapphire front

ig. 4. Areal density versus ceramic front layer thickness for different transpar-
nt ceramics.
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ayers. However, Sapphire front layers also enabled significant
eight savings compared to conventional transparent armour.
In order to understand the ballistic resistance of the differ-

nt ceramics it is on one hand necessary to know the influence
f the microstructure and the mechanical and physical proper-
ies. On the other hand, it is important to know the course of
vents in the interaction of the projectile and the target. Since
he pioneering studies of Wilkins,6 who examined the interac-
ion of 7.62 mm AP projectiles with thin ceramic/aluminium
argets, it is known, that penetration of the ceramic is preceded
y a so-called dwell-phase of a duration of ∼10–20 �s, during
hich the projectile does almost not penetrate the ceramic, but

s being eroded. Several studies with small calibre projectiles
n the dwell phenomenon7,8 have demonstrated that erosion or
wear” of the steel core is one key factor in the energy dis-
ipation of the projectile and thus, for the ballistic resistance.
ther key factors are Young’s modulus (especially during the
well phase), the mode of fragmentation (influenced by the
icrostructure, stiffness of the backing and confinement) and the

ardness. Based on the ballistic results and the studies of Krell9

n the influences on ceramic wear, Krell and Strassburger pos-
ulated a hierarchy of key influences on the protective strength
f ceramic armour.10 The importance of the contributions of the
ey factors will be different, depending on the projectile–target
nteraction during the dwell and penetration phase, determined
y the specific projectile–target configuration.

. Flash X-ray cinematography of transparent armour

In order to verify the hypothesis of the hierarchy of influences
n the protective strength of ceramics two types of experiments
re needed, which allow on one hand to determine the mode of
ragmentation for different materials and target designs, and on
he other hand to determine the duration of the dwell and penetra-
ion phase. At EMI a novel flash X-ray imaging method has been
eveloped,11,12 which is especially useful for the observation of
he different projectile–target interaction phases. A schematic
f the measurement set-up for flash X-ray cinematography is
hown in Fig. 5. Instead of several separate X-ray tubes one
ulti-anode tube is utilized. In the multi-anode tube eight anodes

re arranged on a circle of ≈12 cm diameter. This configuration
auses only a relatively small parallax for the projections from
he different anodes. The process under observation can be X-
ayed at eight different times. The radiation transmitted through
he target is then detected on a fluorescent screen. The position
f the target is between the multi-anode tube and the fluorescent
creen, relatively close to the fluorescent screen. The fluorescent
creen converts the radiograph into an image in the visible wave-
ength range, which is photographed by means of an intensified
igital high-speed camera. The maximum frame rate that can
e achieved with such a system depends on the decay time of
he fluorescent screen, the time characteristics of the intensifier
nd the camera. Frame rates of 100,000 fps have been achieved

ith a fast decaying fluorescent screen and have been used in

his study.
A typical target set-up for flash X-ray cinematography is

epicted in Fig. 6. The transparent ceramic specimen had a
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ash X-ray cinematography set-up.
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Fig. 5. Schematic of typical fl

ypical size of 30 mm × 30 mm. The dimensions of the glass
ayers were 75 mm × 35 mm. The target dimensions were cho-
en such, that the transmission of X-rays through the target was
ufficiently high in order to get images with a good contrast.

Fig. 7 illustrates the penetration of a 7.62 mm AP projectile
nto a glass/polymer laminate, consisting of six glass layers and a
olycarbonate layer at the back. The eight flash radiographs from
ne test clearly demonstrate, that the steel core of the projectile
tayed intact during penetration, which limits the efficiency of
onventional transparent armor without a ceramic front.

A second test was conducted with an equal target configura-
ion and impact conditions, where the times of the flash X-rays
ere shifted by 5 �s compared to the first test. The positions of

he projectile nose in relation to the target surface were mea-
ured. The penetration curve, determined from both tests, is

epicted in Fig. 8, which shows the position of the projectile
ose as a function of time. The impact velocity was 850 m/s. The
lope of the position–time curve yields a penetration velocity of
90 m/s at 10 �s after impact, which continuously decreases to

ig. 6. Photograph of typical target set-up for flash X-ray cinematography.
Fig. 7. Flash X-ray cinematography of 7.62 mm AP projectile penetrating a
glass/polymer laminate.
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ig. 8. Penetration into a glass–laminate: projectile nose position versus time.

bout 530 m/s at 80 �s. In these two tests the projectile perforated
he target.

A very different penetration process can be observed with
ceramic front layer. Fig. 9 illustrates the penetration of a

.62 mm AP projectile into a ceramic/glass/polycarbonate tar-

et, consisting of 4 mm sub-�m grain size sintered Al2O3,
× 9 mm = 9 mm + 9 mm + 9 mm borosilicate glass and 3 mm
olycarbonate.

ig. 9. Flash X-ray cinematography of 7.62 mm AP projectile penetrating a
eramic/glass/polymer laminate.
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ig. 10. Position–time histories of projectile tail, nose and target rear surface.

The projectile did not penetrate the first glass layer until 23 �s
fter impact. During the interaction with the ceramic front layer
he length of the projectile was significantly reduced by erosion.
he strong effect of the ceramic layer on the projectile is remark-
ble, particularly with regard to the small size (30 mm × 30 mm)
nd thickness of the ceramic tile and the fact, that it was hit off
entre. In order to visualize the interfaces between the single
lass layers, thin copper foils were inserted between the glass
ayers. Due to the higher X-ray absorption in the copper the
nterfaces appear dark.

Three tests were performed with equal ceramic/glass/
olycarbonate configurations and impact conditions. The times
f the X-ray flashes were shifted from test to test: in the first test
he flash times were set to 3, 13, 23, . . ., 63, 73 �s (see Fig. 9).
n the second test the flash times were 5, 15, . . ., 75 �s and 10,
0, . . ., 80 �s in the third test. The position–time histories of
he projectile tail, nose and the target rear surface are shown in
ig. 10. The results from the different tests are represented by
ifferent symbols in Fig. 10, whereas the tail, nose and target
ear surface positions are distinguished by different colours. The
urface of the ceramic front layer is at the zero position on the
rdinate. The path-time histories indicate, that only little pene-
ration occurred during the first 10 �s. After this dwell phase a
enetration velocity of about 400 m/s was observed. During the
ime interval of observation the penetration velocity decreased
o about 220 m/s. The projectile was stopped with this target
onfiguration.

About 40 �s after impact a strong deformation of the glass
ayers seems to begin. It is obvious, that a brittle material like
lass cannot support such deformations without failure. Since
he density changes in the material associated with crack for-

ation are too small and the resolution of the X-ray imaging
ystem is not sufficient, failure cannot be visualized with this
echnique. However, failure and damage evolution in transparent
rmour can be visualized by means of high-speed photographic
ethods.
. Conclusions

High weight reductions in comparison to conven-
ional transparent armour, which consists typically of
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lass–plastics–laminates, can be achieved by the use of a hard
ront layer of transparent ceramic. A target set-up has been
eveloped which allows discriminating between the ballistic
erformances of ceramic used as striking ply for transparent
mour. The protective strength of four different transparent
eramics has been assessed by ballistic tests, using armour pierc-
ng projectiles with steel core and ceramic–glass–polycarbonate
argets. The main results of the ballistic tests are summarized in
he following:

The protective strength and the efficiency of the
ceramic/glass/polycarbonate targets increases as the
ceramic thickness increases up to a ceramic thickness of
4 mm.
The strongest increase in efficiency is observed in the thick-
ness range from 1 to 2 mm.
The increase in efficiency is related to the onset and increase
of erosion of the steel core of the projectiles.
Weight savings of about 50% could already be achieved with
a ceramic front layer of 1.5 mm thickness.
No significant increase in efficiency with increasing ceramic
thickness has been observed for targets with ceramic front
layers in the thickness range from 4 to 8 mm.
Targets with a front layer of sintered Al2O3 exhibited the
highest protective strength, followed by targets with AlON,
Spinel and Sapphire.
A novel flash X-ray imaging method has been applied to trans-
parent armour, which allows to visualize the penetration of the
projectile, and therefore, to determine the duration of different

penetration phases.
The combination of the presented ballistic testing method
and visualization techniques provides a basis for a systematic
optimization of transparent armour.
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