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The focus in ceramic armour development today is towards improved protection capability combined with an
overall reduction in production cost.[1–5]
Because of their brittle nature, ceramics and glasses are
susceptible to localized surface damage in the form of cracking when subjected to impact by foreign objects.[6,7] Much
work has been carried out on the dynamic impact behaviour
of ceramics and glasses.[1–5] Tests have been carried out using
small ceramic or metallic spheres, impacting at high speed in
so-called ballistic tests. In these tests, projectiles are accelerated toward their target by utilizing specialised devices called
gas guns.[8–14]
The development of transparent glass-ceramics with a
reinforced surface layer is a promising approach to novel
armour materials since glass-ceramics combine high strength
with improved fracture toughness compared with glass and
yet they can be reliably produced using cost-effective processing methods.[15,16] A number of technical reports have been
published in the last forty years regarding different types of
transparent glass-ceramics,[17–20] but very few focused on their
use as armour materials. The most attractive advantage of
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glass-ceramics is the possibility of using standard glass processing methods followed by controlled heat treatment,
which is a fast and reliable production method, resulting in
almost no residual porosity in the materials. Moreover the
melting plus heat-treatment route offers very good reproducibility compared with the alternative method based on
powder processing and sintering commonly used in polycrystalline ceramics, which is prone to microstructure inhomogeneity. In the majority of previous investigations, transparent glass-ceramics have been obtained, which exhibit the
presence of nanocrystals within an amorphous matrix.[21,22]
This nanostructure (with less than 70 % crystalline phase)
guarantees optical transparency since the crystal size is smaller than the wavelength of visible light. The two principal
conditions for achieving high transparency are low
optical scattering and low atomic absorption in the visible
range.[23–25]
Transparent glass-ceramics appear to be an ideal material
for advanced armour applications due to their relatively good
transparency, low density, relatively high fracture strength as
well as their thermal and chemical stability. However, compared with the most popular polycrystalline ceramics (e.g.
Al2O3), glass-ceramics exhibit lower fracture toughness.[26–30]
The fracture toughness of glass-ceramics can be increased
by using the ion-exchange method, similarly to that used in
chemically toughened glass. The technique of ion-exchange is
one of the most effective alternatives to minimize the detrimental effect of surface flaws in glass bodies (inherent to their
processing and use) because it produces compressive stresses
on the glass surfaces by substituting the smaller ions (e.g.
Na+) in the glass by larger ions (K+), a component of a molten
salt bath (KNO3). Strengthened glass therefore requires higher stresses for catastrophic crack initiation.[31–35]
The purpose of the present work was to analyse the impact
resistance of a new type of transparent glass-ceramic, which
has been recently developed.[36] It is a completely new material having up to 96 % crystallinity with crystal size of the order
of microns (instead of nanometric) and still transparent in the
visible range. The focus of this study was on investigating
crack propagation behaviour under quasi-static conditions
and on the macroscopic response under impact ballistic impact loading. Mechanical properties such as Young’s modulus, hardness, and fracture toughness were also determined.
The materials response under impact loads was studied within the low-velocity regime using a laboratory gas gun.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

191

COMMUNICATIONS

DOI: 10.1002/adem.200600237

Transmittance I/Io (a.u.)

100

80

60

40

Thickness: 4mm

20

glass
glass-ceramic (96 % cr)

0
200

400

600

800

1000

1200

Wavelenght of light (nm)
Fig. 2. Optical transmittance spectrum of a glass-ceramic sample (4 mm thickness,
96 vol% crystalline) and of window glass as a function of light wavelength.

mance may be achieved if an increase in toughness can be
obtained without changing the yield stress of the material.[7,8]
It is therefore important to consider the fracture toughness
(KIc) as well as hardness in order to understand and identify
the factors which must be optimised to improve the ballistic
resistance of brittle materials. A plot of fracture toughness as
function of crystalline fraction for the glass-ceramic tested in
this investigation is shown in Figure 4. It can be seen that
130
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The material investigated was a glass-ceramic formed by a
soda-lime-silica glass matrix containing homogeneously distributed crystals (5–10 lm) and no porosity.[36] The crystals
are complex solid solutions containing all the elements of the
parent glass (Na4+2x Ca4-x Si6 O18; 0 <x< 1). The typical microstructure of the glass-ceramic with 96-97 vol.% crystalline
phase is shown in Figure 1 (crystallinity values are quoted in
vol. % throughout the paper). Cubic shaped crystals can be
observed homogenously distributed and the crystal size appears to be > 10 lm. The same crystalline morphology was
observed in all other samples. The optical transmittance of a
glass-ceramic sample (4 mm thick, 96 vol.% crystalline) is
shown in Figure 2 in comparison with that of window glass.
The transparency in the present glass-ceramics, which contain relatively large crystals (micron-sized), is due to the low
optical scattering achieved in the microstructure. Despite
their relatively large grain size (um), the materials are transparent to visible light because, with heat treatment, both the
residual glass phase and crystals undergo continuous compositional changes in such way that the refractive index of the
residual glass is always almost the same as that of the crystals, i.e. they differ by only 0.015. [36]
A plot of the Young’s modulus as a function of crystalline
fraction is presented in Figure 3(a). The elastic modulus of
the glass (80 GPa) is lower than the value of the glass-ceramic
(124 GPa), as expected. An increase in elastic modulus after
crystallization is observed, but there is no dependence of elastic modulus on the ion exchange toughening (IET) process,
the values before and after ion exchange being remarkably
similar (within the experimental error, which was 5 % in these
measurements).
Hardness and indentation fracture toughness (IFT) were
measured by the Vickers indentation method.[37,38] A plot of
hardness as a function of crystalline fraction is presented in
Figure 3(b). A slight increase in the value of hardness due to
crystallization can be observed. The results show that the
hardness values of the glass-ceramics do not depend on the
IET treatment; in the glass sample, however, the hardness
values strongly increased with IET treatment.
According to literature,[1,13] it is generally accepted that
high hardness is necessary for good ballistic performance. It
has been suggested; however, that improved ballistic perfor-
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Fig. 1. SEM micrographs showing the typical microstructure of the glass-ceramic
investigated (96 vol.% crystallized) with cubic crystals (crystal size > 10 lm) at a) low,
b) high magnification.
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Fig. 3. Graphs showing (a) elastic modulus and (b) hardness of glass and glass-ceramics investigated, before and after IET treatment, as a function of crystalline fraction.
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Fig. 4. Graph showing fracture toughness data, using indentation technique, as function of the crystalline fraction in transparent glass-ceramics.

the IET treatment tends to increase the fracture toughness in
both the amorphous glass and the glass-ceramic samples. The
macroscopically observed increase of fracture toughness with
IET treatment is certainly due to the compressive stresses on
the specimen’s surface.[15] It must be noted, however, that
surface compression stresses induced by IET treatment decrease with the distance from the surface. It is also evident
that increase of crystallisation beyond 50 % does not lead to
improvement of KIC. We hypothesised that ion exchange can
also occur within the Na-rich crystalline phase and this is
why the technique was applied to this special type of highly
crystalline glass-ceramic. As found in other systems,[39] ion
exchange seems to occur also within the crystalline phase,
which explains the observed increase in fracture toughness.
A typical indent on the surface of a glass sample is seen in
(Fig. 5(a) while Fig. 5(b)) shows an indent on a glass-ceramic
containing 96 % crystalline phase. Both samples were tested
after IET treatment. One observes that crack propagation
from each corner of the indent in both the glass and the glassceramic samples leads to a suitable crack pattern for indentation fracture toughness determination.[38] It can also be observed that cracks propagate in transgranular manner in the
glass-ceramic, i.e. with a small deflection along the interface
between crystals and matrix. One can speculate that 50 % is
the optimal crystalline fraction to increase toughness in the
present samples because of the residual stress field that exists
around each crystal, which is favourable for crack deflection.
When that crystallized fraction is exceeded, the residual

a)

b)

Fig. 5. SEM image of Vickers hardness indentations in samples after IET treatment: a)
glass and b) glass-ceramic (96 vol.% crystallized).
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stresses around each crystal start to overlap so that spontaneous microcracking might occur. Although it is difficult to
observe this phenomenon for relatively small volume fractions of crystallized material, spontaneous cracking could be
easily seen in our specimens, even with the naked eye, for the
highest crystalline volume fractions.
Digital camera images showing the typical macroscopic
damage after ballistic test at low impact energy using glass
beads and impact velocity of approximately 80 m/s are presented in Figures 6(a–f) for the different samples investigated. Based on images of impacted samples, a methodology
was developed in order to quantify the damage introduced in
the samples as a consequence of ballistic loading. Visual inspection of samples led to the conclusion that microstructural
damage is a combination of both macroscopic damage, for
example in the form of perforation or total destruction of the
sample, and microscopic damage, characterised by microcracking development, not necessarily leading to sample
destruction. The extent of microcracking damage was determined by measuring the number of cracks. Numerical values
between 1 and 3 were assigned to each damage condition
found in impacted samples, as shown in Table 1. The overall
damage parameter for each sample was then calculated by
multiplying a factor related to macroscopic damage (second

a)

b)

c)

d)

e)

f)

Fig. 6. Digital camera images showing the macroscopic damage after ballistic test at
low impact energy (glass beads used as projectiles and velocity of 80 m/s) (a) glass, (b)
glass after ion exchange, (c) glass-ceramic 50 % crystallized, (d) glass-ceramic 50 % cr.
after ion exchange, e) glass ceramic 96 % crystallized (f) glass-ceramic 96 % cr. after
ion exchange
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Table 1. Factors assigned for quantification of damage as result of the ballistic tests
performed on glass and glass-ceramic samples. The overall damage parameter is
calculated for each sample by multiplying a factor related to macroscopic damage
(second column) by a factor related to microcracking damage (fourth column) and used
in Figs. 7a) and 7b) to plot damage maps for the materials investigated.

impact energy. From values of H and KIC the brittleness index
B[40] was calculated by the following equation:
B

H
KIC

1

Quantification of Damage
No perforation

1

Perforation

2

Some microcracking

2

Destroyed

3

Maximum microcracking

3

Minimum microcracking

1

column in Tab. 1) by a factor related to microcracking damage (fourth column in Tab. 1). The resultant numerical value,
as a quantification of the damage suffered by the sample, was
then used to plot damage maps for the materials investigated.
The results are shown in Figure 7(a) in the form of damage
versus brittleness index multiplied by impact energy and in
Figure 7(b) in the form of damage versus KIC multiplied by
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Fig. 7. Damage maps plotted using the damage parameters introduced in Table 1 as
function of: (a) brittleness index V impact energy and (b) KIC V impact energy. The
glass-ceramics under investigation did not suffer penetration of the projectile in the safe
region of the graph, even after having been substantially damaged by the impact of projectiles.
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For the present work, three different impact energies were
tested: 3 J, 2 J and 0.5 J. It is worthwhile noticing that the projectiles had different hardness which could lead to a different
damage in the targets upon impact. However the parameter
considered here as being the most critical affecting glass-ceramic damage was the impact energy as discussed next. The
“unsafe” region shown in the graphs (Fig. 7) represents samples completely destroyed after ballistic impact, while the
“safe” region represents samples which were not penetrated
by the projectile, the word “penetration” is used here to refer
to the cases when the projectile entered the specimen at the
impact site emerging at the rear end of it. Samples with 96 %
of crystallized fraction (with and without IET treatment)
showed the lowest damage under ballistic impact. Despite
the fact that they possess the largest fracture toughness values, samples with a 50 % of crystallized fraction did not show
the best behaviour under impact, implying that fracture
toughness is not the only parameter to be considered to assess
ballistic impact resistance.
The brittleness index B, defined as the ratio between hardness and fracture toughness as proposed in the literature,[40]
reflects the relative response of the material to deformation
and fracture. In Figure 7(a), it is seen that the brittleness index
allows the ordering of the materials according to their damage. Except for the glass sample after IET treatment, the hardness of all materials was similar (Fig. 3(b)), there is, therefore,
no major difference between the damage maps in Figures 7(a)
and 7(b). It can be concluded that hardness alone does not
have a strong influence on the ballistic resistance of the present set of materials. The exception in this case was the glass
sample after IET treatment which exhibited the highest hardness. The favourable combination of hardness and fracture
toughness in this sample may explain why penetration of the
projectile into this sample did not occur. The sample behaved
‘safely’ for all tested impact energies.
Figure 8 shows a general summary of the results obtained
for indentation fracture toughness and hardness of all samples investigated. In this graph, the 96 % crystallised glass-ceramics and the IET treated glass, marked inside the dashed
circle, showed the best impact resistance of all samples.
Summarising, the ballistic test technique was used to
determine the impact resistance behaviour of glasses and
glass-ceramics designed for use as transparent armours. The
glass-ceramic containing a 96 % crystallized fraction, with
and without IET treatment, did not suffer penetration by the
glass or metallic spherical projectiles when subjected to ballistic impact loading at energies of up to 2 J. This was also the
case for glass samples after IET treatment. This behaviour is
the result of a favourable combination of hardness and fracture toughness. For the conditions of the present tests, pene-
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Fig. 8. Plot of Indentation fracture toughness as a function of hardness for all samples
investigated. The glass-ceramics inside the dashed circle showed the best ballistic impact resistance for the conditions of the present experiments.

tration by the projectile occurred for the others samples at
impact energy as low as 0.5 J, which indicates that there is a
limiting value for the material to be useful in ballistic armour
applications when it is used on its own (without backing
layers). A damage parameter was introduced in order to
quantify the extent of macro- and microstructural damage in
impacted samples. The present results may be useful for the
design of transparent glass-ceramic microstructures for ballistic protection applications.

Experimental
Material: The production of the glass-ceramic included glass melting of raw
materials (after powder mixing), and subsequent heat treatment for 4 hrs at a
temperature 50 K below the glass transition temperature (Tg) in order to
remove residual stresses inside the samples. After annealing, all samples were
treated using a controlled heat-treatment temperature above Tg. The crystalline
fractions studied in the present investigation were (vol. %): 0 % (glass), 50 %
and 96 %. The crystalline volume fraction was determined by optical observations using a Leica DMRX light microscope. For each sample at least 40 different areas were analysed, in which the crystals were counted using a grid, and
the results averaged. The microstructure exhibited the same morphology composed of cubic shaped crystals. The optical transmittance was measured using
a Perkin Elmer UV/Vis/NIR Spectrometer.
The difference in the processing of the glass-ceramics was the time of heattreatment between 1 and 30 hrs, which led to different crystallinity. Fracture
surfaces and polished samples were observed by scanning electron microscopy
(SEM) in order to verify the morphology and size of crystals. The ion exchange
toughening (IET) treatment was realized for 8 hrs at 460 °C using KNO3.
Mechanical Tests: Samples in the form of cylindrical bars of nominal dimensions 40 mm in length and 4.5 mm in diameter were used. An optical polished
surface was attained. The Young’s modulus was measured using the impulse
excitation technique (Mk5 Grindsonic®, J. W. Lemmens Ltd., Leuven, Belgium).
Hardness and indentation fracture toughness (IFT) were measured by the Vickers indentation method.[37,38] A micro hardness tester (Zwick/ Roell Indentec
ZHV, Ulm, Germany) was used, Loads of 1 N were applied for 10 s. Vickers
indents, used to induce cracks for indentation fracture toughness measurements, were made using the same device. A minimum of 20 indentations was
measured for each sample. For each indent, measurements of the relevant characteristic lengths were made (either indent diagonals or crack lengths). Only
symmetrical indentations were used. IFT values were calculated using the
expression formulated by Niihara.[38] This equation was chosen due to recent
results obtained by Vullo et al,[41] who discovered that this formula better correlates with values obtained by the more rigorous Chevron Notch Test. Niihara’s
equation can be written as:[38]
KIC  0:035

  1   2  p
5
l 2 H
H a
a
EU
U
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Where KIc is the IFT, a is the diagonal length of the indentation, l is the crack
length, H is the Vickers hardness value, E is Young’s modulus, and F is a constant approximately = 3.
Crack propagation in different samples was observed by low magnification
optical microscopy.
Ballistic tests: Ballistic tests were carried out by impacting glass and glass-ceramic samples with projectiles fired with a laboratory gas gun. The cylindrical
samples were 40 mm in diameter and 4.5 mm in thickness, they were optically
polished on both sides. The projectiles were glass beads and steel balls measuring 8 mm and 5 mm in diameter, respectively, and weighting 0.167 g and
0.897 g, respectively. The projectile velocities during this investigation were
approximately 80 m/s and 150 m/s. Although the velocities are much lower
than those usually employed in testing materials for ballistic resistance applications, we have left the term “ballistic” to refer to our tests in order to be in
agreement with the related literature.[7,13] Projectile velocities were determined
using a timing device, which contains a light source and measures the time between the shadows due to the projectile flight. The samples were clamped to a
steel sample holder. The gun employed for this study was a single stage laboratory gas gun capable of firing spherical projectiles. A detailed description of
the facility used is given in the literature.[7] The gun uses compressed nitrogen
gas to fire the projectile and is operated by a bursting-diaphragm firing mechanism which controls the velocity. The compressed gas is transferred from the
cylinder to the gas reservoir, which is joined to a breech adaptor. A suitable
diaphragm is placed between the barrel and the breech adaptor. The pressure
in the reservoir causes the diaphragm to rupture, shooting the projectile
through the barrel. The velocity of the projectile is controlled by the pressure,
which is required to burst the diaphragm. The macroscopic damage (cracking)
of the samples after impacts was recorded using a digital camera. It was also
confirmed that after ballistic testing the glass projectiles disintegrated for all
conditions investigated.
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