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Ceramic Impact Cone Crack Formation.

Abstract
Cone crack formation is the primary damage evolution in brittle ceramics subjected to ballistic impact. This
work investigates the correlations between cone cracks generated by low velocity sphere impact and those formed
under high velocity bullet impact. Al2O3, SiC, and Si3N4 ceramic tiles of varying thickness were experimentally
tested for three velocity regimes (250 m/s, 300–550 m/s, 600 m/s). Macrostructural cone geometry was char-
acterized using 3D optical microscopy and high speed imaging, mesostructural topology was evaluated through
incremental Ra roughness measurements along the crack propagation, and microscopic fracture modes were
quantified via SEM-based areal occurrence analysis.

Primary cone angles exhibit discrete regime-dependent plateaus achieved at transition velocities rather than con-
tinuous velocity dependence. Statistically significant inverse linear relationships are identified between primary
cone angle and tile thickness, and between secondary cone angle and secondary cone height. Cone nucleation
depth and minor cone radius scale proportionally with projectile radius, independent of ceramic material and
velocity regime, indicating projectile-controlled nucleation geometry. Surface roughness increases progressively
along the crack path for all materials and projectiles, suggesting propagation induced development of topolog-
ical features. In contrast, material dependent distinct fracture modes are identified with minimal effects from
projectile geometry and velocity.

Comparison between sphere and ballistic impacts reveals overlapping primary cone angle regimes, similar surface
roughness amplifications, and comparable fracture modes, indicating similar crack nucleation and propagation
mechanics at similar projectile velocities. Differences are primarily expressed in magnitudes of cone fragmenta-
tion and specimen recoverability for postmortem characterization of bare ceramic tiles.

In general, geometry is dominant for determining cone crack morphology, and intrinsic material properties gov-
ern microstructural fracture modes. Sphere impact testing can serve as a representative predictive screening
method for understanding ballistic cone crack behaviour within defined regimes.
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1 Literature Research

This work on advanced ceramics touches on their origins, properties and ongoing developments, summarizes the
ceramic fracture mechanisms and common testing methods, and introduces a research objective. Subsequently,
ceramic cone crack terminology and characteristics, experimental and analytical research on cone cracks are
presented in addition to contradicting research �ndings, and �nally research opportunities and the research
objectives of this work are discussed.

1.1 History, Characteristics, and State-of-the-Art of Armour Ceramics

1.1.1 History of Ceramics & Ceramic Armour

Humankind started manufacturing and using ceramics in the age of non-sedentary, non-agricultural hunters and
gatherers at a global scale with sculpted �gurines and pottery from 25000-10000 BC, with the eventual term
ceramic coming from keramik �os, a reference to K�eramos, son of Greek gods Dionysos and Ariadne and lord of
the potter's district of Athens (Keramaikos). [61, 20, 20, 6, 4] The development of ceramics led, among other things,
to the discovery of �red bricks for masonry (SiO 2, Al 2O3, CaO & Fe 2O3), glass (amorphous SiO2), glazing
techniques for porcelains such as Delftware (SiO 2), tooling such as drills and cutting and machining inserts
(WC), semiconductors such as LED's (GaN / SiC), rail, automotive and aircraft brakes (carbon-�bre-reinforced
SiC) and aerospace turbine blade thermal barrier coatings (Y 2O3 stabilized ZrO 2). [13, 45, 35, 63, 66, 8, 42, 28, 52]

In 1967 the Lawrence Berkeley National Laboratory experimentally found that a laminate of Al 2O3 and alu-
minium was capable of stopping an armour piercing (AP) projectile travelling at 929 m/s, providing fundamental
research on the ceramic armour strike face. [87] In 1969 their extensive research included reporting of fracture
conoids in ceramic impact below the composite ballistic limit of di�erent ceramics such as B 4C, BeO, SiC,
SiN3, TiB 2, TiC, WC, and 6061-aluminium or �breglass backing plates. [88] In the Vietnam war, Al 2O3 and B4C
strike face and woven backing laminates were the �rst �elded protective vests for aircrew, and B 4C on aromatic
polyamide �bre composite armour were the �rst ceramic based protection methods for helicopter seats. [30] The
ceramic strike faces are adhered to metals or polymer composite backings for enhanced protection against hard-
ened projectile threats while achieving superior areal density e�ciencies compared to monolithic materials. [49]

1.1.2 Function, Chemistry, Manufacturing, and Characteristics

Lightweight and e�ective armour systems requires materials of low density and high resistance to penetration.
The armour systems can be composed of two categories of materials; energy disruptors and energy absorbers.
High strength materials, such as ceramics, are used for energy disruptors to blunt or rapidly erode an in-
coming projectile as kinetic energy is de
ected and dispersed through fragmentation. The remaining kinetic
energy is then dispersed into the absorber, such as ductile metals or �bre reinforced polymers, through plastic
deformation. [32] Oxide, carbide, nitride, and boride ceramics combine covalent and ionic bonding, where shared
electrons and electrostatic attraction create strong bonds, yielding rigid, undeformable and stable materials. [33]

The resulting high strength, stable, and wear, corrosion and extreme temperature resistant structural ceramics
are used as armour ceramics, bene�ting from low density, � and high hardness, Hv , to provide protection against
ballistic projectiles, as indicated in Table 1 for alumina, boron carbide, silicon carbide, silicon nitride, zirconia
(Al 2O3, B4C, SiC, Si3N4, ZrO 2) and steel.

Table 1: Mechanical Properties of Engineered Ceramics and Steel for Indicative Reference.

Material � - g/cm 3 g - µm E - GPa � Hv K IC - MPa
p

m � t - MPa � c - MPa m Source
Al 2O3 3.9 6 370 0.22 1478 4{5 262 2600 10 [12, 50]
B4C 2.5 15 460 0.17 2750 24 - 4343 12 [12, 50]
SiC 3.15 4 410 0.21 2800 4.0 390{450 3500 18 [12, 50]
Si3N4 3.16 - 320 0.26 1530 5.5 350{415 2500 20 [12, 50]
ZrO 2 6.07 1 210 0.30 1300 13 - 2500 15 [12, 50]
Steel 7.5{8 - 210{235 0.27 145{290 50{80 1110 1000{2000 90{100 [12]
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Dense functional components are manufactured through sintering or reaction bonding where constituent ma-
terials or granular premixes are formed, and subsequently sintered under a combination of heat and pressure,
or in�ltrated by a liquid constituent for internal crystallization through capillary pressure before being ma-
chined to speci�cation. [15, 60, 79] For ceramic coatings or intricate structures, alternative manufacturing tech-
niques such as physical or chemical vapour deposition, plasma spraying or additive manufacturing can be
employed to create unique micro- and macrostructural features and properties that provide enhanced impact
or stab resistance.[10, 65, 82, 29, 17] Regardless of producing homogenous, highly dense ceramics through careful
manufacturing routes, micropores are intrinsic to ceramics. The location, size and orientation of these defects
govern the e�ects of internal stress concentrations and result in scatter of mechanical properties. The spread of
stochastic fracture strength in ceramics and other brittle materials is often expressed with the Weibull exponent,
m, where a higher exponent indicates increased statistical reliability.

1.1.3 State of the Art and Prospects

Modern research predominantly focusses on improving the mechanical properties and lifetime of intrinsically
brittle advanced ceramics. Amongst others, the ballistic performance of advanced ceramics are improved through
fractional doping of Al 2O3 with oxides (ZrO 2, MgO, Y 2O3) [67, 1, 51], increasing the relative density, � % , and op-
timizing the grain size, g, through incremental production improvements [1], transformation toughening and
(continuous) �bre reinforcement, leading to the development of ceramic matrix composites, [27, 71, 62, 86] and
crack de
ection in structural ceramics through nano-crystalline doping and bio-inspired granular structures of
ceramic composites.[55, 23, 43] Additional e�orts are focussed on developing novel ceramic substances and creating
multi-functional capabilities, such as radar absorbing- or (autonomous) self-healing ceramics. [19, 47, 81] Further-
more, increased computing power, the Johnson-Holmquist material model, and �nite element modelling allow
for simulation of the impact damage in structural ceramics that increasingly agree with experimental results
.[44, 68, 80] Finally, as tightening resource availability and ecological footprint have gained global attention, eco-
logically friendly sources, recycling and energy responsible manufacturing routes are of key interest. [34, 31, 84, 22]

These chemical, physical, structural, numerical, and environmental improvements aim at predicting, improving,
retarding, de
ecting and/or preventing the crack propagation of ceramics from ballistic impact.

Beyond building on the historical context, material fundamentals, and the current state of the art, the devel-
opment of more advanced armour ceramics relies on deepened understanding of ceramic cracking mechanisms
and fracture mechanics under ballistic impact.

2
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1.2 Ceramic Impact Fracture

1.2.1 Ceramic Crack Mechanisms

Upon impact of a projectile on a ceramic tile both external and internal cracks form, as visualized in a section
view in Figure 3, characteristic for speci�c material properties, impact and loading conditions. As a ceramic tile
(I) gets impacted by a projectile (II) at a su�ciently high velocity, both ring cracks (III) and radial cracks (IV)
become visible at the surface. Whereas beneath the surface a comminuted zone (V) forms under the impact
zone, as well as median cracks (VI) through the thickness of the tile and lateral cracks (VII) spanning in-plane
through the tile. Additionally, a single or multiple cone cracks (VIII) form beneath the surface of the impact
face, which is the focus of this research.

Figure 1: Visualization of Impact Induced Cracks in a Ceramic Tile (I) Cross Section. Projectile (II) Impacting
from Top Down with Surface Cracks (II, III), Sub-Surface Cracks (V, VI, VII) and Formed Cone Crack (VIII).

1.2.2 Ceramic Crack Steps

For a su�ciently hard projectile with abundant kinetic energy, a ceramic tile will fracture with characteristic
cracks forming in three periods:

1. The incubation period commences as the projectile touches the surface of the ceramic with deformation
and erosion of the projectile, exerting compressive stresses onto the contact area. An increasing quantity
and size of ring cracks develop at the surface and an increasing hemispherical comminuted zone forms
beneath the surface comprised of;

ˆ lattice plasticity,
ˆ microcrack extension, and
ˆ microcrack coalescence and granular plasticity.

2. The formation period starts as the projectile load and micro-damage reach a critical combination, resulting
in cone crack nucleation and rapid propagation through the ceramic tile as a result of multi-mode crack
opening.

3. The failure period is initiated as the formed cone fully fractures from the ceramic body, while the projectile;

ˆ erodes the cone tip,
ˆ fragments the cone axially, radially and laterally, and
ˆ accelerates the cone and fragments

In parallel, the perforation of the projectile through the remaining ceramic tile induces radial cracks and
incrementally larger ring cracks with �ne ceramic fragments.

For an insu�ciently hard projectile or insu�cient kinetic energy, partial fracture can occur depending on
the impact and fracture mechanisms. To better grasp the progression of ceramic impact cracking and crack
formation and propagation, understanding of these fracture mechanics is essential.

3
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1.2.3 Fracture Mechanics

Impact fracture in ceramics is a complex, unpredictable balancing act of elastic- and plastic projectile deforma-
tion, ceramic fracture mechanics, micromechanical plastic deformation, depending on the crack forming period,
as described in subsubsection 1.2.2, according to the steps described below.

A moving projectile has a kinetic energy, Ukin , proportional to its mass, M p, and quadratically proportional to
its velocity, vp, as expressed in Equation 1. Upon impact with a static ceramic tile, a decelerating force, F ,
acts upon the ceramic tile and the projectile. This force over the impact contact area is a pressure, P, equal to
the compressive stress in the projectile, � . Initially this stress is proportional to a material's elastic modulus
and strain, E and � respectively, according to Hooke's law for elastic deformation (Equation 2) until the yield
strength, � Y . For impacts beyond this strength, the contact pressure is better approximated by the dynamic
pressure, pD , which includes the density of the projectile, � p, and quadratically increases with vp, as shared in
Equation 3. [11]

Ukin =
1
2

M pv2
p (1)

� = E�; if � � � Y (2)

pD = � Y +
1
2

� pv2
p ; if � > � Y (3)

At su�ciently high impact velocities and su�ciently hard static ceramic targets approximations of projectile
behaviour are more complicated, as plastic deformation of the projectile is accompanied with erosion through
material softening, melting, and eventually fracture.

A brittle ceramic exhibits mostly linear behaviour until failure which enabling the use of semi-analytical models
to predict failure in ceramics. Fracture in brittle ceramics is well approximated by the Gri�th criterion for
fracture, as it relates the energy needed to form new crack surfaces and the release in strain energy. The external
stress, � , required for extension of an existing 
aw of length 2c, for a fracture surface energy 
 is calculated
according to Equation 4, which is more commonly in terms of the strain energy release rate of Equation 5.
Thus linking fracture of a brittle ceramic with an intrinsic critical crack length and a maximum applied tensile
stress, which is derivable from a stress �eld. [53]

� �
�

2
E
(1 � � 2)�c

� 1=2

(4)

K 2
IC (1 � � 2)

E
� 2
 (5)

As illustrated in Figure 2, a (spherical) projectile on a semi-in�nite tile in cylindrical coordinates, (r; �; z ) and
assuming rotational symmetry, impact is modelled process in which the static radial, tangential, and axial
equilibrium equations hold, as expressed in Appendix subsection A.b. The stress �eld is obtained analytically
from an elastic, and plastic contribution from the ceramic, given by the Boussinesq solution and a blister �eld
(B ), as expressed in Equation 6.[95, 7]

� r =
P

2�r 2 [1 � 2� � 2(2 � � ) cos� ] +
B
r 3 4

�
(5 � � ) cos2 � � (2 � � )

�

� � =
P

2�r 2 (1 � 2� )
cos2 �

1 + cos�
�

B
r 3 2(1 � 2� ) cos2 �

� z =
P

2�r 2 (1 � 2� )
�
cos� �

1
1 + cos�

�
+

B
r 3 2(1 � 2� )(2 � 3 cos2 � )

� rz =
P

2�r 2 (1 � 2� )
sin � cos�
1 + cos�

+
B
r 3 4� sin � cos�

(6)

Figure 2: Illustration of spherical impact on a ceramic half-space in cylindrical coordinates (r; �; z ), showing the
resultant projectile force ( P) and the plastic/blister �eld intensity ( B ).
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By examining the stress �elds and plasticity, of the components of the stress tensors, shared in Equation 6, a
connection is found with the crack types formed in ceramic impact, as listed in Table 2. [36]

Table 2: Ceramic Crack Formation Matrix.

P � 0 P > 0
B = 0 - ring cracks (� r ; z = 0)

B > 0 lateral cracks (� z ; r = 0)
radial cracks (� � ; z = 0)
median cracks (� r ; r = 0)

In the absence of plasticity ( B = 0 ), the highest tensile stresses are present at the surface, � r = P=4�r 2 (z=0),
forming surface ring cracks. For a small increasing positive plasticity value ( B > 0), the polar stress along
the symmetry axis dominate over the radial stress at the surface, according to � r (z = 0) = P

4�r 2 � 7B
r 3 and

� � ; (r = 0) = P
8�r 2 � B

r 3 respectively, forming a median crack in the ceramic. For a continued increase in plas-
ticity, the axial polar stress along the symmetry axis will become suppressed and the surface azimuthal stress
will dominate, according to � � (z = 0) = � P

4�r 2 + 2B
r 3 , leading to the formation of radial surface cracks. Upon

removal of the load ( P �! 0) and with plasticity remaining present, the axial radial stress component becomes
tensile upon unloading, � r = P=4�r 2 + 2 B

r 3 (r=0), and a lateral cracks forms below the indentation, parallel to
the surface.[36] Near the comminuted zone, a surface or sub-surface crack serve as a nucleation site for a cone
crack, as expressed in Table 3.

Table 3: Cone Crack Nucleation Site Matrix.

P � B 20B . P . 50B P � B
B = 0 - ring crack ring crack
B > 0 median crack comminuted zone ring crack

For non-existent plasticity ( B = 0 ), the maximum tensile principal stress, � 1, is represented by by Hertzian
indention, located just beyond the edge of the contact area, with a shallow initial crack direction relative to
to the surface. For large load to plasticity ratios, i.e. P � B , Hertzian �elds dominate the stress �elds in
Equation 6, and the � 1 at the surface just outside the plastic zone and cone cracks can propagate from surface
ring cracks. For a proportional load to plasticity ratio both greater than zero, the � 1 lies immediately beneath
the plastic zone and acts in the z-direction. At intermediate load to plasticity ratios, 20B . P . 50B , the
magnitude of the two stress �elds is similar and � 1 lies at the edge of the comminuted zone in-between the two
positions described prior, with crack direction (60-90 ž ) varying on the position of crack initiation. [18]

1.2.4 Micro-plasticity and Inter- and Transgranular Fracture

The volume of plasticity within a ceramic impacted by a projectile, represented as B , also impacts the fracture
modes of the ceramic. Plasticity in ceramics is attributed to dislocation pileups and twins generating stress along
grain boundaries, followed by micro-cracking, and grain boundary sliding, which express themselves through
distinct dislocation pile-ups. [83, 14] An increased dislocation density in the grains of ceramics changes a crack's
path of least resistance, shifting the ceramic fracture mechanics from intergranular to transgranular fracture. [92]

The failure process of ceramics under dynamic loading is governed by intergranular and transgranular fracture
mechanisms, dependent on a strain rate transition value. For a sub-critical strain rate, crack nucleation and
growth are suppressed within the grains, accordingly micro-cracks propagate along grain boundaries expressed
through a visibly uneven fracture surface, characterized as intergranular fracture. For dynamic strain rates
above the transition rate, the strain energy release rate is su�ciently high to cause grain splitting through crack
nucleation and growth, resulting in a smooth fracture surface, characterized as transgranular fracture. [85] The
transgranular fracture percentage, %IG , is calculated from the ratio of inter- and transgranular fracture areal
densities, � T G and � IG respectively, as described in ASTM standard C1322-15. [73]

Theoretical impact and fracture mechanics describe relationships according to ideal scenarios, whereas experi-
mental impact aim to extract metrics and �eld applications may again di�er from the experimental context.

5



Ceramic Impact Cone Crack Formation. 1 LITERATURE RESEARCH

1.3 Impact Testing of Ceramics

Although international test standards can classify projectile impact testing of ceramics for projectiles [56], personal
body armour [37, 25, 70] and armoured vehicles[69, 24], a standardized testing method for a bare ceramic tile is non-
existent and dissimilar performance metrics and analysis methods are used in literature. As listed in Table 4
and calculated according to subsection A.c, each test method has its perks and downsides, making a trade-o�
between bullet impact representativeness and characterization of measurable ceramic properties.

Table 4: Methods for Testing Indentation and Impact of Structural Ceramics.

Test Method Impactor Velocity Advantages Disadvantages

indentation
pyramid /

sphere
< 5 m/s

+ inexpensive test
+ standardized test
+ minimal ceramic damage
+ Hv & K IC characterized
+ widely used in research
+ lab test

� (quasi-)static process
� non-representative armour impact

drop test sphere < 10 m/s

+ inexpensive test
+ standardized test
+ limited representativeness
+ lab test

� impact velocity limited
� no ceramic properties measured
� scarcely used in research
� non-representative armour impact

DoP bullet > 500 m/s
+ widely used in research
+ representative armour impact

� statistical variability
� measurement complicated
� backing required
� non-standardized test
� complete ceramic damage
� no ceramic properties measured
� shooting permit required
� backing support included
� yaw/spin/pitch in
uence

REM
bullet /
sphere

> 500 m/s
+ bare ceramic tested
+ realistic impact

� non-standardized test
� analysis complicated
� complete ceramic damage
� no ceramic properties measured
� scarcely used in research
� shooting permit required

sphere impact sphere > 50 m/s

+ inexpensive test
+ bare ceramic tested
+ widely used in research
+ no projectile yaw / pitch / spin
+ no shooting permit required
+ limited ceramic damage

� non-standardized test
� no ceramic properties measured

Standardized indentation techniques , such as Vicker's or Brinell, derive the small scale plastic deformation of
a material as a function of a speci�c indenter geometry penetrating a surface at a controlled force, enabling
the calculation of a material's hardness and fracture toughness. Although commonly researched, accessible to
researchers, and controllable, the tests are unrepresentative for structural ceramic behaviour under ballistic im-
pact as the quasi-static indentation factors out the e�ects of dynamic impact. Additionally, spherical indenters
are less suited for hard materials where a large indentation size is desired, limiting reliability with structural
ceramics.

A drop test involves a free falling object from a set height, transforming a known potential and kinetic energy
into strain energy upon impact to extract the impact shock resistance of a structural ceramic tile, with various
(standardized) objects (projectiles, hammer or hardened steel ball). The bene�ts of commercially available lab
instrumentations and standardization are to be weighed against the limited representativeness of ballistic ar-
mour bullet impact from specimen supporting or clamping e�ects as well as orders of magnitude smaller strain
rate regimes than ballistic impact.
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The depth of penetration test (DoP) [64, 90, 89] involves impacting ceramic tiles or laminates glued to a semi-
in�nite backing and calculating a ballistic e�ciency factor from material properties and ballistic test results of
a bare semi-in�nite backing. Although historically widely used by military laboratories and researchers [91, 38, 16],
the test method relies on large con�dence intervals and has di�culties in obtaining statistically acceptable test
results, which render the testing method an inaccurate and a nonconclusive metric. [9, 54]

The residual energy method (REM) involves a high velocity projectile impacting and penetrating a bare ceramic
or laminate tile and calculating the energy absorption from the residual kinetic energy of the projectile core
and cones from high speed video. This more modern testing method gives a more consistent and realistic rep-
resentation of armour, but requires a high speed video and bullet catcher to reliably derive the masses involved
in the perforation .

The ball impact test involves a hard spherical projectile impacting a bare or supported ceramic tile to analyse the
damage induced in ceramics and backings at lower velocities. Lower projectile impact velocities show ceramic
fracturing, with limited fragmentation, simplifying ceramic damage analysis and enabling research into crack
formation. Commercially available hardened steel and ceramic spheres reduce projectile costs with symmetric
impact characteristics, and can be �red with a legally purchasable gas gun, reducing the �nancial and legal
barrier for impact testing on armour.

The described test methods are widely studied in research, whereas a complete overview of impact methods,
projectiles, parameters, and the e�ects on cone features is key in comparing metrics and understanding the
correlations.
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1.4 Cone Crack Fracture Research

1.4.1 Conventions, Terminology and Bounds

To describe diverse literature de�nitions and conventions, this work assumes naming as visualized and indicated
in Figure 3, where a ceramic tile of thickness tc, is impacted by a projectile of radius Rp, where at a projectile
contact radius r p a cone is formed of minor radius r c, major radius Rc, cone height hc and a related cone
angle � . The projectile and cone velocity and mass, M p, vp, v�

p , M c, and vc, are equal to those mentioned in
Appendix/subsection A.c Additionally, cylindrical polar coordinates, (r; �; z ), is conventional with the origin at
the impact centre, radial distance ( r ) in the ceramic plane, azimuth ( � ) rotational symmetry assumed around
the main axis, and height ( z) de�ned in the direction of projectile velocity.

Figure 3: Visualization of Cone Crack and Terminology in a Ceramic Tile Impact Section.

Select research de�nes minor and major angles for the cone crack separately [80, 94, 96], however in this work a
single continuous � is assumed according to Equation 7, calculated in Appendix/subsection A.a, as Rc is as-
sumed constant (i.e. equal pressure distribution to armour backing), and this convention allows for convenient
correlation with existing literature, and fractured cone angle measurement from high speed videography.

tan(� ) =
Rc � r c

hc
=

� 3r �
q

12V
�h � 3r 2

2h
(7)

Additionally, as multiple cones can form during ceramic fracture, as explained in subsubsection 1.2.1, only the
principle fractured cone is investigated. Impact velocity research and analysis is limited ( � 50 - 1000 m/s) to
stay within realistic range for cone crack formation and ballistic range of bullets.

1.4.2 Experimental Research on Cone Cracks

The correlations found in experimental work on cone crack geometry, as summarized in Table 5, are discussed
and compared.

Early experimental research is performed by Field , Sun and Townsend on the impact of a hardened steel sphere
(Rp = 2.5 mm) on glass ceramics and Al 2O3 tiles over a wide velocity range ( 50 < v p < 900 m/s). [26] Their
analysis indicated that the Al 2O3 cone angle increases as the velocity increases,� 220m/s < � 800m/s , and linked
this to fragmentation of the projectile and the material 
ow modifying the stress �eld, whereas the authors
indicated a glass ceramics cone angle decrease for higher velocity impacts, � 40m/s > � 90m/s , attributed to an
expanding projectile contact radius, r p, during impact. The authors attributed roughness of the cone surface
to the amplitude of stress wave re
ected in the ceramic, which directly correlates with the projectile impact
velocity. Additionally, the relative hardness of the projectile and tile specimen is regarded of great importance
to the elastic- and plastic energetics of impact, whereas the ceramic toughness is regarded as sub-signi�cant.
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More recent work by Khan et al. on hardened steel bullets ( Rp = 5.45 mm) impacting 5 mm thick Al 2O3 tiles
at lower velocities ( 50 < v p < 275 m/s) indicates a similar trend to Field et al., where higher impact velocities
yield greater cone angles, � 52m/s < � 275m/s , with signi�cant variation between measurements. [40] It was found
that an increase in projectile velocity lead to a greater quantity of radial and ring cracks and the formation of
�ner ceramic fragments.

Recent work by Yuan et al. on high speed (274-1040 m/s) impact of spherical 304 stainless steel projectiles
(Rp = 2.5 mm) on 10 mm thick Al 2O3 tiles, found that cone angles increase as the impact velocity rises,
� 274m/s < � 1040m/s .[96] These results are geometrically linked, as per Equation 7, to a decrease in hc, attributed
to ceramic granulation and cone erosion, and to an increase in Rc, reportedly from an increase in projectile
deformation. Cone fracture is linked to splitting due to spallation and �nally fragmentation, observing more
pronounced transgranular fracture, decreased observance of microporosity and microplastic deformation near
the impact point for intermediate to higher velocities (488, 802 & 1040 m/s respectively).

Akimune tested steel and yttria-stabilized zirconia, YSZ, spherical projectiles ( Rp = 0.4 mm) impacting a 3 mm
thick SiC tile at low velocities. [3] Sub surface cone angles were locally measured near the impact area from a
polished section of the impact site and related to the impact velocity, and deformation behaviour of the sphere
and target material. Generally, smaller cone angles are reported for higher projectile speed, � 100m/s > � 270m/s ,
acclaimed to be from di�erent Hertzian stress �eld trajectories. For dissimilar projectile materials a greater cone
angle, � ZrO 2 > � steel, was found for greater projectile hardness HvZrO 2 > Hv steel, attributed to lower projectile
deformation. The author observed a greater quantity of nucleated non-aligning cone cracks for an increasing
degree of projectile penetration, where the response behaviour and contact behaviour proceed from the ratio of
target to projectile hardness, Hvc=Hvp.

Toussaint and Polyzois experimentally impacted Al 2O3 tiles of di�erent thickness at various velocities with
E52100 chrome steel spherical projectiles (Rp = 3.175 mm) for calibration of a ceramic model. [80] The cone an-
gle for thin Al 2O3 tiles (9.1 � 0.3 mm) marginally ( < 2%) decreases for an increasing impact velocity, � 100m/s >
� 300m/s > � 500m/s , calculated from Rc through Equation 7. For thicker Al 2O3 tiles (13.2� 0.3 mm) the cone an-
gle, calculated similarly through Equation 7, remains approximately equal for lower and higher velocity ranges,
� 200/s � � 800m/s . On average the cone angle is smaller for the thicker tiles relative to the thinner tiles for various
projectile velocities, � 9mm > � 13mm. Moreover, the authors uniquely distinguished cone crack fracture surfaces
according to the terminology of ASTM C1322 [73]. For 13 mm tiles at intermediate impact velocities (200-499
m/s), the fracture surface progresses from a smooth mirror �nish near the comminuted zone, to a mist fracture
with medium roughness and a cone-angle shift, and ultimately to a rough hackle fracture with a sharp angle
change near the rear.

Kedir et al. experimented with larger spherical steel, partially stabilised ZrO 2 and Si3N4 projectiles ( Rp =
0.75 mm) impacting 3 mm thick SiC at intermediate velocities (200-340 m/s), with all �ndings in agreement
with prior experimental work. [39] Smaller cone angles were observed for greater ZrO2 projectile impact veloc-
ities, � ZrO 2 -216m/s > � ZrO 2 -320m/s , but similar cone angles were observed for Si3N4 projectile impact velocities,
i.e. � Si3 N4 -216m/s � � Si3 N4 -320m/s . Greater cone angles � Si3 N4 > � ZrO 2 > � steel were observed for harder projectiles
HvSi3 N4 > Hv ZrO 2 > Hv steel, attributed to reduced projectile deformation and hence smaller r p.
, with all �ndings in agreement with prior experimental work [3, 72]. Through synchrotron X-ray radiography of
the projectile impact, a two-dimensional projection of the fracture volume reveals the formation of a sub-surface
cone crack within the �rst microsecond after impact, prior to complete projectile deformation/cracking/pul-
verization and prior to the formation of other ceramic cracks. Additionally, the authors consistently observe
predominantly transgranular fracture at all cone fracture surfaces, with slightly greater intergranular fracture
at a greater distance from the impact location, regardless of projectile material.

Ma et al. conducted research on impact of thick Q235 steel cylindrical projectiles ( Rp = 10.8 mm) on Al 2O3 tiles
(tc = 8,12,15 mm) with a Q235 steel backing (8 mm) and a Kevlar crack-arresting layer (0.5 mm) adhered to
the ceramic strike face. [48] For 8 mm tiles, a drop in cone angle is observed for lower impact velocity, however the
cone angle is independent of velocity at faster impact velocities, � 162m/s > � 218m/s � � 404m/s � � 518m/s . A similar
trend is observed for 12 mm and 15 mm tiles, where � 323m/s � � 427m/s � � 518m/s and � 321m/s � � 414m/s � � 541m/s

respectively. For the intermediate and high velocity impacts (218-541 m/s) the cone angle is reported to be
related to the ceramic thickness with a maximum cone angle for 12mm Al 2O3 tiles, i.e. � 8mm < � 12mm > � 15mm.
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Research by Leavy, Brannon and Strack included ballistic impact experiments on thick SiC and B 4C ceramics
cylinders (� = tc = 25.4 mm) with WC sphere projectiles ( Rp = 3.175 mm) at velocities between 50 and
500 m/s. [46] For an increasing impact velocity, the cone angle decreases, and the quantity of cone cracks in-
crease substantially, with no indication of dissimilar behaviour between the ceramic materials. Utilising X-ray
computed tomography analysis allowed the authors to non-destructively reconstruct a 3D map that enables
360°measurement of the major cone crack.

Yang et al. investigated cone cracking in Al 2O3 tiles of 5, 8, 10 and 12 mm thick at by impact of Q235
steel spheres (Rp = 5 mm) at intermediate impact velocities (230-400 m/s). [94] Their �ndings suggest that
cone angles are inversely related to ceramic tile thickness, such that for comparable impact velocities ranges
� 5mm > � 8mm > � 10mm > � 12mm. Additionally, they observed a reduced thickness or rise in impact velocity
signi�cantly increase cone fragmentation and ceramic tile spallation.

Oh et al. experimentally researched cone cracks formed in 4 mm SiC tiles by impacting 1.2 and 2.0 mm SiC
and steel spheres of di�erent sizes in the range of 30-250 m/s. [58] Moderate negative correlations between
cone angle and impact velocities are reported, with steeper trends for steel spheres than for SiC spheres
((� � �=v p)SiC > (� � �=v p)steel ), attributed to a di�erence in material density, and steeper trends for larger
spheres than smaller spheres (� � �=v p)2:0mm > (� � �=v p)1:2mm . Furthermore, an empirical equation for the
cone angle was obtained for the cone from the particle and tile density, impact velocity and projectile radius.

Extensive research e�orts by Yamada et al. on impact testing a range of 4 mm thick bare ceramics (B 4C, Al 2O3

of several purities and sintering temperatures, ZrO 2, Si3N4, Al 2O3/ZrO 2 & Al 2O3/SiO2) at an approximately
constant 320 m/s with SUJ-2 steel spherical projectiles ( Rp = 0.5 mm). [93] Although sintered according to
similar sintering temperatures ( � 1600 °C), for an increased Al 2O3 purity a negative correlation with the cone
angle and an increase in intergranular fractures are observed, i.e. � A96 > � A99 > � A99.99 calculated according
to Equation 7. For equally pure Al 2O3 tiles (A99.99) sintered at dissimilar sintering temperatures (1350, 1450
& 1600 °C) a similar trend is apparent, where a higher sintering temperatures inversely correlates with cone
crack angle, such that � 1350°C > � 1450°C > � 1600°C. Most noticeably, a clear correlation was found between larger
cone cracks forming for materials with lower fracture toughness, where: � Al 2 O3 /SiO2 > � B4 C > � A99 > � Si3 N4

and similarly K IC � Al 2 O3 /SiO2 < K IC � B4 C < K IC � A99 < K IC � Si3 N4 . This �nding equally holds for the collection
of Al 2O3 tiles discussed prior, however not for the ZrO 2 and Al 2O3/ZrO 2 tiles, allegedly due to ZrO 2 stress-
induced phase transformation (a transformation toughening mechanism as described in subsubsection 1.1.3).
Furthermore, analysis of the main fracture modes indicated a greater ratio of trans- to intergranular fracture,
%gfrac as calculated through ??, for ceramics with lower K IC and higher � , but a lower percentage of kinetic
energy consumed by fracturing. Di�erent materials and sintering temperatures are presented, in
uencing grain
nucleation and growth which are not quanti�ed or controlled in the research, but most likely play a signi�cant
role in inter- and transgranular fracture modes and micro scale fracture mechanics.
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Table 5: Experimental Correlation of Cone Angle Parameters, Extracted from Reported Data.

Publication
Projectile Ceramic

Correlation
[A] [B] [C] [D] [E] [F]

Akimune, Y., 1990 l 0.8
CrSt

100-270 SiCa 3
� / � vp [3]

YSZ � / Hv p

Field et. al., 1989 l 5 HSt
32-402 glass ceramics � 10 � / � vp [26]
50-900 Al2O3 � 10 � / vp

Kedir et al., 2021 l 1.5
Si3N4 256-339

SiCa 3
� / � vp

� / Hv p
[39]YSZ 211-320

CrSt 316
Khan et al., 2020 10.9 HSt 52-275 Al2O3 5 � / vp [40]

Leavy et al., 2010 l 6.35 WC 50-500
SiCa

25.4 � / � vp [46]
B4Ca

Ma et al., 2025 10.8 St
162-541

Al 2O3
8-15 � �/ vp [48]

� / tc

Oh et al., 2005 l
1.2

2.0

SiC

St
30-250 SiCa 4

� / � vp

[58]� / � r p

� / � �

Toussaint et. al., 2019 l 6.35 CrSt 100-832 Al2O3
9 � �/ vp [80]
13 � / � tc

Yamada et al., 2010 l 4 CrSt 320

Al 2O3
b

4
� / � K IC

� / %gfrac
[93]

Al 2O3/SiO2
Al 2O3/ZrO 2

B4C
Si3N4

ZrO 2

Yang et al., 2024 l 6 St 217-409 Al2O3 5-12 � / � tc [94]

Yuan et al., 2025 l 5 SS 274-1040 Al2O3 10
� / vp [96]
hc / � vp

[A]: Projectile geometry ( l : sphere, : bullet, : cylinder)
[B]: Major projectile diameter - mm
[C]: Projectile material (St: steel, CrSt: chrome steel, HSt:
hardened steel, SS: stainless steel, YSZ: Yttria stabilized Zirconia,

WC: Tungsten Carbide)
[D]: Impact velocity range - m/s
[E]: Ceramic material
[F]: Ceramic thickness range - mm

a: Ceramic tile supported by backing.
b: Alumina of 96/99/99.99 %� , with 99.99 %� sintered at 1300/1450/1600 °C.

1.4.3 Analytical Research on Cone Cracks

Analytical approximations of the cone angle are listed in Table 6, analysed and discussed.

Table 6: Analytical Correlation of Cone Angle Parameters.

Publication Correlation

Kobylkin, I.F., 2017
� = f (tc; r p)

[41]
� = f (� c; � t )

Oh!

Yang et. al., 2024
� = f (K IC )

[94]
� = f (� t )

An analytical formulation has been formed by Kobylkin for a cylindrical projectile onto a ceramic tile, by stating
that the minimal force required to cut a conical surface must be greater or equal to the force required to shear a
cylindrical plug. [41] The analytical formula for the cone angle, as expressed in Equation 8, becomes a function of
geometric parameters, tc and r p, and ceramic strength, � c and � t , where an increase in compressive over tensile
strength yields a smaller cone angle, and a greater ceramic thickness over projectile radius yields a lower cone
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angle.

tan � =
r p

4tc

2

4�
�

1 + 0:5
2tc

r p

�
�

s �
1 + 0:5

2tc

r p

� 2

+ 8
tc

r p

�
1

p
3

� c

� t
� 0:5

�
3

5 (8)

Semi-analytical work by Yang et al. has utilized �tting of experimental data of ceramic tiles impacted by
spherical projectile to numerically �nd a minimum sum of cone fracture energy and deformation energy. [94]

Through parametric analysis it was found that an increase in either fracture toughness or tensile strength yields
a signi�cantly decrease in cone angle. For greater resistance of the ceramic material to crack formation and
propagation, less energy gets converted to ceramic fracture energy, ultimately decreasing the cone angle.

1.4.4 Discussion and Opportunities

Although a lack in consistent reporting of ceramic microstructures, defects and analysis methods is evident
and no direct comparisons can be made between experimental works, the discrepancies in correlations indicate
uncertainties and research gaps within the research �eld. As expressed in subsubsection 1.2.3, Table 5, and
Table 6 respectively, fracture mechanics theory, experimental research, and analytical research have illustrated
a handful of functions for various cone crack angle:

Fracture Mechanics Theory : � = f ( P ; B )

Experimental Research : � = f ( vp ; tc ; Hvp ; K IC ; %gfrac )

Analytical Research : � = f ( r p ; tc ; � c ; � t ; K IC )

The contradictory correlations found in literature between cone angle and projectile velocity indicate a key
uncertainty for the research question at hand, therefore requiring additional and more focussed experimental
work. The e�ects of geometric parameters on the cone crack angle align with the complexity of the fracture
mechanics for both projectile and ceramic. Where care is to be taken to avoid interconnectivity with impact
parameters for future research.

Inconsistencies and contradictions are partially attributed to a lack of a measurement standards for impact
testing, cone descriptions and characterization methods, and investigated material properties in the experi-
mental research. The cone angle is di�erently measured amongst di�erent researchers, where multiple nested
or secondary cones cones have rarely been reported. Investigations into 2D cone angle only at the surface,
complete cones without secondary angles, or cone volume are described di�erently and are non-descriptive and
non-comparable.[3, 39, 26, 93] Research commonly mistakes surface nucleated cones, as formed in Hertzian con-
tact mechanics, and sub-surface nucleated cones, as formed in high speed impact and assume similar fracture
mechanic behaviour. Secondary crack formation and roughness increase are sometimes attributed to internal
stress-wave interactions, or crack formation at the rear of the tile, which contradict traditional ceramic fractog-
raphy and the reported crack initiation near the impact point within 1.5 microsecond. [�eld , 39] Analytical work
formulating a cone angle as a function of geometric and intrinsic ceramic properties has rarely been compared to
experimental research and relies on precise characterization of the tensile strength of ceramics, which is rarely
measured and rather a measure of the greatest sizes present in the ceramic.[�eld , 39, 59] Additionally, the statistical
behaviour of dynamic projectile impacts on ceramics are scarcely discussed in research, thereby not account-
ing for the inherent statistical nature of ceramics and the variance in the dynamic impact process. Although
the prior focus of ballistic ceramics developments has been on toughening the materials to prevent fracture,
both experimental and analytical work indicate an inverse relationship with cone angle formation, and conse-
quently impact energy disruption. This creates opportunities of investigating the energy disrupting capabilities
of tailored ceramics, and additionally, the mentioning of the ratio of inter- and transgranular fracture modes in
various materials opens up possibilities for further research into distinguishing micro plasticity induced crack
nucleation and strain rate dependent crack propagation.

The presented literature research includes experimental work explicitly on cone crack formation, analytical re-
search explicitly on cone crack formation, and highlighting of uncertainties, contradictions, and shortcomings
in existing research to ultimately identify novel research opportunities and analytical formulations as the foun-
dation of a research proposal. As cone angle has been studied for sphere impacts, no research has been done
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on the relationship between sphere impact at low velocities and bullet impact higher velocities { it was merely
assumed.

1.5 Research objective

The fracturing of ceramic materials by impact of a small steel sphere avoid the fragmentation from bullet im-
pacts, while yielding a cone crack and enabling easier reconstruction and characterization of cone geometry,
crack propagation, and fracture modes, subsequently allowing more convenient prediction of the ballistic per-
formance of ceramics.

The research objective of this work is to analyse the correlation between the cone cracks formed by low velocity
sphere impact testing and those formed in high velocity bullet impact testing.

This research question is decoupled into geometric and testing variables, intrinsic ceramic properties, and aims
at methodically �nding correlations through three sub-research questions:

1. How do impact geometry and velocity a�ect the cone crack morphology and fracture mechanics?

2. How do intrinsic ceramic properties a�ect cone crack morphology and fracture mechanics?

3. Can sphere impact predict bullet impact cone crack morphology and fracture mechanics?

To answer these questions, projectiles and ceramics are gathered, impact testing is planned, characterization
methods are identi�ed and analysed, and the results are presented, analysed for statistical ground and eventu-
ally compared to for low velocity sphere impact and high velocity bullet impact.
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2 Methodology

2.1 Materials

A selection of ceramic tiles and projectiles is assembled and characterized, focussing on introducing variation
in ceramic properties while maintaining projectile characteristics, subject to material availability, with detailed
measurement settings and derived properties expanded on in Appendix B.

A collection of alumina, Al 2O3, silicon carbide, SiC, and silicon nitride, Si 3N4, ceramic tiles are characterized,
as listed in Table 7. Material density, � , is measured using a digital micrometer and precision scale. Chemical
composition is veri�ed through energy-dispersive spectroscopy (EDS) and the average grain size, g, is deter-
mined by analysis of scanning electron microscopy (SEM) images, as per ASTM standards E1508 and E112
respectively. [77, 75] The elastic modulus, E , and poisson ratio, � , are derived from the material sonic velocity as
measured according to ASTM E494.[78] The Vickers microindentation hardness, HV , is characterized according
to ASTM C1327 and the Niihara-Palmqvist fracture toughness, K IC , is derived. [74, 57]

Table 7: Ceramic Tile Materials and Characterized Properties.

� - g/cm 3 g - µm E - GPa � HV K IC - MPa m 1=2

Material � � � � � � � � � �
Al 2O3 3.865 ± 0.016 6.5 356 ± 4 0.224 ± 0.012 1679 ± 139 4.18 ± 0.25

SiC 3.173 ± 0.037 1.9 423 ± 20 0.155 ± 0.007 2875 ± 133 4.27 ± 0.28
Si3N4 3.216 - 2.9 289 - 0.268 - 1610 ± 57 8.40 ± 1.37

� = mean value; � = standard deviation

The projectiles include bearing balls with diameters of 4.5 and 5.35 mm, and 7.62 x 51 P80 armour-piercing
bullets, as visualized in Figure 4 and listed in Table 8.

Figure 4: Schematic of Projectiles and Cross Section for Experimental Research: 4.5 mm Sphere (a.), 5.35 mm
Sphere (b.) and 7.62 x 51 P80 Bullet (c.) with Jacket, Steel Core and Lead Core.

The physical diameter mass and density, � , M and � , of the spheres are measured using a digital micrometer
and precision scale. The material compositions are determined by energy-dispersive spectroscopy (EDS) in
accordance with ASTM E1508 and Vickers hardness, HV , is measured according to ASTM C1327. [77, 74] Phys-
ical and material properties of bullets are derived from a technical report with hardness values are converted
according to ASTM E140. [21, 76]

Table 8: Projectile Materials and Characterized Properties.

� - mm M - g � - g/cm 3 HV
Projectile [1] Material � � � � � � � �
l Bearing steel (Fe-1.5Cr-0.3Mn) 4.50 ± 0.01 0.372 ± 0.001 7.80 ± 0.01 969 ± 15
m High carbon Fe-based steel 5.35 ± 0.01 0.625 ± 0.001 7.80 ± 0.01 1093 ± 33

jacket Brass (Cu-10Zn) 7.82 - - - - - 142 ± 2
St core Low-alloy Cr steel (Fe-1.9Cr) 6.15 ± 0.01 3.950 ± 0.06 - - 849 ± 31

Pb core Lead - - - - - - - -
� = mean value; � = standard deviation

[1]: Projectile geometry ( l : 4.5 mm sphere, m: 5.35 mm sphere, : 7.62 P80 bullet)
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2.2 Impact Test Methods

Two projectile impact test methods are used for di�erent projectile types and described below. Tests are per-
formed at TNO's Laboratory of Ballistic Research (LBR) in climate controlled indoor �ring ranges.

2.2.1 Sphere Impact Test

For testing the impact of 4.5 and 5.35 mm spherical projectiles on ceramic tiles a gas gun is used, as schematically
represented in Figure 5. Ceramic tiles are cut into 50 x 50 mm squares using a diamond saw to increase the
available test data and the edges of each tile are taped with a 
exible PVC insulation tape for facilitation of
post-impact tile reconstruction.

Figure 5: Schematic of Air Gun Impact Test Setup.

ballisticresearch A gas pressure accelerator, supplied by Ballistic Research [5], is used for shooting the spherical
projectiles at the ceramic tiles. The gas gun is positioned 1.5 m from the target with an intermediate 2-gates
light velocimeter. A combination of a 5.4 mm barrel (285 or 1200 mm) accelerating gas (N 2 or He) and pressure
(� 180 bar) are established and tuned to reach a desired projectile velocity up to 700 m/s. Ceramic targets are
simply supported by positioning on a ledge and negligibly constrained, with a 45 mm diameter hole and soft
padding at the rear surface to catch cone fragments.

2.2.2 Bullet Impact Test

For impact testing of armour-piercing bullets on ceramic tiles a gun barrel is mounted in a breach and aimed at
a 100 x 100 mm ceramic tile with a 2-gates light velocimeter in the bullet trajectory, as visualized in Figure 6.

Figure 6: Schematic of Bullet Impact Test Setup.

A PROTOTYPA UZ-2002 Universal ballistic breach is used, as per NATO AEP-97 standard, and a 0.5 MHz
Shimadzu HyperVision HPV-2 high speed camera is positioned from the side of the tile and is digitally triggered
by the velocimeter. [2] The ceramic tile is positioned upright, unsupported on a ledge and manually aligned for
minimal obliquity.
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2.3 Cone Characterization

The macrostructural, mesostructural and microstructural features of cone fragments are characterized through
various measurement and analysis techniques with distinct derivations listed in Table 9 and detailed measure-
ment settings in Appendix B.

Table 9: Characterized Features at Investigated Length Scales, with Derivation Digital Microscopy, High Speed
Video (HSV), and Scanning Electron Microscopy (SEM).

Scale Symbol Features Derivation Unit

macro
� angles of cone surfaces 3D reconstruction, HSV and aligning °
r radius of cone features and transitions 3D reconstruction, HSV and marking µm
h height of cone features and transitions 3D reconstruction and marking µm

meso Ra surface roughness over cone perimeter 3D reconstruction and line measurement µm
micro %IG intergranular fracture ratio SEM and microstructure identi�cation -

2.3.1 Macrostructural Characterization

For measurements of geometric cone features on a macrostructural scale 2D and 3D image stitching and high
speed video analysis are employed.

For sphere impacted tiles, the formed cone and tile crater are respectively 3D mapped and 2D photographed
under an OLYMPUS DSX-1000 digital microscope. In-plane image views of the cone and crater are used to
measure minor cone radius, r 1, and major cone radius, r 4, as illustrated in Figure 7. Section views of the
3D cone are used to extract cone height, h1, primary and secondary cone angles, � 1 and � 2, and cone angle
transition locations, r 2, h2, r 3 and h3, as visualized in Figure 8.

Figure 7: Schematic of Digitally Reconstructed Cone (a.) and Tile (b.) with Measured Minor and Major Cone
Crack Radius.

For bullet impacted tiles, the remnants of the tile are 2D photographed under an OLYMPUS DSX-1000 digital
microscope and the high speed video images are analysed. The major cone radius, r 4, is measured from the high
speed video from the fracture cloud plumes generated at the rear of the ceramic tile and cross-checked with
the imprint from the 2D image. Subsequently cone angles, � 1, are calculated from the plume radii, projectile
radius and tile thickness, r n , r p, and tc, as expressed in Equation 9.

� 1 = arctan
�

r n � r p

tc

�
(9)
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Figure 8: Schematic of Digitally Reconstructed Cone (a.) and Section Views (b.-c.) with Measured Cone
Heights and Radii and Primary and Secondary Cone Angles with respect to Central Axis.

2.3.2 Mesostructural Characterization

Mesostructural texture features are characterized through roughness measurements of the 3D reconstructed
cones and tiles.

As visualised in Figure 9, �ve equally spaced line measurements are performed over the perimeter of the cone
and tile surface forsphere and bullet impact respectively, and the mean arithmetic pro�le roughness, Ra , calcu-
lated the from the height deviation, h(x), over the line measurement length, l r according to Equation 10.

Figure 9: Schematic of Mean Arithmetic Surface Roughness Line Measurements From an Incremental Height
Perspective (a.) and in Numbered Order (b.).

RaN =
1
l r

Z l r

0
jh(x) � hRa;N j dx (10)

2.3.3 Microstructural Characterization

A selection of cone crack fracture surfaces are examined under a scanning electron microscope (SEM) to better
understand the crack formation and propagation mechanisms at play, in accordance with steps described by
ASTM C1233. [73]

Cone specimens are investigated in a JEOL JSM-7500 at x25, x100, x500, x2000 and x5000 magni�cation.
At each magni�cation the cone is imaged from the one top view, and �ve views equally distributed locations
along the cone crack propagation. Visual characteristics are noted, marked in the image, and a relative areal
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occurrence density is de�ned and linked to ceramic fracture modes, as listed in Table 10 and visualised in
Figure 10.

Figure 10: Schematic of Fracture Surface Inspection Locations (a.), SEM Image and Areal Subdivision (b), and
Fracture Microstructure and Visual Marks (c.), as Listed in Table 10.

Table 10: Classi�cation of Ceramic Fracture Modes and Associated SEM Visual Markers.

Fracture Mode Visual Marks Image Marker

Intergranular
Exposed geometric grain boundary �
Triple junction pores 4

Transgranular
Flat fracture planes �
Cleavage marks (Striations / hackles / micro-steps) +

Secondary damage
Micro-pores / dimples �
Secondary cracks X
Micro particulates O

2.4 Experiment Matrix

To answers the research questions, the projectile geometry, diameter, and velocity as well as ceramic tile thick-
ness and materials are selected as dependent variables, presented in Table 11. The tile length and width, impact
aiming location and the absence of a backing are kept constant as control variables. Ambient temperature, hu-
midity, projectile yaw, and tile edge distance are recorded during impact tests, but are treated as extraneous
variables. Ceramic ageing and residual stresses as well as projectile spin are considered confounding variables
for their lack of control during testing.

Table 11: Experimental Test Matrix for Impact Testing of Structural Ceramics.

Ceramic Tile Projectile [A ]

Material mm � 343 m/s 343 - 550 m/s � 550 m/s

A - Al2O3
7.8 l m
10 l m l m m
12
14 m l m
20 m

C - SiC
7.8 l
8.15 m
12 l l

H - Si3N4 7.2 l l
[A]: Projectile geometry ( l : 4.5 mm sphere, m: 5.35 mm sphere, : 7.62 P80)
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3 Results

This section presents the results of the experimental impact testing and subsequent cone characterisation at the
macro-, meso-, and microscale. Observed trends are analysed systematically, regression models are statistically
evaluated, and relationships between experimental factors and cone responses are examined in relation to the
research questions. Ultimately, the interpretation of the results form the foundation for formulating predictive
insights between cones produced from sphere and bullet impacts.

3.1 Impact Test Outcomes

The series of experiments with combined factors of projectile type, projectile impact velocity, vp, ceramic
material and tile thickness, tc, resulted in either no cone formation, a single cone, or multiple nested cones
detached from the ceramic tile, as visualized in Figure 11 and illustrated in Figure 12.

a. b. c.

Figure 11: Reconstructions of Sphere Impacted 10mm Al 2O2 with Cone Formation at 210 m/s (a.), Primary
and Secondary Cone Formation at 387 m/s (b.), and Nested Primary and Secondary Cone Formation at 648
m/s (c.).

Figure 12: Cone Formation in Ceramic Specimens for Projectile, Impact Velocity, and Tile Thickness.
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