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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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Ceramic Impact Cone Crack Formation. 1 LITERATURE RESEARCH

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 findings, and finally 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 figurines and pottery from 25000-10000 BC, with the eventual term
ceramic coming from keramikós, a reference to Kéramos, 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 fired bricks for masonry (SiO2, Al2O3, CaO & Fe2O3), glass (amorphous SiO2), glazing
techniques for porcelains such as Delftware (SiO2), tooling such as drills and cutting and machining inserts
(WC), semiconductors such as LED’s (GaN / SiC), rail, automotive and aircraft brakes (carbon-fibre-reinforced
SiC) and aerospace turbine blade thermal barrier coatings (Y2O3 stabilized ZrO2).[13, 45, 35, 63, 66, 8, 42, 28, 52]

In 1967 the Lawrence Berkeley National Laboratory experimentally found that a laminate of Al2O3 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 different ceramics such as B4C, BeO, SiC,
SiN3, TiB2, TiC, WC, and 6061-aluminium or fibreglass backing plates.[88] In the Vietnam war, Al2O3 and B4C
strike face and woven backing laminates were the first fielded protective vests for aircrew, and B4C on aromatic
polyamide fibre composite armour were the first 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 efficiencies compared to monolithic materials.[49]

1.1.2 Function, Chemistry, Manufacturing, and Characteristics

Lightweight and effective 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 deflected and dispersed through fragmentation. The remaining kinetic
energy is then dispersed into the absorber, such as ductile metals or fibre 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, benefiting from low density, ρ and high hardness, Hv, to provide protection against
ballistic projectiles, as indicated in Table 1 for alumina, boron carbide, silicon carbide, silicon nitride, zirconia
(Al2O3, B4C, SiC, Si3N4, ZrO2) and steel.

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

Material ρ - g/cm3 g - µm E - GPa ν Hv KIC - MPa
√

m σt - MPa σc - MPa m Source
Al2O3 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]
ZrO2 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]

1
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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 infiltrated by a liquid constituent for internal crystallization through capillary pressure before being ma-
chined to specification.[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 effects 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 Al2O3 with oxides (ZrO2, MgO, Y2O3)[67, 1, 51], increasing the relative density, ρ%, and op-
timizing the grain size, g, through incremental production improvements[1], transformation toughening and
(continuous) fibre reinforcement, leading to the development of ceramic matrix composites,[27, 71, 62, 86] and
crack deflection in structural ceramics through nano-crystalline doping and bio-inspired granular structures of
ceramic composites.[55, 23, 43] Additional efforts 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 finite 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, deflecting 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 specific material properties, impact and loading conditions. As a ceramic tile
(I) gets impacted by a projectile (II) at a sufficiently 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 sufficiently 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;

• lattice plasticity,
• microcrack extension, and
• 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;
• erodes the cone tip,
• fragments the cone axially, radially and laterally, and
• 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 fine ceramic fragments.

For an insufficiently hard projectile or insufficient 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, Mp, 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, σ. Initially this stress is proportional to a material’s elastic modulus
and strain, E and ϵ respectively, according to Hooke’s law for elastic deformation (Equation 2) until the yield
strength, σY . For impacts beyond this strength, the contact pressure is better approximated by the dynamic
pressure, pD, which includes the density of the projectile, ρp, and quadratically increases with vp, as shared in
Equation 3.[11]

Ukin = 1
2Mpv2

p (1)

σ = Eϵ, if σ ≤ σY (2)

pD = σY + 1
2ρpv2

p, if σ > σY (3)

At sufficiently high impact velocities and sufficiently 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 Griffith criterion for
fracture, as it relates the energy needed to form new crack surfaces and the release in strain energy. The external
stress, σ, required for extension of an existing flaw of length 2c, for a fracture surface energy γ 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 field.[53]

σ ≥
[

2γE

(1 − ν2)πc

]1/2
(4)

K2
IC(1 − ν2)

E
≥ 2γ (5)

As illustrated in Figure 2, a (spherical) projectile on a semi-infinite tile in cylindrical coordinates, (r, ϕ, 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 field is obtained analytically
from an elastic, and plastic contribution from the ceramic, given by the Boussinesq solution and a blister field
(B), as expressed in Equation 6.[95, 7]

σr = P

2πr2 [1 − 2ν − 2(2 − ν) cos ϕ] + B

r3 4
[
(5 − ν) cos2 ϕ − (2 − ν)

]
σϕ = P

2πr2 (1 − 2ν) cos2 ϕ

1 + cos ϕ
− B

r3 2(1 − 2ν) cos2 ϕ

σz = P

2πr2 (1 − 2ν)
[
cos ϕ − 1

1 + cos ϕ

]
+ B

r3 2(1 − 2ν)(2 − 3 cos2 ϕ)

τrz = P

2πr2 (1 − 2ν) sin ϕ cos ϕ

1 + cos ϕ
+ B

r3 4ν sin ϕ cos ϕ

(6)

Figure 2: Illustration of spherical impact on a ceramic half-space in cylindrical coordinates (r, ϕ, z), showing the
resultant projectile force (P ) and the plastic/blister field intensity (B).

4
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By examining the stress fields 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 (σr, z = 0)

B > 0 lateral cracks (σz, r = 0) radial cracks (σϕ, z = 0)
median cracks (σr, r = 0)

In the absence of plasticity (B = 0), the highest tensile stresses are present at the surface, σr = P/4πr2 (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 σr(z = 0) = P

4πr2 − 7B
r3 and

σϕ, (r = 0) = P
8πr2 − B

r3 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 σϕ(z = 0) = − P

4πr2 + 2B
r3 , 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, σr = P/4πr2 + 2 B

r3 (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, σ1, 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 fields dominate the stress fields in
Equation 6, and the σ1 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 σ1 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 fields is similar and σ1 lies at the edge of the comminuted zone in-between the two
positions described prior, with crack direction (60-90◦) 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 sufficiently 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, ρT G and ρIG 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 field applications may again differ from the experimental context.
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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-off
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 & KIC 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 influence

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 specific 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 effects 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 benefits 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 effects 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-
infinite backing and calculating a ballistic efficiency factor from material properties and ballistic test results of
a bare semi-infinite backing. Although historically widely used by military laboratories and researchers[91, 38, 16],
the test method relies on large confidence intervals and has difficulties 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 fired with a legally purchasable gas gun, reducing the financial 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 effects 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 definitions 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 rp a cone is formed of minor radius rc, major radius Rc, cone height hc and a related cone
angle α. The projectile and cone velocity and mass, Mp, vp, v∗

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

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

Select research defines minor and major angles for the cone crack separately[80, 94, 96], however in this work a
single continuous α 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(α) = Rc − rc

hc
=

−3r ±
√

12V
πh − 3r2

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 Al2O3 tiles over a wide velocity range (50 < vp < 900 m/s).[26] Their
analysis indicated that the Al2O3 cone angle increases as the velocity increases, α220m/s < α800m/s, and linked
this to fragmentation of the projectile and the material flow modifying the stress field, whereas the authors
indicated a glass ceramics cone angle decrease for higher velocity impacts, α40m/s > α90m/s, attributed to an
expanding projectile contact radius, rp, during impact. The authors attributed roughness of the cone surface
to the amplitude of stress wave reflected 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-significant.
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More recent work by Khan et al. on hardened steel bullets (Rp = 5.45 mm) impacting 5 mm thick Al2O3 tiles
at lower velocities (50 < vp < 275 m/s) indicates a similar trend to Field et al., where higher impact velocities
yield greater cone angles, α52m/s < α275m/s, with significant 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
finer 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 Al2O3 tiles, found that cone angles increase as the impact velocity rises,
α274m/s < α1040m/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 finally 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, α100m/s > α270m/s,
acclaimed to be from different Hertzian stress field trajectories. For dissimilar projectile materials a greater cone
angle, αZrO2 > αsteel, was found for greater projectile hardness HvZrO2 > Hvsteel, 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 Al2O3 tiles of different 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 Al2O3 tiles (9.1±0.3 mm) marginally (< 2%) decreases for an increasing impact velocity, α100m/s >
α300m/s > α500m/s, calculated from Rc through Equation 7. For thicker Al2O3 tiles (13.2±0.3 mm) the cone an-
gle, calculated similarly through Equation 7, remains approximately equal for lower and higher velocity ranges,
α200/s ≈ α800m/s. On average the cone angle is smaller for the thicker tiles relative to the thinner tiles for various
projectile velocities, α9mm > α13mm. 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 finish 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 ZrO2 and Si3N4 projectiles (Rp =
0.75 mm) impacting 3 mm thick SiC at intermediate velocities (200-340 m/s), with all findings in agreement
with prior experimental work.[39] Smaller cone angles were observed for greater ZrO2 projectile impact veloc-
ities, αZrO2-216m/s > αZrO2-320m/s, but similar cone angles were observed for Si3N4 projectile impact velocities,
i.e. αSi3N4-216m/s ≈ αSi3N4-320m/s. Greater cone angles αSi3N4 > αZrO2 > αsteel were observed for harder projectiles
HvSi3N4 > HvZrO2 > Hvsteel, attributed to reduced projectile deformation and hence smaller rp.
, with all findings 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 first 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 Al2O3 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, α162m/s > α218m/s ≈ α404m/s ≈ α518m/s. A similar
trend is observed for 12 mm and 15 mm tiles, where α323m/s ≈ α427m/s ≈ α518m/s and α321m/s ≈ α414m/s ≈ α541m/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 Al2O3 tiles, i.e. α8mm < α12mm > α15mm.
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Research by Leavy, Brannon and Strack included ballistic impact experiments on thick SiC and B4C ceramics
cylinders (Ø = 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 Al2O3 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 findings suggest that
cone angles are inversely related to ceramic tile thickness, such that for comparable impact velocities ranges
α5mm > α8mm > α10mm > α12mm. Additionally, they observed a reduced thickness or rise in impact velocity
significantly 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 different 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
((−∆α/vp)SiC > (−∆α/vp)steel), attributed to a difference in material density, and steeper trends for larger
spheres than smaller spheres (−∆α/vp)2.0mm > (−∆α/vp)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 efforts by Yamada et al. on impact testing a range of 4 mm thick bare ceramics (B4C, Al2O3
of several purities and sintering temperatures, ZrO2, Si3N4, Al2O3/ZrO2 & Al2O3/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 Al2O3 purity a negative correlation with the cone
angle and an increase in intergranular fractures are observed, i.e. αA96 > αA99 > αA99.99 calculated according
to Equation 7. For equally pure Al2O3 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 α1350°C > α1450°C > α1600°C. Most noticeably, a clear correlation was found between larger
cone cracks forming for materials with lower fracture toughness, where: αAl2O3/SiO2 > αB4C > αA99 > αSi3N4

and similarly KIC−Al2O3/SiO2 < KIC−B4C < KIC−A99 < KIC−Si3N4 . This finding equally holds for the collection
of Al2O3 tiles discussed prior, however not for the ZrO2 and Al2O3/ZrO2 tiles, allegedly due to ZrO2 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 KIC and higher α, but a lower percentage of kinetic
energy consumed by fracturing. Different materials and sintering temperatures are presented, influencing grain
nucleation and growth which are not quantified or controlled in the research, but most likely play a significant
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 ● 0.8 CrSt 100-270 SiCa 3 α ∝ −vp [3]YSZ α ∝ Hvp

Field et. al., 1989 ● 5 HSt 32-402 glass ceramics ≈10 α ∝ −vp [26]50-900 Al2O3 ≈10 α ∝ vp

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

SiCa 3
α ∝ −vp

α ∝ Hvp

[39]YSZ 211-320
CrSt 316

Khan et al., 2020 10.9 HSt 52-275 Al2O3 5 α ∝ vp [40]

Leavy et al., 2010 ● 6.35 WC 50-500 SiCa
25.4 α ∝ −vp [46]B4Ca

Ma et al., 2025 10.8 St 162-541 Al2O3
8-15 α�∝ vp [48]

α ∝ tc

Oh et al., 2005 ●
1.2
2.0

SiC
St

30-250 SiCa 4
α ∝ −vp

[58]α ∝ −rp

α ∝ −ρ

Toussaint et. al., 2019 ● 6.35 CrSt 100-832 Al2O3
9 α�∝ vp [80]13 α ∝ −tc

Yamada et al., 2010 ● 4 CrSt 320

Al2O3
b

4
α ∝ −KIC

α ∝ %gfrac

[93]

Al2O3/SiO2
Al2O3/ZrO2

B4C
Si3N4
ZrO2

Yang et al., 2024 ● 6 St 217-409 Al2O3 5-12 α ∝ −tc [94]

Yuan et al., 2025 ● 5 SS 274-1040 Al2O3 10 α ∝ vp [96]
hc ∝ −vp

[A]: Projectile geometry (●: 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 %ρ, with 99.99 %ρ 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 α = f(tc, rp) [41]
α = f(σc, σt)

Oh!

Yang et. al., 2024 α = f(KIC) [94]
α = f(σt)

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 rp, and ceramic strength, σc and σt, 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 α = rp

4tc

−
(

1 + 0.52tc

rp

)
±

√(
1 + 0.52tc

rp

)2
+ 8 tc

rp

(
1√
3

σc

σt
− 0.5

) (8)

Semi-analytical work by Yang et al. has utilized fitting of experimental data of ceramic tiles impacted by
spherical projectile to numerically find 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 significantly 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 field. 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 : α = f( P , B )
Experimental Research : α = f( vp , tc , Hvp , KIC , %gfrac )
Analytical Research : α = f( rp , tc , σc , σt , KIC )

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 effects 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 differently measured amongst different 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 differently 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.[field, 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.[field, 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 finding correlations through three sub-research questions:

1. How do impact geometry and velocity affect the cone crack morphology and fracture mechanics?

2. How do intrinsic ceramic properties affect 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 identified 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, Al2O3, silicon carbide, SiC, and silicon nitride, Si3N4, ceramic tiles are characterized,
as listed in Table 7. Material density, ρ, is measured using a digital micrometer and precision scale. Chemical
composition is verified 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, ν, 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, KIC , is derived.[74, 57]

Table 7: Ceramic Tile Materials and Characterized Properties.

ρ - g/cm3 g - µm E - GPa ν HV KIC - MPa m1/2

Material µ σ µ σ µ σ µ σ µ σ
Al2O3 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

µ = mean value; σ = 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, Ø, M and ρ, 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.

Ø - mm M - g ρ - g/cm3 HV
Projectile[1] Material µ σ µ σ µ σ µ σ
● Bearing steel (Fe-1.5Cr-0.3Mn) 4.50 ±0.01 0.372 ±0.001 7.80 ±0.01 969 ±15
❍ 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 - - - - - - - -
µ = mean value; σ = standard deviation

[1]: Projectile geometry (●: 4.5 mm sphere, ❍: 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 different projectile types and described below. Tests are per-
formed at TNO’s Laboratory of Ballistic Research (LBR) in climate controlled indoor firing 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 flexible 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 (N2 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
α 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 identification -

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, r1, and major cone radius, r4, as illustrated in Figure 7. Section views of the
3D cone are used to extract cone height, h1, primary and secondary cone angles, α1 and α2, and cone angle
transition locations, r2, h2, r3 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, r4, 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, α1, are calculated from the plume radii, projectile
radius and tile thickness, rn, rp, and tc, as expressed in Equation 9.

α1 = arctan
(

rn − rp

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, five equally spaced line measurements are performed over the perimeter of the cone
and tile surface forsphere and bullet impact respectively, and the mean arithmetic profile roughness, Ra, calcu-
lated the from the height deviation, h(x), over the line measurement length, lr 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
lr

∫ lr

0
|h(x) − hRa,N | 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 magnification.
At each magnification the cone is imaged from the one top view, and five 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 defined 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: Classification of Ceramic Fracture Modes and Associated SEM Visual Markers.

Fracture Mode Visual Marks Image Marker

Intergranular Exposed geometric grain boundary ⋄
Triple junction pores △

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 ● ❍
10 ● ❍ ● ❍ ❍
12
14 ❍ ● ❍
20 ❍

C - SiC
7.8 ●
8.15 ❍
12 ● ●

H - Si3N4 7.2 ● ●
[A]: Projectile geometry (●: 4.5 mm sphere, ❍: 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 Al2O2 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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All sphere impacted specimens were reconstructable, only some tiles were reconstructable for bullet impacts
and high speed video recordings were successfully obtained for one Al2O2 (10 mm), two SiC (7.8 mm) and one
Si3N4 (7.2 mm) specimen. Across all ceramic materials, three distinct projectile velocity regimes are identified:
a low velocity regime (vp ≤ 250 m/s), an intermediate regime (300-550 m/s), and a high velocity regime (vp ≥
600 m/s). The low- and high velocity regimes represent typical low-velocity sphere impact and high velocity
bullet impact testing respectively, as expanded on in subsection 1.3.

For alumina impacted in the low- and intermediate velocity regimes, an apparent upper thickness limit is
observed beyond which complete cone crack propagation does not occur, identified as a combined geometric
and velocity dependent constraint. For sphere impact specimens, the quantity and fineness of cone fragments
is observed to increase for greater impact velocity, whereas for bullet impacts the extent of fragmentation is
orders of magnitude greater. Nested cones in alumina from sphere impact are only observed at high impact
velocities (≥ 443 m/s) for 10 mm tiles. All bullet impacted ceramic tiles formed nested cones and subsequently
stepped fracture clouds, characterized by fragment plumes at increasingly spaced radial distances and remnant
fragments. Secondary cone angles are observed for all sphere impacted ceramics above intermediate velocities,
with one exception (5.35 mm sphere, 206 m/s, 7.96 mm Al2O3).

3.2 Macroscopic Cone Geometry
Primary cone angles, secondary cone angles, geometric heights and radii, and nucleation geometry are measured,
derived and presented for Al2O3 specimens.

3.2.1 Primary Cone Angles as a Function of Impact Velocity

The measured primary cone angles, α1, together with their 95% confidence intervals (CI), are plotted in Fig-
ure 13. Considerable inter-specimen and intra-specimen scatter is observed across the entire velocity range for
both single and nested cones. Despite local fluctuations, primary regression analysis indicates no statistically
significant dependence of primary cone angle on impact velocity and velocity bins are more evident with stepped
shifts over the velocity range.

Figure 13: Primary Cone Angles (Mean ± 95% Confidence Interval) of 10 mm Al2O3 with Constant Fits and
95% Confidence Intervals at Single and Nested Cone Angle Regimes.
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The sphere impacted specimens display a wide range of mean primary cone angles for the low velocity regime
(44-47°), the intermediate regime (37-46°), and the high velocity regime (44-45°) with variation in confidence
intervals (±1-6°) over the complete velocity regime. The developed nested cones show greater primary cone
angles in the intermediate and high velocity regimes (56-58° and 57-58°) with confidence interval magnitudes
similar to single cones (±1-8°). Bullet impacts at 700 m/s produce computed single and nested primary cone
angles that exceed the established sphere impacted cone angles with narrow confidence intervals (62±1° and
72±1°). Regression analysis confirmed significance for a second order polynomial (p = 0.030), but yields unreal-
istic values outside the investigated velocity regime (>90°). Within the lower angle regime, a mean primary cone
angle of approximately 42° is observed, with residual variations up to 5° and an average mean 95 % confidence
interval of ±2°. The nested cone formation is represented by a stable higher angle regime with a mean primary
cone angle of approximately 58° and similar confidence level magnitudes (±2°).

To evaluate the presence of additional primary cone cracks, digital microscopy and micro computed-tomography
(µCT) are employed for a Al2O3 tile impacted at 648 m/s by a 5.35 mm sphere, as visualized in Figure 14.

a. b.

Figure 14: Images of Cone Crack Nucleation at 71° Under Digital Microscope (a.) and Absence of a 71° Crack
Propagation and in MicroCT Reconstruction (b.).

In the microscope images, found cone angles align with the measured nested cone angles for this specimen (57°)
and nucleated cone cone cracks are observed in the higher primary cone angle regime (72°). When investigating
internal cracks present in the re-combined tile and cone, no additional propagated cone cracks are observed at
this measurement resolution (25µm). Similar propagated and nucleated cone angles (58°, and 71°) are observed
in microscopy of the impact site of a Al2O3 tile impacted at 689 m/s by a 5.35 mm sphere, however no µCT
measurements are conducted for this specimen.

3.2.2 Secondary Cone Angles as a Function of Impact Velocity

The measured secondary cone angles, α2, together with their 95% confidence intervals, are presented in Fig-
ure 15. Secondary cone angles are exclusively observed in the intermediate and high velocity impact regimes.
Both inter- and intra-specimen variability exhibit considerable and comparable magnitudes; consequently, no
statistically significant trends can be established.
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Figure 15: Secondary Cone Angles (Mean ± 95% Confidence Interval) of 10 mm Al2O3 with Constant Fit and
95 % Confidence Interval.

In the intermediate velocity regime, secondary cone angles range between 61-70° with confidence intervals
ranging from ±2° to ±6°. Greater inter-specimen variability is observed for the 4.5 mm projectiles compared
to the 5.35 mm spheres. At high impact velocities, the 5.35 mm spheres yield cone angles between 65° and
72°, accompanied by wider confidence intervals (±2-10°) that indicate variability between and within single and
nested secondary cone angles. Regression analysis on independent velocity regimes as well as on the combined
dataset yields insignificant slope parameters (p ≥ 0.356) and low coefficients of determination (R2 = 0.137) for
first order and second order approximations, with comparable root mean squared error (2.7) as a constant fit
(2.9). No statistical foundation for a velocity dependence of secondary cone cracks can be established, and a
computed mean secondary cone angle of 67±2° is interpreted as a rough approximation of the highly scattered
response.

3.2.3 Cone Angles as a Function of Tile Thickness and Secondary Cone Height

In Figure 16, primary cone angles are plotted as a function of tile thickness, tc, while secondary cone angles
are related to the maximum measured secondary cone crack height, h3, as defined in subsubsection 2.3.1. The
10 mm Al2O3 cone angles are shown together with thinner and thicker tiles to assess potential inverse linear
relationships between cone angles and geometric parameters, as displayed over the data in Figure 16.

7.2 mm and 8 mm tiles impacted by spheres feature slightly greater mean primary cone angles, whereas 14
mm tiles in the intermediate velocity regime exhibit smaller primary cone angles (45–50°, 47–52°, and 32–36°
respectively). Bullet impacted 12 mm and 20 mm tiles yield elevated primary cone angles angles (73°±1° and
58°±2° respectively). In the lower velocity regime, an inverse first order relationship between primary cone angle
and tile thickness is observed, with a slope of approximately -1.0°/mm, however, statistical support for this
trend remains weak (p = 0.103, R2 = 0.224, CI = ±1.3°). In the intermediate velocity regime, a inverse linear
trends is ascertained as the primary cone angle decreases significantly with increasing tile thickness (-2.2°/mm,
p = 0.020, R2 = 0.312). Higher-order polynomials and an analytical inverse tangent approximations again yield
no significant improvement over the linear fit (p = 0.065, R2 = 0.324). For bullet impacts, a negative trend
between primary cone angle and tile thickness (-0.9°/mm) is observed, but is deficient in statistical support (p
= 0.424, R2 = 0.332, CI = ±3.9°, n = 4).
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Figure 16: Primary and Secondary Cone Angles (Mean ± 95% Confidence Interval) over Tile Thickness and
Formation Height of Al2O3 with Linear Fits and 95% Confidence Intervals.

For 14 mm tiles, secondary cone angles are lower compared to the 10 mm specimens (54–56° ±2–7° and 44±2°
respectively). Additionally, secondary cone cracks in 14 mm tiles initiate at greater distances from the rear
surface (4.2–5.0 mm and 6.7 mm) compared to 10 mm tiles (1.7–3.0 mm and 1.0–1.3 mm). A statistically sup-
ported inverse linear trend is found as the secondary cone angle decreases with increasing secondary cone height
(-3.8°/mm, p ≤ 0.001, R2 = 0.706). Higher-order polynomials and an analytical inverse tangent approximations
yield a negligibly more significant (p ≤ 0.001, R2 = 0.785), where the linear fit is accepted for relative simplicity.

3.2.4 Cone Nucleation Geometry as a Function of Projectile Geometry and Velocity

The combined cone formation depth, hc, computed as the initial tile thickness minus the measured cone top
height h1, together with the truncated cone radius r1, provides insight into cone crack nucleation geometry in
Al2O3. The relationship between hc and r1 for different velocity regimes and projectile geometries is visualized
in Figure 17. Across all tile thicknesses, smaller 4.5 mm sphere projectiles consistently produce smaller trun-
cated cone radii and lower cone nucleation depths relative to the 5.35 mm spheres, with limited influence of
impact velocity.

In the low velocity regime (≤ 250 m/s), 4.5 mm spheres impacted tiles yield low mean truncated radii (0.62–0.72
mm) and analogous low nucleation distances (0.30–0.90 mm), whereas the 5.35 mm sphere impacted specimens
exhibit larger radii (1.06–2.03 mm) and greater nucleation depths (0.93–3.22 mm). Within the intermediate
velocity regime (300–550 m/s), a similar distinction in geometric response between spherical projectile sizes is
maintained (r1 = 0.20-0.71 mm, hc = 0.15-1.40 mm for 4.5 mm and r1 = 1.50-2.21 mm and hc = 1.43-2.11 mm
for 5.35 mm sphere). Singular outliers are observed for small and large spheres (1.43/2.32 mm and 0.50/0.46
mm) but are regarded as anomalies and excluded from geometric distinction between spherical projectile types.
Cone specimens created by 5.35 mm spheres at impact velocities greater than 600 m/s are scarce (n=2), but
show radii and nucleation depths consistent with previously established ranges (1.42–1.46 mm and 1.39–2.17
mm respectively).
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Figure 17: Cone Crack Nucleation Depth (Mean ± 95% Confidence Interval) over Nucleation Radius (Mean ±
95% Confidence Interval) of Al2O3 with Mean Projectile Values per Velocity Regime.

For the 4.5 mm spheres, the mean truncated radius remains relatively stable between the low and intermediate
velocity regimes (0.744 mm to 0.661 mm), whereas the mean nucleation depth increases marginally (0.554 mm
to 0.782 mm). For the 5.35 mm spheres, mean truncated radii show slight variation across velocity regimes
(1.397 mm, 1.560 mm, and 1.426 mm), accompanied by a slight reduction in mean nucleation depth (1.997 mm,
1.553 mm, and 1.591 mm). A slight convergence of mean nucleation depth is attributed to isolated outliers and
is statistically inconclusive from the absence of high velocity 4.5 mm sphere impacted specimens.

3.3 Surface Roughness Evolution along the Cone Crack Path
The arithmetic surface roughness, Ra, at five incremental measurement lines is evaluated for different tile thick-
nesses, projectile types, and velocity regimes. Both raw and normalized roughness values are analysed to assess
the evolution of fracture surface morphology along the cone flank. Normalized roughness values are scaled
relative to Ra,1 to minimize axial misalignment and highlight relative progressions. The normalized arithmetic
surface roughness values, mean values and corresponding 95% confidence intervals are visualized in Figure 18.

For sphere impacts at low velocity, raw roughness values remain comparatively moderate. Smaller 4.5 mm
spheres generally exhibit lower absolute roughness values (45-546 µm) compared to 5.35 mm spheres (61-962
µm). However, the normalized data reveals an average consistent roughness increase from the top to the lower
cone region for 4.5 and 5.35 mm projectiles (x2.3 and x1.5 respectively). The thinnest 7.2 mm tiles show the
lowest absolute roughness values (75-264 µm), with 8 mm tiles showing the greatest roughness values (78 - 963
µm), and 10 mm tiles show intermediate values (45-546 µm), which reflect in the mean raw roughness values
(127, 228, and 212 µm respectively). The normalized data indicates homogeneous progressive roughness ampli-
fication over the cone flank for all thicknesses (x1.4, x1.6, and x2.4). At velocities ranging from 300-500 m/s,
the roughness magnitude increases substantially for both projectile diameters. Smaller spheres yield greater
roughness values (61-570 µm) compared to 5.35 mm spheres (41-342 µm) and the normalized data indicates a
progressively weakening average roughness increase from top to bottom for both projectiles (x1.9 and x1.4 av-
erage). For 10 mm and 14 mm tiles similar raw and normalized roughness values were observed (61-511 µm and
42-570 µm) with aligning progressively weakening average roughness increases (x1.7 and x1.8 average). At high
impact velocities, roughness evolution shows greater variability between projectiles and less relative growth. For
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5.35 mm spheres, raw surface roughness magnitudes are comparable to those found in the intermediate regime
(101-464 µm) and show significant initial growth in normalized surface roughness, but gradually decrease when
at greater distances from the cone top to yield a moderate average increase (x1.4). Whereas bullet impacted
tiles produce the largest absolute roughness magnitudes (534-1505 µm), with a variable progressive roughness
amplification (x1.8) over the cone fracture surface.

Figure 18: Normalized Arithmetic Surface Roughness over Line Measurement Locations with Mean Values and
95% Confidence Intervals per Measurement Line.

The normalized roughness data allows significant identification of global trends, but shows excessive variability
for regression fitting for first (≤250 m/s: p ≤ 0.001 R2 = 0.255, 300-550 m/s: p ≤ 0.001 R2 = 0.372, ≥600
m/s: p ≤ 0.134 R2 = 0.099) and second order polynomials (≤250 m/s: p ≤ 0.001 R2 = 0.255, 300-550 m/s:
p ≤ 0.001 R2 = 0.372, ≥600 m/s: p = 0.037 R2 = 0.269). In the low and intermediate velocity region the
mean magnification factor is the greater than for the high velocity regime (x1.2, x1.25 and x1.12). These trends
are visually observable in the different mean normalized Ra per measurement location from Figure 18, where a
constant linear trend is observed for low impact velocity specimens, a rapidly amplified but stagnating mean is
observed for the intermediate velocity regime, and an amplified initial and highly stagnated mean is found for
the high velocity regime.
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3.4 Microscopic Cone Fracture Surface
The cone crack fracture surfaces of Al2O3 specimens are examined at incremental locations using SEM at
multiple magnification levels to identify fracture features at various length scales. Minor variations are observed
along the side cone fracture surfaces profiles, with no consistent trends, however near the comminuted zone
distinctive microstructural features are identified untypical for brittle ceramic fracture fracture morphology.

a. b. c.

Figure 19: SEM Images of Cone Fracture Surface of Sphere Impacted Al2O3 at 25x (a.) 500x (b.) and 5000x
(c.) magnification.

The fracture surfaces display characteristic brittle fracture behaviour, as shown in Figure 19. At low magnifi-
cation (25x) morphology and surface irregularities are observable. At intermediate magnifications (100x-500x),
ridges, microcracks and granular features are visible. At 1000x magnification fracture surfaces with grain bound-
aries and transgranular facets are are distinguishable. High magnification imaging (5000x) allows identification
of triple junction pores, cleavage marks (striations, hackles and micro-steps), micro-pores, dimples and micro-
particulates. Quantification is performed at 1000x magnification to balance surface area and feature resolution,
with verification at 5000x magnification. Both intergranular (IG) and transgranular (TG) fracture modes are
identified for all projectiles types and velocity regimes, as shown in Figure 20.

≤ 250 m/s 300 - 550 m/s ≥ 600 m/s

a. b. c.

d. e. f.

Figure 20: SEM Images of Cone Fracture Surface of Sphere Impacted Al2O3 at 1000x magnification (a.-c.) and
Damage Identifications (d.-f.). (⋄: grain boundary, △: triple junction pore, −: flat fracture plane,
+: cleavage, ·: micro-pores / dimples, X: secondary crack, O: micro-particulates)
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Sphere impacted specimens show comparable exposed grain boundaries for low, intermediate, and high velocity
regimes (47, 52, 41 % respectively), similar to bullet impacts (50 %). Triple junction pore densities are moderate
for all regimes and lower density for increased velocity ranges (36, 38, and 28 % respectively), with a slight
reduction for bullets (22 %). Smooth transgranular fracture surfaces are consistently identified for all sphere
impact velocity regimes (63, 67, and 68 %) and slightly increase for bullet impacts (75 %). Cleavage marked
transgranular fracture features occur at lower relative frequencies for spheres (40, 39, 29 %) and bullets (42 %).
Secondary damage modes are identified in trace to low extents (0-32 %) for the all velocity regimes; dimples are
rare in all specimens (≤ 12), secondary cracks are negligible (≥1 %), and secondary particles are consistently
present (17%-32%).

a. b. c.

Figure 21: SEM Images of Al2O3 Cone Top Fracture Surface at 25x (a.), 500x (b.), and 5000x (c.) magnification.

Although mixed brittle fracture features are observed near the comminuted zone for all sphere impacted speci-
mens, as shown in Figure 21, non-typical smooth and rippled microstructure are observed for increased velocities
(≥ 400 m/s). Cone tops reveal higher relative areal densities of exposed grain boundaries (47-95 %) and triple
junction pores (42-85 %). Furthermore, significant scatter of flat transgranular fracture features and cleavage
features are observed (13-83 % and 2-56 %) and are less pronounced in the intermediate regime. Dimples are
scarcely observed (≤ 11 %), secondary cracks appear sporadically (≤ 7 %), and secondary particle identifica-
tion densities are moderate (39-52 %). At velocities above approximately 400 m/s local smooth fracture and
repetitive ripples are observed near the cone top for both sphere and bullet impacts, as shown in Figure 22,
with EDS measurements identifying purely Al2O3, and a hypothesis discussed in section 4.

a. b. c.

d. e. f.

Figure 22: SEM Images of Top Fracture Surfaces with Smooth and Rippled Microstructure of Impacted (≥ 400
m/s) Al2O3 at 25x (a.), 100x (b.-c.), and 500x (d.-f.) magnification.
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The percentage of intergranular fracture, %IG, is computed from the exposed grain boundaries density, ρGB,
triple junction density, ρT J , flat fracture surfaces density, ρF F , and cleavaged marked density, ρCM , according
to Equation 11.

%IG = ρIG

ρIG + ρT G
= ρGB + ρT J

ρGB + ρT J + ρF F + ρCM
(11)

For all velocity regimes, the cone fracture surfaces show mixed intergranular and transgranular fracture modes,
as visualized in Figure 23, in accordance with found relative areal density values. As cone top fracture is in-
fluenced by local impact conditions rather than cone crack fracture mechanics, and is not retrieved for bullet
impacted specimens, quantitative fracture mode analysis excludes top top surfaces for consistency.

Figure 23: Computed Percentage of Intergranular Fracture, from Equation 11, at Incremental Measurement
Locations for Velocity Regimes and Projectiles with Mean Constant Fit and 95% Confidence Intervals.

At lower, intermediate, and high velocity regimes moderate intergranular fracture percentages are found (27-
43 %, 32-58 %, and 25-57 % respectively), with comparable moderate ranges for bullet impacts (26-56 $).
Constant mean intergranular fracture percentage fits are consistent over the velocity regimes (38 %, 41 %, and
41 %), with narrow confidence intervals (±5 %, ±5 %, and ±6 %). A significant second order polynomial
with strong predictive capability is identified for the lower velocity regime (p = 0.001, R2 = 0.960), however
the measurement quantity at this measurement location is low (n=1). From the other regimes no statistical
significant dependence of the percentage of intergranular fracture on projectile geometry, impact velocity, or
tile thickness is identified (p ≥ 0.05), variations are within measurement uncertainty, and top-surface effects are
regarded as near-impact transition effects.
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3.5 Extension to SiC and Si3N4

Experimental and characterization investigations into SiC and Si3N4 are conducted at macroscopic, mesoscopic
and microscopic scales to identify similarities and differences in cone crack features assignable to material prop-
erties.

3.5.1 Primary and Secondary Cone Angles over Projectile Velocity

Primary and secondary cone angles are plotted as a function of projectile velocity in Figure 24. Sphere impacted
specimens display low inter-specimen variation within individual velocity regimes. Bullet impacts exhibit dis-
tinct elevated nested cone angles relative to sphere impacts. Statistical foundation for trends is limited for both
materials.

For sphere impacted 7.9 mm SiC ceramic tiles, similar cone angles are measured for 4.5 mm spheres and 5.35
mm spheres in the low velocity regime (38-46° and 39-42° respectively), whereas bullet impacts result in signif-
icantly greater primary cone angle regimes (52-57° and 70-77°). Sphere impacted Si3N4 tiles show a reduction
in primary cone angles from the low velocity regime (48°) to the intermediate velocity regime (33-34°), whereas
bullet impacts produce three measured primary cone angles (36°, 65°, and 76°). Secondary cone angles are only
observed for Si3N4 in the intermediate velocity regime (67-71°).

Figure 24: Primary and Secondary Cone Angles (Mean ± 95% Confidence Interval) over Projectile Velocity for
8 mm SiC and 7.2 mm Si3N4 Specimens.

Due to limited specimen numbers, regression analysis lacks statistical foundation (n ≤ 4), however a descrip-
tive negative trend for the primary cone angle with increasing velocity is observed for Si3N4, converging to
the minimal bullet cone angle. Maximum primary cone angles generated by bullet impacts are of comparable
magnitude for SiC and Si3N4, but are no valid metric as tile thicknesses differ.
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3.5.2 Primary and Secondary Cone Angles over Geometric Thickness and Height

The primary and secondary cone angles of sphere impacted Al2O3, SiC, and Si3N4 specimens up to 400 m/s are
plotted in Figure 25. Consistent with the trends reported in subsubsection 3.2.3, negative linear relationships
are identified between primary cone angles and tile thickness, and between secondary cone angle and secondary
cone crack formation height for Al2O3 and SiC. Data availability of Si3N4 is limited.

Figure 25: Primary and Secondary Cone Angles (Mean ± 95% Confidence Interval) over Tile Thickness and
Formation Height of Ceramic Materials with Linear Fits and 95% Confidence Intervals.

The magnitude of primary and secondary cone angles for SiC and Si3N4 (30-48° and 44-77°), as well as secondary
cone crack formation heights (0.5-5.4 mm) are comparable to those measured for Al2O3 specimens (32-52°, 44-
77°, and 1.1-6.7 mm), indicating similar geometric fracture scales despite dissimilar mechanical properties.
The primary Al2O3 cone angle reveals a strong negative linear dependence on tile thickness (-2.6°/mm), with
substantially significant statistical foundation and predictive capability (p ≤ 0.001, R2 = 0.750, CI = 0.7°).
The SiC primary cone angles show a comparable but weaker negative slope (-1.4°/mm), with reduced statistical
support (p = 0.083, R2 = 0.418, CI = 1.6°).

For secondary cone angles, all three ceramics demonstrate a negative relationship with secondary cone forma-
tion height (-4.0 °/mm for Al2O3, -6.4 °/mm for SiC, and -6.2 °/mm for Si3N4). Robust statistical support is
obtained for Al2O3 and SiC (Al2O3: p ≤ 0.001, R2 = 0.906, CI = ±1.29°; SiC: p ≤ 0.001, R2 = 0.992, CI =
±0.54°), whereas the limited quantity of Si3N4 specimens inhibits statistically meaningful regression analysis
(n=2).

3.5.3 Cone Nucleation Depth and Truncated Radius Scaling

The computed cone nucleation depth and minor truncated cone radius of sphere impacted Al2O3, SiC, and Si3N4
specimens up to 400 m/s are plotted in Figure 26. Consistent geometric distinctions between projectile sizes are
identified for Al2O3 and SiC, with marginal differences in cone nucleation geometry for all investigated ceramics.
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Figure 26: Cone Crack Nucleation Depth (Mean ± 95% Confidence Interval) over Nucleation Radius (Mean ±
95% Confidence Interval) with Mean Projectile Values per Ceramic Material.

For Al2O3, significant differences in mean nucleation depth and truncated cone radius are observed between
smaller projectiles (0.68/0.72 mm) and larger projectiles (1.45/1.82 mm), as presented in subsubsection 3.2.4.
Comparably, SiC specimens impacted by smaller and larger projectiles exhibit similar scaling behaviour (0.54/.0.79
mm, 1.26/2.27 mm), and Si3N4 specimens show moderately greater mean nucleation depths and radii (0.91 mm
and 0.86 mm) for small projectiles, but are limited in sample size (n=3).

3.5.4 Surface Roughness Evolution over Crack Propagation

The arithmetic surface roughness, Ra, measurement at incremental cone heights is analysed SiC and Si3N4
within the previously defined projectile impact velocity regimes. Both raw and normalized values are evaluated
to identify mesostructural evolution over the crack propagation for different intrinsic material properties. The
normalized Ra values, together with mean values and corresponding 95% confidence intervals, are visualized in
Figure 18.

For thin SiC tiles, comparable raw roughness magnitudes are measured for small and large projectiles at low
impact velocities (86-242 µm and 86-219 µm respectively). For thicker SiC tiles, greater roughness values at
both low and intermediate velocity regimes are quantified (57-493 µm). Normalized roughness values for thin
SiC tiles reveal moderate amplification (x1.1 - x2.0), whereas thicker tile show larger incremental amplifications
(x1.8-x2.4), indicating general progressive roughness development despite local variability.

In contrast, Si3N4 cones exhibit greater raw roughness values at low impact velocities (102-402 µm) compared
to intermediate impact velocities (86-192 µm) for 4.5 mm projectiles. Correspondingly, the mean normalized
amplification factor is greater in the low velocities regime than in the intermediate velocity regime (x2.4 and
x1.4-1.5 respectively), although both indicate consistent progressive roughness amplification from the top to
the lower cone region. Below 250 m/s a statistical significant fit is found for a linear (p ≤ 0.001) and a second
order polynomial (p ≤ 0.001) correlation between surface roughness and crack propagation length, but the
degree of variability is unexplained by the either fit (R2 ≤ 0.618). For Si3N4 regression analysis is statistically
inappropriate as sample size in low (n≤2)
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Figure 27: Normalized Arithmetic Surface Roughness over Line Measurement Locations with Mean Values and
95% Confidence Intervals per Measurement Line for SiC and Si3N4.

3.5.5 Fracture Mode Identifications and Ratios in SiC and Si3N4.

Top and side cone fracture surfaces of SiC and Si3N4 specimens impacted at low impact velocities (≤ 250 m/s)
by 4.5 mm spherical projectiles are investigated similarly to subsection 3.4.

a. b. c.

d. e. f.

Figure 28: SEM Images of Cone Fracture Surface of Sphere Impacted SiC (a.-c.) and Si3N4 at (d.-f.) 25x, 500x,
and 5000x magnification.
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Representative SEM images of SiC and Si3N4 cone fracture surfaces are shown in Figure 28, with characteristic
distinguishable brittle fracture modes. For SiC cones, mesoscopic fracture planes and imperfections are visible
at 25x magnification, predominantly smooth facets with clustered exposed grain boundaries are observed at
500x magnification, and micro-particulates, voids, and geometric granular remnants are distinguishable at 5000x
magnification.

Alternatively, SEM images of Si3N4 cones reveal a smooth fracture surface with dispersed colour contrast at
25x magnification, clustered glassy features within a distinctly granular bulk at 500x magnification, and sharp
exposed grained boundaries, translucent regions, and a lack of distinguishable secondary damage modes at
5000x magnification.

The analysed SiC cone side fracture surfaces show exposed characteristic grain boundaries and triple junction
pores at relatively low areal densities (14 % and 5 % respectively), whereas greater occurrence densities are
observed for flat transgranular fracture surfaces and transgranular cleavage marks (96 % and 25 % respectively).
Secondary fracture features such as granular dimples, secondary cracks and micro-particulates are identified in
relatively less occurrences (7 %, ≤1 %, and 26 %).

Inversely, in Si3N4 cone fracture surfaces very high areal densities of exposed grain boundaries are distinguished
(93 %), whereas significantly less flat transgranular fracture surfaces are observed (31 %). The finer ceramic
grains impede confident distinguishment of intergranular triple junction pores, transgranular cleavage marks,
dimples, and micro-particulates, which are consequently excluded from evaluation of fracture mode percentages.

Figure 29: Computed Percentage of Intergranular Fracture, from Equation 11, at Incremental Measurement
Locations for Ceramic Materials and Projectiles with Mean Constant Fit and 95% Confidence Intervals.

The calculated intergranular fracture percentage, %IG, and the mean constant fits, are plotted in Figure 29.
For SiC consistently low intergranular fracture percentages are calculated along the crack propagation surface
(8-17 %), reflected in a low mean constant fit and narrow 95% confidence interval (14±7 %). For Si3N4, high
intergranular fracture percentages are computed (67-74 %), with an extreme value at the cone top (100 %),
yielding a high mean percentage intergranular fracture and narrow confidence interval over the side cone fracture
surface (70±4 %). Regression fitting is considered statistically invalid for the low quantity of SiC and Si3N4
specimens.
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3.6 Summary of Results
The derived correlations and support are listed in Table 12 and Appendix 3 for macroscopic cone geometry,
mesoscopic topology, and microscopic fracture modes related to cone crack formation.

Table 12: Summary of Results for Cone Crack Geometry, Surface Topology, and Fracture Modes.

Projectile[1] Ceramic Correlation vp - m/s tc - mm Support

● ❍ Al2O3 α1 ≈


42◦

58◦

72◦

175–700 10 No significant trend, narrow CI (±5%)

≥600 10 Microscopy measurements (n=2)

Al2O3 α1 ≈

{
62◦

72◦ 700 10 High speed video measurements (n=1)

● ❍ Al2O3 α1 ∝ −tc
300–550 7.2–14 p = 0.020, R2 = 0.312

● SiC ≤400 8 p = 0.083, R2 = 0.418
● ❍ Al2O3 α2 ∝ −h3

300–550 - p ≤ 0.001, R2 = 0.706
● SiC ≤400 - p ≤ 0.001, R2 = 0.992

● ❍
Al2O3 hc ∝ rp

175–700 7.2–14 Consistent geometric scalingSiC ≤400 7.8–12

● ❍
Al2O3 r1 ∝ rp

175–700 7.2–14 Consistent geometric scalingSiC ≤400 7.8–12

● ❍
Al2O3

Ra ∝ crack propagation
175–700 7.2–14 p ≤ 0.001 R2 ≤ 0.372

SiC ≤250 8 p ≤ 0.001, R2 = 0.618
● Si3N4 ≤550 7.2 Descriptive trends (n≤2)

● ❍ Al2O3 %IG ≈ 41% 175–700 7–14 No significant trend, narrow CI (±5%)
● SiC %IG ≈ 14% ≤250 8 Mean 14±7% (n=1)
● Si3N4 %IG ≈ 70% ≤250 7.2 Mean 70±4% (n=1)

[1]: ● 4.5 mm sphere, ❍ 5.35 mm sphere, 7.62 P80 bullet.

For sphere impacts on 10 mm Al2O3 tiles, the primary cone angle, α1, is found to show discrete plateaus, rather
than a continuous trends for impact velocity. A transition to nested cones is observed around 400 m/s, and
above 600 m/s a larger nucleation angle is identified from secondary measurements in limited quantities. For
bullet impact larger primary cone angles are distinguished, similar in magnitude to sphere impacted nested cones.

Statistically significant inverse linear relationships for Al2O3 and SiC between primary cone angle and tile
thickness, tc, are found for first and second order polynomials. Similarly, secondary cone angle, α2, and the
secondary cone angle formation height, h3, are exhibit strong statistical correlations and explanatory power of
variability between specimens.

The cone nucleation depth, hc, is derived from the distance between tile thickness and top cone height, h1a,
and is found to be independent of ceramic material and impact velocity. Similarly, the minor cone radius,
r1, is found to be independent of material and sphere velocity. Both nucleation depth and minor radius scale
proportionally for Al2O3 and SiC, with limited data on Si3N4.

The normalized surface roughness, Ra, is computed and is found to increase progressively along the crack prop-
agation path, independently of projectile type and ceramic material, and with minor shifts for impact velocity.
The trends match statistically significant first and second order polynomials, but with limited explanatory
power of inter-specimen variability.

The percentage of intergranular fracture, %IG, is calculated from relative occurrences of characteristic fracture
marks. No statistical trend is observed for %IG as a function of velocity or projectile type for Al2O3, and
discrete fracture modes are identified for different ceramic materials.

Independently, these results demonstrate strong statistical support for established (a1/tc) and exploratory
correlations (a2/h3), display geometric scaling and topological trends (hc/r1, Ra), while expected geometric
and material correlations (a1/vp and %IG/KIC) are not observed in the investigated regimes.
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4 Discussion
The correlations found in this investigation indicate that cone crack morphology in ceramics is governed pre-
dominantly by geometric conditions, while intrinsic material properties primarily influence fracture modes at
the microscale. Across Al2O3, SiC and Si3N4, consistent scaling relationships are identified that distinguish
nucleation-controlled phenomena from propagation-controlled behaviour. The research questions are answered
with the available information and uncertainties and statistical insufficiencies are highlighted.

RQ1 — How do impact geometry and velocity affect cone crack morphology and fracture mechanics?

Primary cone angles exhibit plateau behaviour within velocity regimes, with nested cone and secondary cone
formation occurring beyond a critical threshold. Within regimes, velocity does not significantly control cone
angle magnitude. Geometric parameters dominate cone crack nucleation and propagation behaviour. Inverse
relationships are observed between primary cone angle and tile thickness (α1 ∝ −tc) and between secondary
cone angle and secondary cone height (α2 ∝ −h3). Projectile size governs nucleation geometry, with hc ∝ rp and
r1 ∝ rp across all materials. Surface roughness increases progressively along the cone flank, reflecting propaga-
tion complexity rather than velocity magnitude where the intermediate velocity regime appears to represent a
transition from stable to unstable crack growth, as characterized from rapid amplification followed by stagnation.

The investigated fracture modes are statistically insensitive to geometric and velocity effects, although at el-
evated impact velocities local phenomenons are observed form near the comminuted zone, as visualized in
Figure 22. These phenomenons are attributed to high impact pressures inducing inter- and intragranular shear
of pulverized ceramic, with friction induced adiabatic regions causing transient melting from high enthalpy.
Upon separation of the cone from the tile flash cooling of the melt yields observable remnants of solidified
melt-deprived areas and clustered rippled ridges due to viscous surface adhesion, before recrystallization can
occur. Amorphization and geometric analysis of the phenomenon are to be investigated in future research.

Thereby, velocity activates regime specific cone geometry and fracture behaviour, while tile geometry controls
cone morphology, and nucleation mechanics are projectile geometry dependent.

RQ2 — How do intrinsic ceramic properties affect cone crack morphology and fracture mechanics?

Macroscopic cone morphology is not significantly distinguishable across Al2O3, SiC, and Si3N4 from the in-
vestigated specimens. Although magnitudes vary and are non-comparable for different thicknesses, geometric
scaling trends are found to be consistent for the characterized material properties, with no indisputable and
fundamentally grounded relationships between intrinsic ceramic properties and morphology or topology.

The investigated fracture mode regimes are identified and attributed to the ceramic material types, although an
inexplicable inverse trend observed for transgranular fracture as a function of elastic modulus is observed, and
no correlation is found for other investigated intrinsic material properties. A similar proportional increase has
previously been reported[93], and is considered accepted in research. Investigation into the hypothesised melt
phenomenon found in Al2O3 can be extended to different ceramics to identify differences in crack nucleation
behaviour at high impact velocities.

To summarize, intrinsic ceramic properties have ample effect on geometric and topological cone crack factors,
but are the dominant factor in determining fracture mode regimes.
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RQ3 — Can sphere impact testing predict ballistic cone crack morphology and fracture mechanics?

The quantifiable and comparable macroscopic, mesoscopic, and microscopic characteristics investigated in this
research are schematically visualized in Figure 30.

Figure 30: Schematic of Geometric (Red), Topological (Blue Gradient), and Fracture Mode (Hatched Density)
Identified and Compared for Low Velocity Sphere Impact (left) and High Velocity Bullet Impact (right) of an
Al2O3 Ceramic Tile, With Data From subsubsection 3.2.1,subsection 3.3, and subsection 3.4.

At the geometric macrostructure level, low-velocity sphere impacts yield smaller primary cone angles compared
to high-velocity bullet impacts. However, intermediate- and high-velocity sphere impacts exhibit nested cone
angles that can nucleate and propagate at magnitudes comparable to those computed from bullet impacts,
indicating similar crack mechanics. Furthermore, cone angle scaling as a function of tile thickness is statistically
correlatable for sphere impacts with similar trends observed for bullets, and nucleation geometry consistently
scales with spherical projectile radius. This nucleation scaling remains to be quantified explicitly for bullet
geometry, but comparable decoupling from geometric macrostructures suggest minimal effective influence of
projectile geometry.

At the mesostructural level, surface topology trends for sphere impacts below 250 m/s and bullet impacts at 700
m/s display comparable progressive roughness amplification along the fracture surface, suggesting similar crack
propagation mechanisms despite differences in absolute roughness magnitude. At the microstructural level,
the identified fracture modes show no statistically significant deviation between impact methods for identical
materials, yielding comparable relative proportions of intergranular and transgranular fracture.

These findings require validation through an increased statistical quantity of bullet impacts (n = 1), sphere
testing at velocities beyond 700 m/s to assess crack propagation of greater cone angles, bullet testing at reduced
velocities for assessing bi-directionality, rejection of coincidental tile thickness effects, and implementation of
enhanced geometric characterization techniques for ballistic impacts.

To conclude, sphere impact testing provides a reliable geometric, topological, and fracture mode approximation
of ballistic cone crack behaviour when investigated at multiple velocity regimes.
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5 Conclusions and Recommendations
This work investigated the correlation between cone cracks formed by sphere impact and those formed under
ballistic impact conditions across Al2O3, SiC, and Si3N4 ceramics. Macroscopic geometry, mesoscopic surface
roughness, and microscopic fracture modes were quantified and statistically evaluated to identify relationships.

Three velocity regimes are researched: low (≤ 250 m/s), intermediate (300–550 m/s), and high (≥ 600 m/s),
representing a common gas gun regime, a transition regime, and a regime representative for bullets. It was
found that velocity primarily governs quantities and degrees of nested primary and secondary cone angle, with
transition regimes, rather than a continuous evolution.

Geometric scaling relationships dominate cone morphology. In the intermediate regime, primary cone angle de-
creases proportionally with increasing tile thickness, and secondary cone angle decreases linearly with increasing
secondary cone formation height. Projectile size governs cone crack nucleation geometry through proportional
scaling of cone nucleation depth and truncated cone radius with projectile radius. These geometric relationships
are found to be consistent for all investigated materials.

Surface roughness evolution shows progressive amplification along the cone propagation path for all ceramics
and velocity regimes. While absolute roughness magnitudes increase for bullet impacts, normalized trends re-
main comparable, indicating geometry-controlled relative propagation mechanisms.

Material properties primarily influence relative areal occurrences of fracture modes. SiC exhibits predominantly
transgranular fracture, Si3N4 predominantly intergranular fracture, and Al2O3 a mixed trans- and intergranular
fracture modes. These fracture mode distributions remain largely independent of projectile velocity and geom-
etry, and crack location, acknowledging the primary influence of intrinsic material properties.

Comparison between low velocity sphere and high velocity bullet impacts reveals analogous primary geometric
regimes and trends when additional velocity and thickness sphere impacts are included, displays strong foun-
dation for scaling of geometric relationships, and illustrates comparable ratios of fracture modes. Differences
between impact types are increased fragmentation and subsequent limited distinguishment of fracture features
under ballistic conditions rather than cone nucleation or propagation mechanics.

5.1 Recommendations
• Sphere impact test methods are no replacement for bullet testing of structural materials, but rather serve as

a predictive screening method for novel materials and armour systems. Rapid testing cycles, reduced legal
requirements, and enhanced postmortem characterization possibilities can be advantageous for research
institutes, however the materials are to be rigorously tested and validated before being considered for
ballistic protection.

• Significant intra-specimen variability of cone geometries highlight the degree of uncertainty of traditional
characterization techniques. Three dimensional reconstruction and high speed video measurements yielded
satisfactory certainty in this research, however further research efforts are recommended to focus on
obtaining higher spatial and time resolution data, or developing alternative characterization techniques
for improved reliability.

• In this research impact testing of bullets at decreased velocities (≤600 m/s) are not completed, however
experimental investigation of these conditions is advised to understand bi-directional correlatability of
the presented trends and fits. The presented correlation is derived from free standing and unconstrained
ceramic tiles, as these boundary conditions can affect the outcomes it is advised to translate the findings
of this work into ceramics adhered to backings, or fully constrained tile test set-ups. Additionally, the
range of materials and material properties investigated in this work are limited, and extensive research
are to be focussed at broader range of (research) materials.

• An explanation for observed phenomenons near the impact site are hypothesized, but require experimental,
numerical and analytical future research to build on the understanding high velocity impact mechanics.
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Appendices
A Literature Research
A.a Relationship Between Cone Angle and Cone Volume
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A.c Impact Testing Formulas
Vicker’s and Brinell hardness and Fracture Toughness are calculated from:

HV = 1.8544 P

d2 (16)

HB = 2P

πD
(
D −

√
D2 − d2

) (17)

KIC = 0.016
(

E

H

)1/2
P

c3/2 (18)

. where P is the applied load and d is the average indentation diameter.

BE = ρb(pb,0 − pb,c)
ρct∗

c

(19)

where:

• BE is the ballistic efficiency factor,

• ρb is the density of the backing,

• ρc is the density of the ceramic,

• pb,0 is the penetration depth into the bare backing,

• pb,c is the penetration depth into the backing with ceramic,

• t∗
c is the ceramic thickness,

Uabs = Ufrac + Ufrag + Uacc = 1
2Mp(vp

2 − v∗
p

2) − 1
2Mcv2

c (20)

where:

• Uabs is the absolute energy dissipation,

• Ufrac is the energy dissipated through ceramic fracture,

• Ufrag is the kinetic energy carried by ejected fragments,

• Uacc is the cone acceleration energy,

• Mp is the projectile mass,

• Mc is the cone mass,

• vp is the impact velocity,

• v∗
p is the residual velocity of projectile core and cone,
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B Material Characterization
• Geometry, Mass and Density

– Tile mass: digital scale (±1 mg ≤ 100 g, ±1 g ≥ 100 g)
– Projectile mass: digital scale (±0.1 mg), mean of 10
– Tile thickness: digital micrometer (±1 µm), 5 locations
– Tile length/width: mechanical caliper (±10 µm), 3 locations
– Projectile diameter: digital caliper (±1 µm), mean of 10

– Density: ρ = m/V , for Tile: V = lwt or Sphere: V = π

6 d3
p

Elastic Properties (Ultrasonic Pulse-Echo)

• ±10 MHz longitudinal and transverse transducers

• Oscilloscope: WaveSurfer 4034HD (5 MHz)

• Manual alignment of reflection time τr and number of reflections Nr

• Sound velocities: v = 2tNr/τr

• Elastic constants (E, G, B, ν) from isotropic relations using ρ, vL, vT

Specimen Preparation (Hardness & Microstructure)

• ∼10 mm specimens cut (diamond saw) or retrieved from fragments

• Embedded in glass fibre–filled resin

• Ground, polished, cleaned with isopropyl alcohol

Hardness and Indentation Fracture Toughness

• Microhardness tester: InnovaTest FALCON 500 (Vickers)

• Indenter: 136° diamond

• Load: 1 kgf, dwell time: 10 s

• 10 indents per specimen (ASTM C1327)

• Optical measurement: ×40 (ceramic), ×10 (projectiles)

• Hardness: HV = 1.8544 4P

(dHV,H + dHV,V )2

• Fracture toughness: KIC = 0.016
(

E

HV

)1/2
P

c
3/2
HV

Microstructure (SEM & Grain Size)

• Gold coating: 15 nm (plasma deposited)

• SEM: JEOL JSM-7500

• 15 kV, 20 µA, 20 ± 0.1 mm working distance

• Magnifications: ×25, ×100, ×500, ×2000, ×5000

• EDS area measurements (atomic wt.%)

• Grain size: ASTM E112 intercept method

– 5 horizontal + 5 vertical lines per image (≥ ×500)
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– Mean intercept: l̄ = LT /Ni

• Digital Optical Microscope — OLYMPUS DSX-1000

– Tiles: 1× objective, 1.4× zoom, 10% overlap, oblique lighting

– Image size: 1210 × 1210 px (13 450 × 13 450 µm)

– Lateral resolution: 11.1 µm/px

– Vertical pitch: 243 µm

– Vertical resolution: 30 µm

– 3D stitching and digital focus analysis

• Digital Optical Microscope — OLYMPUS LEXT OLS5000 (v1.3 / v1.3.4.320)

– Cones: 10× objective, 1× zoom, 10–20% overlap

– Bright-field or oblique lighting

– Image size: 1210 × 1210 px (1940 × 1940 µm)

– Lateral resolution: 1.59 µm/px

– Vertical pitch: 43 µm

– Vertical resolution: 3 µm

– 3D reconstruction and morphology analysis

• High-Speed Camera — Shimadzu HyperVision HPV-2

– Frame rate: 500,000 fps

– 101 frames (200 µs time window)

– Resolution: 312 × 260 px

– Field of view: ≈100 × 83 mm

– Spatial resolution: 0.323 mm/px

– Analysis: Tracker Video Analysis, GNU Octave 10.3.0

• Scanning Electron Microscope — JEOL JSM-7500

– Gold coating: 15 nm (plasma deposited)

– Accelerating voltage: 15 kV

– Beam current: 20 µA

– Working distance: 20 ± 0.1 mm

– Magnifications: ×25, ×100, ×500, ×2000, ×5000
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3 Results

Table 13: Regression results for α1 as a function of vp

α1 Regime Fitted Regression n b0 b1 b2 b3 R2 RMSE p

35 – 50
α1 = b0 16 42.350 - - - 0.000 3.327 1.000
α1 = b0 + b1 x 16 43.345 -0.00249 - - 0.010 3.310 0.708
α1 = b0 + b1 x + b2 x2 16 56.798 -0.07352 8.381e-05 - 0.417 2.541 0.030

50 – 65
α1 = b0 5 58.192 - - - 0.000 1.529 1.000
α1 = b0 + b1 x 5 53.969 0.00706 - - 0.227 1.345 0.417
α1 = b0 + b1 x + b2 x2 5 125.180 -0.24945 2.232e-04 - 0.835 0.621 0.165

65 – 80
α1 = b0 1 72.354 - - - NaN 0.000 NaN
α1 = b0 + b1 x 1 0.000148 0.10336 - - -Inf 0.000 NaN
α1 = b0 + b1 x + b2 x2 1 NaN NaN NaN - NaN NaN NaN

Table 14: Regression results for α2 as a function of vp

α2 Regime Fitted Regression n b0 b1 b2 b3 R2 RMSE p

55 – 75
α2 = b0 17 67.022 - - - 0.000 2.927 1.000
α2 = b0 + b1 x 17 62.555 0.00937 - - 0.137 2.719 0.144
α2 = b0 + b1 x + b2 x2 17 61.482 0.01371 -4.156e-06 - 0.137 2.719 0.356

Table 15: Regression results for Ra as a function of Crack Propagation

vp regime Fitted Regression n b0 b1 b2 b3 R2 RMSE p

≤250
Ra = b0 65 1.839 - - - 0.000 1.154 1.000
Ra = b0 + b1x 65 0.604 0.412 - - 0.255 0.997 1.83e-05
Ra = b0 + b1x + b2x2 65 0.583 0.430 -0.00298 - 0.255 0.997 1.11e-04

300-550
Ra = b0 85 1.803 - - - 0.000 0.732 1.000
Ra = b0 + b1x 85 0.908 0.298 - - 0.332 0.599 8.00e-09
Ra = b0 + b1x + b2x2 85 0.297 0.822 -0.0873 - 0.372 0.580 5.32e-09

≥600
Ra = b0 24 1.486 - - - 0.000 0.514 1.000
Ra = b0 + b1x 24 1.145 0.117 - - 0.099 0.487 0.134
Ra = b0 + b1x + b2x2 24 0.271 0.874 -0.128 - 0.269 0.439 0.0373
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Table 16: Regression results for α1 as a function of tc and α2 as a function of h3

vp regime Fitted Regression n b0 b1 b2 b3 R2 RMSE p

≤250

α1 = b0 13 48.133 - - - 0.000 1.996 1.000
α1 = b0 + b1x 13 56.564 -1.037 - - 0.224 1.759 0.103
α1 = b0 + b1x + b2x2 13 -28.522 19.269 -1.195 - 0.375 1.578 0.095
α(tc) = b0 + b1 tan

(
b3
2x b3

)
13 3.229 - - 10.000 0.465 3.096 -

α2 = b0 2 73.022 - - - 0.000 4.063 1.000
α2 = b0 + b1x 1 10.432 24.709 - - -Inf 0.000 NaN
α2 = b0 + b1x + b2x2 1 NaN NaN NaN - NaN NaN NaN

300-550

α1 = b0 17 41.248 - - - 0.000 7.004 1.000
α1 = b0 + b1x 17 64.896 -2.190 - - 0.312 5.811 0.020
α1 = b0 + b1x + b2x2 17 -116.149 29.223 -1.320 - 0.324 5.760 0.065
α(tc) = b0 + b1 tan

(
b3
2x b3

)
17 2.694 - - 10- 0.300 4.392 -

α2 = b0 17 63.156 - - - 0.000 6.982 1.000
α2 = b0 + b1x 17 73.853 -3.838 - - 0.706 3.787 2.43e-05
α2 = b0 + b1x + b2x2 17 66.249 1.647 -0.761 - 0.785 3.239 2.13e-05

≥600

α1 = b0 8 58.714 - - - 0.000 9.929 1.000
α1 = b0 + b1x 8 54.427 0.379 - - 0.016 9.847 0.762
α1 = b0 + b1x + b2x2 8 -149.555 31.203 -1.040 - 0.399 7.700 0.281
α(tc) = b0 + b1 tan

(
b3
2x b3

)
8 10.790 - - 10 -0.178 10.649 -

α2 = b0 4 68.593 - - - 0.000 2.456 1.000
α2 = b0 + b1x 2 16.521 29.405 - - 0.000 1.841 NaN
α2 = b0 + b1x + b2x2 2 NaN NaN NaN - NaN NaN NaN

Table 17: Regression results for %IG as a function of Crack Propagation

Velocity Regime Fitted Regression n b0 b1 b2 b3 R2 RMSE p

≤ 250
y = b0 7 0.3803 - - - 0.000 0.04752 1.000
y = b0 + b1x 7 0.4412 -0.02241 - - 0.427 0.03599 0.112
y = b0 + b1x + b2x2 7 0.3165 0.09238 -0.02013 - 0.960 0.00950 0.00160

343 - 550
y = b0 13 0.4128 - - - 0.000 0.07793 1.000
y = b0 + b1x 13 0.4928 -0.02665 - - 0.252 0.06740 0.0805
y = b0 + b1x + b2x2 13 0.4507 0.01022 -0.00615 - 0.271 0.06654 0.206

≥600
y = b0 13 0.4121 - - - 0.000 0.1003 1.000
y = b0 + b1x 13 0.3458 0.02210 - - 0.105 0.09487 0.281
y = b0 + b1x + b2x2 13 0.3430 0.02456 -0.000410 - 0.105 0.09487 0.575

Table 18: Regression results for Ra as a function of Crack Propagation for SiC

vp Fitted Regression n b0 b1 b2 b3 R2 RMSE p

≤ 250)
Ra = b0 35 1.727 - - - 0.000 0.812 1.000
Ra = b0 + b1x 35 0.609 0.373 - - 0.422 0.618 2.45e-05
Ra = b0 + b1x + b2x2 35 0.779 0.227 0.02436 - 0.424 0.616 1.46e-04
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