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ABSTRACT

As firearms continuously become more sophisticated, there have been commensurate
efforts to optimize the ballistic performance of armours, with ceramic materials currently at
the forefront of such studies. These efforts have focused on improving processing and
microstructural design with reinforcements using dispersion particles, carbon nanotubes
(CNT) and boron nitride nanotubes (BNNT). In most studies, ballistic testing has been used
to identify parameters affecting the performance.

The research documented here focuses on: (1) the investigation of two commercial
ceramics, namely silicon carbide (SiC) and zirconia toughened alumina (ZTA). The primary
material properties evaluated for the characterization included: hardness, fracture toughness,
flexural strength and Young’s modulus. Other properties investigated included the
microstructure, porosity/density, and mode of failure or fracture. (2) Ballistic depth of
penetration (DOP) testing for six candidate ceramic armour systems including three
monolithic ceramics (Al20s, SiC and B4C) and three nanotube toughened ceramic composites
(Al203-BNNT, Al2Os-single walled CNT and SiC-BNNT).

SiC showed a hardness of 2413 HV, which is far beyond the requirements for armour
ceramic. In contrast, ZTA barely met the hardness requirement of 1500 HV, but showed
improved toughness of 4.90 MPa m*2 beyond values reported for monolithic alumina. SiC
and ZTA showed that microstructural design improves fracture toughness but processing
introduces defects that can substantially reduce other armour related properties such as the
strength. The results of the Charpy and drop tower impact tests are in agreement with
indentation fracture toughness results suggesting a great degree of reliability of this cost

efficient method. The addition of nanotubes produced an increase in toughness and a decrease



in hardness in the ceramics, which resulted in an overall drop in performance during ballistic
depth of penetration (DOP) tests. A microstructure-quasi-static mechanical properties-ballistic
performance relationship was established which led to the development of a novel ballistic
performance index and a new DOP model. The proposed ballistic performance index yielded
a ranking, which agrees better with experimental observations than the currently published
indices. The developed semi-empirical model suggests that the ballistic performance of

ceramics is improved with increased fracture toughness, reduced flaw size and higher density.
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CHAPTER 1
INTRODUCTION
1.1 Background and Motivation

Bullet resistant vests were invented as a protective armour to enhance survivability
from gun shots. They have witnessed dramatic improvements in response to ever-increasing
sophistication of threats, leading to a transition from monolithic steel armours to composite
armours with ceramic front plate [1]. The major problem with traditional steel armours was
the weight penalty, which substantially affect mobility. Hence, lightweight and high hardness
have made ceramics the materials of choice for protective armour systems [1]. Although,
current ceramic armours provide high level of protection, the level of casualties could be
reduced even further considering the ever increasing complexity of armour piercing (AP)
projectiles. Also, modern fire arms are characterised by extreme rapid sequences of multiple
shots, referred to as multi-hit [2]. As multi-hit and lightweight capabilities are becoming
imperative when selecting armours, further optimisation of ceramics performance, especially,
their fracture toughness is crucial.

Simulation studies as well as experimental tests to determine failure mechanisms
during ballistic impact have helped to identify the roadmap for ceramic armour improvement
[3, 4]. They showed that increasing fracture toughness and strength through the introduction
of ceramic matrix composites and the improvement of manufacturing processes are the most
promising ways forward [5-7]. Therefore, researchers, end users and manufacturers are
working on developing reinforcements for ceramics, with the goal of improving their
toughness and strength without compromising their lightweight attributes. So far, Carbon

Nanotubes (CNTs) and Boron Nitride Nanotubes (BNNTSs) have been identified as promising



candidates in this regard [5, 8]. Although SiC, Al>03 and B4C have been identified as good
candidates for ceramic matrices, SiC and Al>Oz are preferred because of their better process
ability and lower costs [9].

In line with fabrication process optimisations, the characterisation of mechanical
properties has always been of great interest. Current standard characterisation methods,
however, often lead to a strong variability in results [10-12]. It is well established that the
method and results of property measurements depend strongly on the microstructure of the
ceramic. Therefore, the characterisation of ceramics has attracted volumes of research
contributions with the view to improve methodologies [13, 14]. For instance, ceramic hardness
measurements are very inconsistent due to the indentation size effect (ISE). ISE is a
phenomenon whereby the measured hardness varies greatly at low loads. Therefore, hardness
values are often provided with reference to the test load used [10]. This inconsistency has led
to the development of multiple models with the goal of providing some measurement
reliability [13, 14]. Also, the measurement of the fracture toughness through the indentation
method has attracted contributions that have so far produced a great deal of uncertainties [15].

Another field of research on armour ceramics improvement is determining the role of
the microstructure and mechanical properties on ballistic performance using the depth of
penetration (DOP) test method. The DOP test is an experimental ballistic test consisting in
attaching a ceramic tile to a ductile backing material and firing at the assembly. This test has
been found very effective to evaluate the relative ballistic performance and efficiency of
ceramics on confined and metal-backed materials using performance indices. Chief among
these performance indices are the differential efficiency factor (DEF) and the mass efficiency

factor (MEF) [16, 17]. While it has been cautioned that using the same performance index on



soft-backed materials may be misleading [18], the application of DOP test results on soft-
backed ceramic armours proved adequate.

Using the DOP results to correlate microstructure and quasi-static properties to
performance has brought about useful information on microstructure correlations. The work
of Krell [19] concluded that the microstructure is the main factor driving ballistic performance.
In line with this, some studies have investigated the influence of inclusions [20], grain size,
grain size variability [21, 22], and porosity [23]. Although studies have shown that quasi-static
mechanical properties including; hardness, fracture toughness, fracture strength and Young’s
modulus are relevant to ballistic performance, the degree of their relevancy is still unknown.
Currently, the compressive strength [16] and hardness [1, 24] are often used to screen
ceramics. The importance of the Young’s modulus was also recognised [19, 25] while the
contribution of the fracture toughness is still unclear [19, 26-28]. Nevertheless, some studies
indicated that a toughness increase can improve the multi-hit capability of ceramics [29-31].
The scope of this PhD-research work is summarised in Figure 1.1.

1.2 Objective of the Study

The overall objectives of this work are to: (1) Characterise armour related properties
of zirconia toughened alumina (ZTA) and silicon carbide (SiC).(2) Characterise pristine
carbon and boron nitride nanotubes (CNT and BNNT) and investigate their potential for
toughening armour ceramics. And (3) correlate quasi-static mechanical properties and

microstructure defects to DOP using experimental and modelling approaches.
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Figure 1.1: Schematic of the optimisation chart used for improvement of ballistic
performance of ceramic materials in this study.

Specific objectives of the study include:

Evaluating relevant quasi-static properties of zirconia toughened alumina and silicon
carbide for armour performance and investigating the reliability of characterisation
methods for mechanical properties.

Improving methods for measuring the indentation fracture toughness of the above
materials and relevant microstructural features.

Contributing to the understanding of the role of microstructure in the property
improvement and establishing microstructure-property relationships.

Characterising the physical properties of Carbon nanotubes (CNT) and Boron Nitride
nanotubes (BNNT), and establishing the influence of impurities and defects on
processing and final mechanical properties.

Correlating microstructure and mechanical properties to ballistic performance (DOP).
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CHAPTER 2
LITERATURE REVIEW
2.1  Ceramics in Armour Systems

Ceramics are a group of inorganic engineering materials consisting of metallic and
non-metallic components. This group is characterised by interatomic bonds, which are either
totally ionic or predominantly ionic while having some covalent characteristics. The term
ceramics comes from the Greek word “keramikos”, which means “burnt stuff”, thus indicating
that the desirable properties of these materials are normally achieved through a high
temperature firing (Fig. 2.1) [32]. Ceramics can be further classified as: oxides, carbides,
nitrides, glass, carbon and graphite, porcelain and ceramic fibres. They can also be more
broadly classified as traditional or advanced engineering ceramics. The advanced ceramics
group is further classified based on material’s functional properties such as: thermal-chemical,
mechanical, thermal conductive, electrical, magnetic and electromagnetic. Of these classes,
armour ceramics belong to the advanced group designed for high strain rate impact loading.
The properties needed for such a function include: high modulus of elasticity, high
compressive strength, high hardness, wear resistance and, above all, light weight [32].

One of the greatest challenges of using armour ceramics lies in overcoming their poor
tensile strength and low toughness when compared to metals [33]. The poor tensile strength is
primarily due to inherently low dislocation density and the fact that, unlike metals, they feature
very few slip planes for plastic deformation [33]. As a result of poor deformation, armour
ceramics have a low energy absorbing capability and can therefore fail catastrophically under

loading (Fig. 2.2). It is known that optimising the processing parameters can influence their



microstructure significantly and, consequently, improve their properties [32]. Process

optimisations is one of the main focuses of most researchers working on armour ceramics.
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Figure 2.1: Schematic outline of sintering-based fabrication of ceramics [32]

The design of armour started with the use of leather and has evolved into the current
armour plates. The trend in armour applications can also be found in the work of Reijer [1]. In
the context of this study, armour is defined as a bullet resistance system used to prevent injuries
to personnel from high-speed impacts from bullets. Armours are often used in the form of
plates, most often designed to cover the chest, the back and some important parts of the body.
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Figure 2.2: Fractured ceramic on impact showing a lateral crack propagation [21].

2.1.1 Emergence of Ceramics in Armour

The evolution of modern armour started with the use of hard steel inserted in polymer
matrix or ballistic cloth, referred to as flak jackets or bulletproof vests. With the advent of
better armour piercing projectiles (AP), steel was deemed too heavy as it needed to be used in
large thickness to defeat AP bullets. The resultant excessive weight of steel made wearers
uncomfortable and reduced their mobility. Hence, the development of more effective and
lightweight armour systems became inevitable [9, 34].

The search for lightweight materials for armour applications emerged during the
Vietnam War in the early sixties [34] and this search led to the use of ceramic in protective
armour systems. Alumina (Al,O3) was the first ceramic to be used due to its low cost and ease
of manufacture. Other ceramics which were developed and used alongside alumina included
boron carbide (B4C), silicon carbide (SiC), titanium diboride (TiB2) and beryllium oxide
(BeO). These materials were found to be equally effective [34], though much more expensive
and difficult to manufacture compared to alumina. Table 2.1 presents some armour ceramics,

including their properties and relative costs to alumina [9, 35].



Table 2.1: Some armour ceramics and their properties including their relative cost to alumina [9, 35].

Ceramics Density, | Vickers Knoop Fracture Young’s Sonic Flexural Grain | Fracture | Areal Relative
g/cm?® Hardness | Hardness | Toughness | Modulus, | Velocity, Strength, | Size Mode Density | Cost
GPa on 2kg Kic GPa km/sec MPa (nm)
Load MPa.m®®
kg/mm?

Alumina, 3.60-3.95 12-18 1291 3.0-45 300-450 9.5-11.6 200-400 N/A N/A 20.2 1
sintered

Alumina- 4.05-4.40 15-20 N/A 5.0-5.5 300-340 9.8-10.2 350-550 N/A N/A N/A N/A
Zirconia,

sintered

Silicon 3.10-3.20 22-23 1905 3.0-4.0 400-420 11.0-11.4 300-340 2.5 IG,TG 16.7 N/A
Carbide,

sintered

Silicon 3.25-3.28 20 1924 3.8-45 440-550 11.2-12.0 500-730 35 TG 16.2 5
Carbide, hot-

pressed

Silicon 3.20-3.45 16-19 N/A 6.3-9.0 N/A N/A 690-830 N/A N/A N/A 5
Nitride, hot-

pressed

Boron 2.45-2.52 29-35 2066 2.0-4.7 440-460 13.0-13.7 200-500 | 10-15 TG 13.0 10
Carbide, hot-

pressed

Titanium 4.55 21-23 N/A 8.0 550 N/A 350 N/A N/A N/A N/A
Diboride,

sintered

Titanium 4.48-4.51 22-25 1849 6.7-6.95 550 11.0-11.3 270-700 N/A N/A 234 10
Diboride, hot-

pressed

Aluminum 3.20-3.26 12 N/A 2.5 280-330 N/A 300-400 N/A N/A N/A N/A
Nitride, hot-

pressed

IG - Intergranular; TG — Transgranular, N/A: Not available




2.1.2 Design of Ceramic Armours

Stand-alone, ceramic cannot be used for armour applications due to its poor cracking
resistance. As a result, the design of ceramic armour usually includes three or four
components: the covering face or spoil foil, the ceramic plate, the adhesive, and the backing
[4]. The hard ceramic front plate is designed to either shatter or blunt the tip of the bullet, and
to reduce its penetrability [34]. The backing material, however, is tough and primarily
designed to slow down the bullet and absorb its Kinetic energy, thereby preventing its
penetration [34]. Figure 2.3 shows examples of typical armour ceramic designs. It is well
understood from the literature [3, 36] that the study of failure mechanisms of armour systems
opened the door for diverse designs aimed at optimising their performance and creating
lightweight armour. Two components designs include: (1) ceramic/metal or polymer [37]; (2)
ceramic composite/metal or polymer [38]; (3) Ceramic/composite [39]; and (4) biomorphic
systems of ceramic/ceramic [40]. In addition to the above there are laminated or hybrid armour
systems [41] (Fig. 2.3b) such as ceramic-metal-composite armours [18], and other novel

geometries and configuration [4].
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Figure 2.3: Examples of armour designs: (a) layout of a dual armour [42]; (b) hybrid
ceramic armour.



It is recognized today that design of ceramic armour systems is based on the specific
application, manufacturing ability, threat level, cost limitations [7] and the required material
properties. Thus, the ballistic performance of ceramic armour is system-dependent; no single
design is optimal for all threats.

2.2 Armour Related Properties of Ceramic

The study of impact failure mechanisms of ceramics has shown that their ballistic
performance is dependent on both conventional and non-conventional properties [7, 43]. In
addition to the lightweight and high hardness, other convectional properties include high
compressive strength and high Young’s modulus, as well as optimal microstructure and
fracture toughness. The non-conventional properties include the fragmentation mode and
fragments characteristics during ballistic impact, which are governed by the microstructure of
the ceramic [19].

The key material properties that may be used to guide the selection of ceramics for
light armours are: density, hardness, grain size, amount of minor phase, phase stability,
fracture and toughness [7, 18], which are summarised in Table 2.2.

Table 2.2: Materials properties and their influence on ballistic performance [35].

Property Effects on Ballistic Performance
Microstructure: Density, hardness, elastic modulus,
Grain size, minor phases, porosity, inclusions, | strength, fracture toughness, fracture mode
second phase and phase transformation (intergranular, transgranular or mixed)
Physical and mechanical properties:
Density Weight
Hardness Shatter or blunt the projectile and absorb

part of its energy

Elastic modulus Stress wave propagation
Strength Multi-hit resistance, field durability
Fracture toughness Energy absorption and crack propagation
Fracture mode (inter or transgranular) resistance
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2.2.1 Physical and Mechanical Properties

To date, the armour performance has not been successfully correlated to a single
mechanical property due to the dynamic nature of ballistic events [19]. Therefore, multiple
quasi-static mechanical properties are often collectively used to assess the ceramic
performance in armour systems [7].
2.2.1.1 Density

The density of ceramics is controlled primarily by the chemical composition and
defects that occur in the form of pores and inclusions usually introduced during fabrication
[32]. The theoretical density is often used for identifying ceramics for ballistic applications.
For composite armour ceramics, it can be evaluated using the content and the theoretical
density of each constituent. The density measurement through porosity assessment has found
widespread application in Non-Destructive Evaluations (NDE) including the Ultrasonic Time-
of-Flight (TOF) testing. Some of the merits of this method include: rapid application, good
reliability, and ability to use thicker materials and, good sensitivity, which makes it possible
to distinguish small density variations of up to 0.01g/cm? [44]. The density is then evaluated
using semi-empirical equations such as equation 2.1 [44].

Pp=po(1—P) (2.1)
Where the pore-free density is po; p is the density to be determined and P is the porosity.

The relative local density variation is often quantified as a percentage of the theoretical
density. Density variations can lead to variabilities in ballistic performance in ceramics [46]
that cannot be detected by conventional bulk density measurement techniques. It must be noted
that density variations can originate from poor surface finish of ceramics, porosity, pore size,

pore shape, and poor grain size distribution [44].
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2.2.1.2 Hardness

Hardness is defined as the measure of a material’s resistance to localised deformation,
or indentation [45]. Table 2.3 shows hardness values of common armour projectiles and
ceramics.

Table 2.3: Hardness values of some armour ceramics and threats [46].

Prominent Armour Ceramics Projectile’s core material
Material SiC 99.9% Al.03 | B4C wcC RHA Steel
Vickers 1800-2800 | 1500-1900 2800-3400 | 1200-1550 | 700-920
Hardness (HV)

The fracture and deformation characteristics of ceramics during hardness testing have
long been the focus point of studies that aimed to understand the characterisation of both the
hardness and the fracture toughness [46]. Ceramics generally exhibit high hardness, but also
a high tendency for crack-formation [47]. In light of this, Vickers or Knoop indentions are
often used for hardness measurement according to ASTM standards C1327-08 [48] and 1326-
13 [49], respectively. Of these two methods, the Knoop indentation comes with a slightly
higher recommendation [24] because it is less vulnerable to crack formation. In addition to the
Vickers and Knoop indentation, some studies have also used the instrumented indentation
method to measure hardness, which is based on the force-displacement behaviour during
testing at low loads [50]. A good understanding of the mechanics of the elastic-plastic contact
during indentation, as depicted in Figure 2.4 [51], is required in order to better assess the true

hardness of ceramics.
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{(a) Indented (b) Completely unloaded

Figure 2.4: Geometry and coordinates of indentation contact [51]: he is the height of the
elastic domain; hr is the plastic domain; hc is the actual depth of indentation; a is the
impression of half diagonal of indent; y is the semi-apex angle of the indenter; and y is a

geometrical factor.

The elastic-plastic contact leads to a load dependency of the measured hardness (Fig.

2.5) [14] partly due to microstructural heterogeneities arising from grain size variability,

second phase/inclusions and pores [45, 51].
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Figure 2.5: Hardness vs. load showing the different load dependencies of the measured
hardness [14]: (a) constant hardness; (b) kink hardness; (c) reversed indentation size effect;

(d) indentation size effect.
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The load dependency requires further study of the load-hardness relationship in order
to better understand the uncertainty that can be caused by microstructural features, measuring
instruments and the operator [47]. Other challenges include: difficulties to correctly measure
indentations due to potential crosshair indentation cracking, vibration and optical resolution
limits [47]. Published literature provides guidelines for testing procedures [12, 52]. The load-
dependency of the hardness ends at a transition point marking the beginning of a load-
independency [14] (Fig. 2.5). This point has been suggested to represent the onset of fracture,
to shed light on the relationship between hardness and brittleness, and consequently to be
characteristic for the energy dissipation capability of ceramics [45].
2.2.1.3 Fracture Toughness

The objective of improving the fracture toughness is to increase the energy absorption
capacity of armour ceramics during crack propagation, and to consequently improve the multi-
hit capability. Higher fracture toughness confers onto the ceramic the ability to resist
comminution and enhance the eroding capability on the projectile during the penetration stage
[9].

It has been established that the fracture toughness depends on the composition and
processing route of the material. The assessment of the fracture toughness has generated a lot
of interest within the research community. Conventional methods including the single edge
pre-cracked beam test (SEPB), the surface crack in flexure (SCF), and the chevron-notched
beam test (CNB) contained in ASTM 1421-10 [53] are considered expensive and time-
consuming. Researchers have therefore given considerable attention to the indentation method
using the Vickers indenter, which is considered simple, low cost and fast [54]. A lot of

controversies have followed the use of this method because of inconsistencies and high degree
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of uncertainty in the results [15]. This uncertainty is attributed to the fact that the crack
generated and used to evaluate the indentation fracture toughness is ill-defined and
incomparable to the rapid crack propagation recorded in the standardised fracture toughness
test [15]. Some studies did, however, indicate that there is still great potential in the use of this
method [54-56].

Further tests have been suggested to corroborate the fracture toughness measurement
using the indentation method. They include low velocity impact tests using Charpy and drop
weight. These impact tests have demonstrated good results and applicability to provide a
comparative qualitative measure of the energy absorption capability of armour ceramics [57].
2.2.1.4 Strength

The strength of ceramics determines the mechanism of and level of resistance to
deformation and failure during the ballistic penetration stage [7, 43]. Although the exact
strength threshold value for fracture resistance specific for either pressure, bend or shear is
unknown, it is widely accepted that the strength is a property of significance in armour
performance. In most cases, the fracture or flexural strength measured using a transverse beam
test or a 3 or 4 point bending test, as contained in ASTM standard C1162-02 [58], is substituted
for the tensile strength in brittle materials such as ceramics. On the other hand, in view of the
edge effect, equi-biaxial methods, including the piston-on-three-ball, the ball-on-ring and the
ring-on-ring tests, are used according to ASTM standard C1499-09 [59]. Although the ring-
on-ring test has significant advantages over the other two methods [60], it is very sensitive to
the size and relative dimensions of the specimen.

The flexural strength of a ceramic material is highly dependent on both its inherent

resistance to fracture and the size and severity of flaws. Thus, according to the Griffith basic
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principle of fracture mechanics, the largest flaw in the ceramic determines the level of fracture
strength according to equation 2.2 [61]. From this equation, the flaw-causing crack can be
calculated given the fracture strength and fracture toughness of the material.

5 = Kc (2.2)
* yVma

Where o3 is the applied stress; Kic is the fracture toughness; a is the half size of the largest
flaw in the material; Y is the shape parameter of the flaw which is a function of crack shape
and size.
2.2.1.5 Young’s Modulus

The Young’s modulus governs the speed of shock waves. When the Young’s modulus
of the ceramic armour is higher than that of the projectile, the speed of the shock wave is
reduced leading to reduced fragmentation [18, 40], and increased ballistic performance The
presence of volumetric flaws in the form of cracks, porosity and inclusions affects the Young’s
modulus. The Young’s modulus is often measured using ultrasonic tests. The results of
ultrasonic tests are affected by factors such as the thickness of the sample, the level of porosity
[44, 62], the crystal structure, the bonding and the orientation of the material [63]. Other
methods for evaluating the Young’s modulus include: (1) using instrumented indentation
hardness test data and the Oliver-Pharr method [64]; (2) the analysis of flexural strength test
data; (3) the analysis of cracks formed at Knoop indents [14]; and (4) the porosity-controlled
method using the pore volume fraction and semi-empirical models such as equation 2.3 [65,
66].

E = Eo(1-1.9P + 0.9P?) (2.3)

Where E, is the pore-free modulus of elasticity; E is the modulus of elasticity of the porous

ceramic and P is the pore volume fraction.
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2.2.2  Microstructure

The paradigm of microstructure, properties and processing illustrates the
interdependency between these three subjects as shown in Figure 2.6. This translates into the
ability to control physical and mechanical properties through microstructural design. The
microstructure is known to control the performance of ceramics during ballistic events through
alteration of crack propagation and energy dissipation mechanisms [9, 43]. A uniform
microstructure is often the goal, although a low percentage of well-distributed porosity can

still give high ballistic strength [23].

Process Performance
3 &
Evaluation
A
Microstructure Properties
>

Figure 2.6: Paradigm of microstructure, properties and production process.

The major challenge in ceramic processing is to obtain a microstructure that provides
the best combination of properties. Variables that control the microstructure of ceramics
include: the starting raw material (particle size, shape and purity), compaction process,
sinterability of the powder, final grain size, shrinkage, porosity and flaw population, additives

and densification method [67-69]. It is very important that all the production stages including
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powder production, compaction and sintering are carried out in an optimal fashion in order to
achieve good microstructure [70].
2.2.2.1 Powder Preparation

The raw materials for a batch powder include the powder, additives, fluxing agents and
a few others, all of which are aimed to produce a high green compact that will lead to a high
density final sintered product [67]. It was demonstrated that a proper selection of starting
materials with a good batch composition, initial particle size and particle size distribution
makes it possible to optimise the microstructure and obtain the desired grain size and physical
properties [67]. The overall goal of a good batch powder preparation is to achieve a high green
density after compaction. This is achievable when the powder demonstrates good particle
dispersion and flow behaviour during pressing, which will eventually serve to reduce the shear
strength of the powder. Desired are granular precursors with good spherical shape, a high flow
ability and a good arrangement that lead to effective compaction [71]. Also, the use of fluxing
agents such as MgO, CaO, SiO2 was known to influence the properties of sintered products.
For instance, MgO is commonly used to help obtain finer grains and inhibit grain growth in
alumina [71]. The volume fraction of fluxing agents should be limited in order to avoid
excessive reaction with the ceramic powder in the sintered product.
2.2.2.2 Sintering

Defect populations such as microcracks, density gradient, pores and agglomerates in
sintered ceramic mostly originate from either the forming stage or the compaction process.
These defects are formed when the powder packing structure is evolving [72], hence the need
for a proper compaction process designed to: minimise defects, achieve high relative density,

good green strength and consequently best sintered product properties.
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The aim of sintering is to create a homogeneous microstructure in the sintered product
that will have less flaws, high relative density, well-controlled grain size and shape. Sintering
can be controlled using sintering aids, the application or non-application of pressure and the
sintering profile. Sintering aids are generally used to reduce the sintering temperature leading
to a reduced grain growth and improved properties in the sintered product. For example, MgO,
SiO, TiO2, TiO2-MnO2, CaO-Al>0z and glass are commonly used as liquid forming additives
to improve the densification and mechanical properties of pristine alumina [73]. Furthermore,
MgO and NiO are often used as sintering aids to inhibit grain growth, with MgO also acting
as an impurity scavenger [73]. The importance of sintering aids to improve densification was
demonstrated in many studies [70]. Sinter additives have also been found to drastically
improve fracture toughness. For example, processing additives can improve the fracture
toughness of monolithic SiC from 2.6 to 8.7 MPa.Nm [74], though in doing so the hardness
was found to be compromised.

The densification method is known to be influenced by pressure. For example, in the
production of zirconia toughened alumina, hot pressing (HP) produces better microstructure
and improved properties (less pores) than pressureless sintering (PS). Also, hot isostatic
pressing [HIP] provides higher strength and controls the size of defects better than PS [75].
Moreover, HIP often provides uniform and isotropic properties that result in high fracture
toughness, high strength and low residual stresses [75]. For SiC, using HP or HIP may create
a better microstructure, but post heat treatment may be required when HP is used to obtain a
desired grain size [74]. As undesired chemical reactions and grain growth can occur during
sintering, lowest possible sinter temperature and shortest possible sinter durations are often

preferred [76, 77]. As an example, using PS in SiC may lead to a decomposition reaction,
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which is usually seen when oxide additives like Al>O3 and SiO> are used [69]. Furthermore,
incomplete burn-off of additives during sintering may lead to carbonaceous residues, which
may contaminate the microstructure, thus causing cracks or shape distortions in the final
product [77].

In the case of alumina composites containing nanotubes as reinforcement, the sinter
behaviour is different to that of pristine alumina. First, undispersed or agglomerated CNTSs can
contain large pores whose size can increase as the sintering temperature increases [78].
Moreover, reactions between alumina and the reinforcement should be minimised without
compromising the material relative density. It must be noted that literature strongly
recommends temperatures below 1150°C for sintering alumina composites reinforced with
CNT [76], since CNTs can be destroyed and converted into graphite above that temperature
[76]. Spark-plasma sintering (SPS) or similar methods, in which the heating rate is as high as
600 °C/min, can help in avoiding nanotube destruction [79].
2.2.2.3 Sintered Microstructure

Just like porosity, the grain size of ceramics is considered a key parameter that can
influence the mode of failure during ballistic impacts [21, 35]. While small grains favour
intergranular and correspondingly higher fracture toughness, large grains lead to transgranular
failure with low fracture toughness, as well as residual stresses that reduce strength [74]. The
grain size is generally controlled by the initial particle size of the powder, sintering additives,
sintering temperature and second phase inclusions. Presented in Figure 2.7 is the effect of
grain size on Kic and hardness of alumina. Note however, that large grain aspect ratios also

favour increased Kic [67]. The effect of grain size on the strength can be described by the
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Hall-Petch equation 2.4 [72] postulating that fine-grains lead to increase in hardness and
strength.

1
M = Mo + Kd 2 (24)

Where M represents either the strength or the hardness; Mo is the corresponding constant; K

is the slope or the Hall-Petch constant; and d is the mean grain size.
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8 Figure 2.7: Hardness and fracture toughness dependency on the grain size for alumina [72].

One of the key methods to extend the applicability of ceramics is through toughening
by second phase particles. Zirconia, for instance, is used as a second phase to increase the
toughness and strength in zirconia toughened alumina (ZTA). ZTA possesses a fracture
toughness of up to 12 MPaVm, which is much higher than 3 MPavm for monolithic Al,O3
[80]. The work of Evans summarises the different toughening mechanisms in ceramic and
their limitations [80]. An increase in fracture toughness is often accompanied by a change
from transgranular to intergranular fracture, which favours energy dissipation. It has also been
found that the mechanism of toughening used in monolithic ceramics can be: crack deflection,

crack bridging, microcracking or frictional grain bridges. It must also be noted that the
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influence of the fracture toughness on the ballistic performances of ceramics has long been a
controversial issue due to the inability to correlate individual mechanical properties to the
ballistic performance. Nonetheless, it is universally accepted that ceramic ballistic
performance, particularly the multi-hit performance, requires improvement in many areas,
including in fracture toughness. Because of this, both carbon nanotubes and boron nitride
nanotubes have been identified as good reinforcements for monolithic ceramics [5, 8].
Additional information concerning the influence of nanotubes on ceramics properties is
presented in section 2.4.

Porosity arises as a result of the incomplete interlocking of the powder grains of the
ceramic starting materials. This usually occurs in alumina when pressureless sintering is used.
In such situations, the porosity effect can be explained by the pore volume fraction, pore
structure and grain bonding of the matrix. Porosity decreases the strength and the elastic
modulus of ceramics. The effect of pores on the relative strength and Young’s modulus of
alumina is given in Figure 2.8 [66, 72]. More often than not, porosity also promotes failure
and leads to conoid formation and fragmentation during impact [20]. The inhomogeneous
distribution and size of pores also have a deleterious effect on other materials properties. For
example, the hardness increases with a higher density and smaller pore size in Al2Oa. It is also
accepted that a non-uniform distribution and high concentration of porosity leads to a wide
variation in hardness and scatter in strength [32]. This is the reason why ceramics have a low
reliability, and the method of characterisation of their properties depends on the
microstructure. For example, the hardness of ceramics with high porosity is best characterised

using the Knoop Indenter [24]. Several works in the existing literature have strived to establish
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the porosity-Young’s modulus relationship using semi-empirical equations; one of the most

common models is given in Equations 2.3 [44, 65].
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Figure 2.8: Effect of pores volume fraction on strength and Young’s modulus of Alumina
[65, 66].

Inclusions may be present in the form of unrecovered additives after processing, or as
agglomerations of nanotubes when they are not well dispersed in the ceramic matrix [5, 22].
Inclusions may also come from the furnace or mould environment during fabrication. In
general, inclusions are deleterious to ceramics and their properties. For example, a non-
homogeneous distribution of additives not recovered during sintering may result in the
creation of residual porosity [68]. Furthermore, gas adsorption during sintering at high
temperature can lead to bloating or cracking of the material [72]. Inclusions act as flaws similar
to porosity. However, Bakas and Demibra showed that a certain level of micro defects or
smaller inclusions and pores homogeneously distributed could still result in good ballistic

performance in both Al.Oz and SiC [22, 23].

23



2.2.3 Ballistic-Related Properties of Ceramic
2.2.3.1 Sonic Velocity

The sonic velocity is defined as the speed of sound waves through a medium and is an
extrinsic property of ceramics that contributes to wave propagation during the penetration of
projectiles [9]. It is proportional to the energy dissipation capacity of the ceramics and as such,
a higher sonic velocity can lead to a higher ballistic performance [7, 27]. A sonic velocity of
ceramic plates far higher than that of the projectile reduces penetrability. The sonic velocity is
controlled by the porosity and the Young’s modulus [45]. For examples, B4C has a sonic
velocity of 14,200 m/s because of its low density and its high modulus of elasticity. Al.Oz on
the other hand, has a sonic velocity of 8,500 to 11,500 m/s depending on its purity. A much
lower sonic velocity of 4,900 m/s is measured for steel, which is used in most bullets or
projectiles [9]. The sonic velocity is measured using ultrasonic methods. Longitudinal (VL)
and shear or transverse (V1) waves are generated and received by transducers. The ultrasonic
velocity test can be carried out in different ways depending on the information to be obtained.
The ultrasonic velocity is a function of the porosity level and microstructural characteristics
such as grain size and phases [44].
2.2.3.2 Areal density

The areal density (Ap) is an exclusive property of armour systems primarily used to
evaluate and rank them with respect to ballistic performance [16]. This ranking is defined as
an expression of the weight carried when the area covered by the armour is known, or as the

ballistic protection efficiency [16, 17].
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Mathematically, the areal density (Ap) is defined in Equation 2.5 [46].

Where p is the bulk density of the material; t is the thickness; and A is the covered area.

Figure 2.9 shows the range of areal densities required for different ballistic threat levels
[81]. This Figure is constructed to give a comparison of ceramic and steel as armour materials,
showing their relative performance. The ballistic performance or efficiency is also often used
to evaluate armour ceramics and is expressed as a function of the areal density as [16]:

n:PbX Rp _pp X Rp (2.6)
Ap Pe X T,

Where 1 is the efficiency, pp is the density of the backing material; Rp is the reduction in
penetration depth in the backing material; prand t; are the density and the thickness of ceramic,

respectively; and Ap is the areal density as defined earlier.
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Figure 2.9: Areal density vs. threat level for ceramic and RHA steel armour materials
[81].
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2.2.3.3 Confinement

Confinement is a cover, a backing or a framing used to radially or laterally constrain
an armour ceramic during impact events. Confinement is a direct method of increasing the
compressive strength of ceramics during ballistic tests or events. The pressure applied may be
in a bi-axial (radial confinement) or tri-axial (radial plus cover confinement) dimension [17].
This method has been shown to improve the ballistic performance of ceramics through the
control of crack development and delayed fragmentation. The effect of this delayed crack
development is that some failure modes are inhibited, the toughness is increased and the
overall ballistic performance is increased. In particular, the reflected waves (called the tensile
waves) that are the activators of fragmentation in the ceramics during ballistic events are
greatly reduced [82].
2.2.3.4 Multi-Hit Capability

The capacity of armour ceramics to withstand a single shot has been the single
evaluation criterion in previous decades. Armour ceramics do, however, generally lose their
protective capacity with successive impacts. Therefore, multi-hit capability has become a
major armour requirement in recent years.

The multi-hit requirement is usually specified in terms of distance given by the
minimum number of projectile-calibre diameters allowed between impact locations without
adversely affecting the protection provided by the armour design [46]. The multi-hit capability
has also been found to be a function of ceramic toughness or crack resistance, which is found
to significantly affect the fragmentation process [30]. The multi-hit performance is excellent
in steel armours and was proven to be quite good in Functionally Graded Materials (FGM)

based on ceramics with metal phases (also known as cermet). This was demonstrated using
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ceramic-to-metal through-thickness gradients in so called Functionally Graded Armour (FGA)
composites [46]. Another example of FGM is the Rolled Homogeneous Armour (RHA), in
which cermet has shown great multi-hit capability. RHA has a large weight disadvantage,
however, which prevents its widespread use in body armours.
2.2.3.5 Edge Effect

The Edge Effect is characterised by the inability of the induced stress wave generated
by the high strain rate projectile to efficiently propagate across the ceramic boundary during
ballistic events. In such cases, the ceramic cracks along its edges due to the reflected stress
wave, as shown in Figure 2.10 [83], and is deemed not to perform optimally. Usually, impacts
closer to the edge of the ceramic exacerbate this behaviour, particularly when the ceramic
thickness is undersized [83]. One of the solutions to avoid this effect is to confine the ceramic

along the edges.

Figure 2.10: Edge cracking of a ceramic tile due to tensile stress wave reflections [83].

2.2.4 Ballistic Performance
The evaluation of the ballistic performance of armour ceramics is an integral part of

armour design and is often expressed in term of depth of penetration, which is the distance the
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projectile travels into the armour ceramic or the backing material before it is stopped. This
evaluation has been a difficult task in the past due to the high number of variables involved in
ballistic events [17]. These variables include the attributes of the projectile, the nature of the
ceramic and the configuration of the test set-up. The evaluation is carried out using theoretical
and experimental methods.

The theoretical method is sometimes referred to as the “predictive method” and has
widely been applied in numerous fields of armour ceramic testing, including numerical and
analytical techniques. While the numerical method has been widely used to assess ballistic
performance [84], it fails to identify trends unless multiple configurations of ballistic test set-
up are considered, which can cause the design process to be long and tedious [85]. The
analytical technique, which is frequently used, is based on the development of expressions
derived from equations inherent to continuum mechanics. Although it has the ability to analyse
a very high number of parameters, as is often needed when considering ballistic events, its
accuracy depends on the simplified hypotheses adopted or the appropriateness of the
penetration mechanism used [86, 87]. The experimental method includes real life bullet testing
or the use of representative projectiles, which can be made using hard steel or tungsten carbide
rods. In most cases, the experimental tests provide depth of penetration data that can be used
to validate and optimise theoretical models providing trends for armour improvements [88].
2.2.4.1 Depth of Penetration

The primary goal of armour design is to protect the target. Thus, the depth of
penetration (DOP) test, which uses life bullets, accompanied with its simplicity to set-up and
the speed at which the results are obtained, has become one of the best of numerous methods

of evaluation. Moreover, it has the overall advantage of guaranteeing that the armour will be
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efficient when used three-dimensionally [85]. As such, the DOP method has been widely used
to characterise and evaluate armour ceramic performance because it provides a conceptual and
practical tool that helps judge the impact of changes introduced to a system [87]. The DOP
method also provides researchers with valuable information to help optimise armour ceramics
as well as to rank them in comparative studies [17].

The DOP method can also provide information on phenomenological events, allowing
researchers to correlate properties to armour ceramic performance [89]. Applicable standards
include: the US National Institute of Justice (NIJ) Standard No 0101.06 of 2008 [90], the MIL-
STD3768 of the United States Military [91] and the North Atlantic Treaty Organisation
(NATO) STANAG 2920 standard for ballistic resistance to body armour [92].

The validity of DOP results depends on many variables such as: (1) backing material,
(2) bonding between ceramic and backing material, (3) ceramic confinement, and (4) test setup
[17, 28]. All these factors are considered in the set-up of the ballistic test and their shared
overall goal is to improve the performance of armour ceramics. A good example of DOP test
set-up is shown in Figure 2.11.

When it comes to backing materials, the factors involved in their selection include
mechanical properties, thickness and confinement. The mechanical properties determine the
acoustic impedance of the armour and the wave magnitude during the ballistic event. For
example, steel has higher impedance and a higher ballistic performance than aluminum and
has been therefore widely used as backing material in DOP testing [17,
93]. Thick backing plates can help eliminate edge effects and induce pressure [16]. They can
also delay the occurrence of tensile stresses on the ceramic and, by doing so, make good

ballistic evaluation possible [16, 17]. While the use of softer backings like composites may
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change the results of the DOP test [18], tests using polycarbonate as backing have been found
to give satisfactory results [81, 94]. Regarding the adhesive used for bonding of the ceramic
to the backing material, its thickness and method of bonding have been found to influence
ballistic performance [42].

DORP test results generally show large statistical variations of 40% on average, which
is partially due to large variations in the mechanical and microstructural properties of the
ceramic [18]. Therefore, obtaining reliable results requires that many tests be effectuated.
Thus, the accuracy of DOP tests depends on whether or not multiple tests are done under

identical conditions [17, 85].
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Figure 2.11: Schematic of DOP test configuration: (a) residual DOP (Px); and (b)
reference DOP (Pr) in the backing material [30].

Most often, and in order to obtain accurate ballistic performance, a wide experimental
program designed to cover a range of projectile velocities and ceramic thicknesses must be
implemented. DOP test results for one configuration cannot be extrapolate to another armour
system configuration. Predictive approaches are difficult as material type, geometrical and size

of the ceramic and projectile can substantially change the results [85]. Therefore, only
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hypotheses on optimal ballistic efficiency or performance criteria are often postulated in the
literature to help interpret the results of the DOP tests.
2.2.4.2 DOP Correlation to Static Properties

As a result of complex stresses developing during ballistic impacts, it is challenging to
correlate ceramics properties to ballistic performance [7, 43]. No single property can be
reliably correlated to the ballistic performance and DOP tests only provide an end result of
multiple interactions [17, 85]. Nevertheless, some mechanical properties, such as the dynamic
compressive strength, have been used to rank the ballistic performance of ceramics [16]. The
compressive strength is known to affect the erosive property of ceramics during the penetration
process [34]. Another mechanical property found to be of great importance to ceramic ballistic
performance is the hardness [1, 24]. The hardness influences the dwell time [95], reduces the
projectile penetration potential, blunts and fractures the projectile core [1, 34]. The Young’s
modulus governs the speed of shock waves and sonic velocity and plays a major role in
fracturing the projectile [34]. The correlation of ceramic fracture toughness to ballistic
performance is still being studied. For now, it is understood from the study by Woodward that
the kinetic energy of the projectile used to fracture the ceramic front plate is less than 0.2%,
with the remaining energy absorbed during the penetration stage following ceramic fracture.
Furthermore, it was shown that an increase in ceramic fracture toughness can result in less
fragmentation, thus causing less penetration resistance [28]. Therefore, it could be concluded
that an increase in ceramic fracture toughness may not improve the ballistic performance [19].
Other studies, however, have shown that improved toughness in ceramics led to improved

ballistic performance [30, 31, 96].
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On the other hand, the use of microstructure to quantitatively explain ballistic
performance on ceramics is gaining ground [19, 20]. This trend becomes inevitable in view of
the fact that using mechanical properties alone has been found inconclusive. Moreover, non-
conventional properties can be related to ceramic fragmentation, which is known to be
governed by microstructural variables including pores, inclusions, grain size and microcracks
[19, 21, 43]. These variables are believed to influence the geometry and size of the fragments
[34, 82]. Thus, improving the microstructure is key for armour ceramics and increased ballistic
performance with less variability [17, 19, 22, 85].

The field of empirical equations to predict armour performance has not received much
attention, unlike their analytical and numerical counterparts. Useful correlations between basic
armour ceramic properties and their ballistic performance are, however, currently being
considered [88, 97]. Empirical equations are often algebraic equations developed in order to
extrapolate experimental results. Also, the huge amount of data generated from the numerical
analysis can be used to formulate empirical equations and to establish the influence of
individual parameters [88]. One of the most used empirical equations is the energy dissipation
criterion according to Equation 2.7 developed by Nesphor [27]. It suggests that higher fracture
toughness is unfavourable to ballistic performance. This is in sharp contrast to the general
trend to improve the fracture toughness of armour ceramics in the drive to improve their
ballistic performance and multi-hit capability [7].

D 0.36 Hv.E.c 2.7
K¢

Where Hyv is the Vickers hardness, E is the Young’s modulus, c is the sonic velocity, Kic is

the fracture toughness and D is the energy dissipation criterion.
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2.2.4.3 DOP Performance Index

The analysis of ballistic performance through the DOP test results has long focussed
on using performance criteria to produce a single value [17, 85]. The difficulty of using a
performance index is that ranking criteria are system-dependent [85, 98]. There are three main
fundamental performance criteria reported in the literature, namely: the Differential Efficiency
Factor (DEF), the Mass Efficiency Factor (MEF), and the Critical Thickness (CT) [16, 17,
46].

The DEF introduced by Rosenberg has been adopted and used in many studies [17]. It
represents the differential of measured DOP on the backing material alone with that measured
when a front plate is used. DEF is always given as a function of the ceramic areal density, and
IS very sensitive to ceramic thickness. Similar to the DEF is the Mass efficiency factor (MEF),
which denotes the mass effectiveness of the ceramic to the backing material [17]. This index
additionally incorporates confinement parameters. The critical thickness index presents the
thickness required for the ceramic alone to stop the projectile. Further performance criteria
currently used include: the Thickness Efficiency (TE), the Space Efficiency (SE), the Total
Efficiency Factor (TEF), the DEF scaling from 0 to 1, the Weight Saving (WS), and the
Stopping Efficiency Factor (SEF). The performance criteria are summarised in Table 2.4.
Most of these indexes were developed using test set-ups with thick metal backing and
confinement [16, 17] that have been found to yield improved ballistic performance [34, 99].

Soft backing test set-ups can produce different results [18].
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Table 2.4: Ballistic efficiency indices used to evaluate the performance of ceramics in

armours.
Ballistic Performance Criteria Equation Literature
Differential Efficiency Factor (DEF) P, (p;ti_*::ﬂ Rosenberg [16]
Thickness Efficiency (TE) or ”xt_‘t”r Madhu [17]
Space Efficiency (SE)
Mass Efficiency Factor (MEF) or TExpp Madhu [17]
Stopping Efficiency Factor (SEF) .
Weight Saving (WS) [1- %]x 100 Hazell [94]
DEF Scaling from 0 to 1 1- % Bless & Rosenberg
[100]
Ballistic Efficiency (g?)
Product of MEF and TE TE * MEF Madhu [17]
Total Efficiency Factor (TEF) _PpPx Meyer [101]
Pextet py Pr
Critical Thickness t; x Px Hazell [46]
(Px — Pr)
Ceramic Efficiency 1- % *100 Yadav [102]

Where pp and p: are densities of backing material and ceramic, respectively; Pr and Px are

penetrations with ceramic and without ceramic in place; and t; is the thickness of the ceramic.

2.3 Failure Mechanisms

Armour ceramics operate under high strains and high strain rates when confronted with
projectiles, leading to the development of complex stresses that control the material failure
[34]. The complex stresses lead to crack nucleation, growth and coalescence [34, 82].
Therefore, the principal failure mode of armour ceramics is cracking and fragmentation. The
level of cracking and fragmentation is determined by the threat level and its parameters, as
well as the properties of the ceramic [34]. Other factors include geometry, confinement,
interfacial condition of the ceramic [103] and backing material. It has therefore been
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established through various studies that the understanding of failure mechanisms is critical for
the design of armour ceramics for ballistic applications [3].
2.3.1 Cracking and Fragmentation

High-speed projectile impact generates compressive shock waves that travel through
the thickness of the ceramic armour. Cracking is determined by the intrinsic properties of the
ceramic, the impact velocity and the shape of the projectile. Cracking is also assisted by the
rarefaction (reduced pressure) or tensile waves [9], which travel back from the
ceramic/backing interface. The propagation velocity of the rarefaction wave is given in
equation 2.8 [46]. It dependents on the acoustic impedance and the sonic velocities and is a
function of the Young’s modulus and the density. Also, the crack propagation, or crack
velocity, is controlled by intrinsic properties of the ceramic [9, 34]. This is demonstrated in
Figure 2.12a, where 2 wing-cracks emanate from the tips of a pre-existing flaw subjected to
diverse stresses [104]. In addition, micro-defects are created during impact as illustrated in

Figure 2.12b [105].

Figure 2.12: Influence of defects on ceramics under loading: (a) A schematic illustration
of 2 wing-cracks emanating from the tips of a pre-existing flaw subjected to far-field stresses
ol and ¢2 [104]; (b) Cracking in SiC ceramic with time after impact
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E (2.8)
Co = \/(;)

Where E is the Young’s modulus; p is the density; and C, is the propagation velocity of the
rarefaction wave.

Fragmentation starts with the coalescence of micro-cracks, which is controlled by the
density of defects [34]. Defect geometry, size and direction of the projectile are also
contributing factors to fragmentation and its acceleration [106]. The fracture front ahead of
the projectile propagates through the thickness of the ceramic, leading to the formation of a
conical crack referred to as conoid [34, 36]. The formation of the conoid leads to the expansion
of the ceramic by about 2-5% [34]. This contributes to impact energy absorption through the
spreading of the impact load over a large surface area of the ceramic. Fragmentation leads to
the loss of multi-hit capability [46].

2.4  Properties Improvement

The optimisation of strength and fracture toughness is crucial for improving the
performance and multi-hit capability of armour ceramics. The goal of increased fracture
toughness and strength is to delay crack propagation while enabling the armour to better
dissipate the energy of the projectile [4, 107]. To achieve this goal, the armour design has
undergone several evolutions/iterations. However, improving the fracture toughness and the
multi-hit capability of armour ceramics without compromising other armour properties is a
difficult undertaking, and has yet to be achieved. Nevertheless, it is broadly accepted by
today’s standards that such approaches should not only focus on flaw control, but also on
toughening methods [80]. In line with the above, most researchers on armour ceramics are in

agreement that current efforts should primarily focus on toughening methods through the use
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of reinforcement or second phase inclusions [8, 108]. In fact, with the advent of nanotubes
such as carbon nanotubes [CNT] and boron nitride nanotubes [BNNT], the field of ceramic
reinforcement is currently regaining great interest [8, 108].

Well-dispersed CNT and BNNT nanotubes have proven potentially efficient in
improving the fracture toughness and the strength of ceramics [108, 109]. They can also aid
in the densification process by reducing the sintering temperature during the fabrication of the
composite. Moreover, nanotubes can retard grain growth during fabrication and constitute as
a grain refiner [110]. Finally, the nanotubes can retard crack propagation, thereby increasing
the fracture toughness, the energy absorption capability and the multi-hit performance of
ceramics against ballistic impact. The increase in energy absorption capability is achieved by
crack bridging, crack deflection, pull-out and sword-in-sheath [110].

2.4.1 Carbon Nanotube

A comparison of CNT properties to other notable fibres is shown on Table 2.5. The
superior properties and the low density of CNT demonstrate its great potential as a reinforcing
phase. CNT can be obtained in many forms, including single-walled CNTs [SWCNT]
composed of a roll of one graphene layer, often capped at each end, and multi-walled carbon
nanotubes (MWCNT) composed of a concentration of multiple graphene. The production
route of CNTs determines their yield, purity and state [108]. Although SWCNTs are of higher
purity, they are more expensive to produce and break easier during processing [108].
Therefore, most studies have focused on MWCNTS for composite production.

As encouraging as the properties of CNTs as reinforcements are, three primary
challenges confronting the production of the CNT-ceramic composites have been identified.

These include: good dispersion of the CNTs in the ceramic matrix; maintaining the integrity
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of CNTs during processing, especially during sintering at high temperature and prolonged
time; and developing good interfacial bond between the CNTs and the ceramic matrix [109].
Poor dispersion usually leads to nanotube agglomeration into ropes or bundles. This is due to
their relatively high surface area, high aspect ratio and typically poor interaction with solvents
or matrix components [108].

Table 2.5: Properties of CNT and different engineering fibres [108].

Fibres Density Diameter Young’s Tensile
(g/cm?®) (um) modulus (GPa) | strength (GPa)
CNT 1.3-2.1 0.01-0.04 1300 20-63
SiC fibre 3 15-150 400 2.4
Boron fibre 2.6 2.3-25 400 4
HM Carbon fibre 1.95 1.7-8 380 27
HS Carbon fibre 1.75 1.7-8 230 3.4
Glass fibre 2.56 11 76 2
Aramid fibre 1.4 12 70-180 3.6
Alumina fibre 3.9 3-20 300 2
Cellulose fibre 1 1-5 80 2

Where HM is high modulus and HS is high strength.

Toughening is enhanced only when individual CNTs are distributed uniformly
throughout the ceramic matrix and are well separated from each other to avoid agglomeration.
An example of good and uniform CNT dispersed in alumina is shown in Figure 2.13 [79].
Good dispersion ensures that each CNT is loaded individually, as shown in Figure 2.13b, of a
fractured surface of a CNT-alumina composite [79]. This distributes the load over a maximum
interfacial area, and therefore contributes directly to improving mechanical properties and
adding to toughening [79]. In contrast, agglomerates act as defect sites leading to stress

concentrations and premature failure [79, 108]. Furthermore, reported values of fracture
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toughness are often questionable since, most often, the measurements are carried out using the
direct crack measurement technigue. This method has been heavily debated in the literature as
to its validity. Studies have suggested that measuring the fracture toughness using indentation
crack size may be misleading, as the crack may be affected by porosity [79]. In most cases,

direct crack measurement methods tend to overestimate the fracture toughness.

Figure 2.13: SEM images of (a) well distributed CNTs in Alumina matrix [79]; and (b)
fractured surface showing how CNTs can be effective in toughening composites [110].

2.4.2 Boron Nitride Nanotube

Boron Nitride Nanotubes (BNNTSs) are recently being considered as reinforcement in
view of their structural and mechanical properties, and for their relatively better processability
compared to CNTs. BNNTSs have higher resistance to oxidation at higher temperature, are
chemically more stable and have lower density than CNTs. Figure 2.14 illustrates some
features of BNNT reinforcement in alumina matrix. However, the few publications available
on BNNTs report challenges similar to those known for CNT reinforced composites.
Nevertheless, addressing these challenges in BNNTSs is considered to be more promising for
better results [8]. Firstly, BNNTSs stability at higher temperature will allow pressing by hot
compaction, which will lead to better densification [8]. Secondly, due to the chemical stability

of BNNTSs, a homogeneous dispersion may be easier to achieve than with CNTs. It has been
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established that the size of BNNTs influences their properties [111]. Usually, BNNTs
production size ranges from 1 to 200 nm in diameter, with the length greater than 10 pm [111].
The surface properties of the reinforcement become increasingly dominant as the surface-to-

volume ratio increases with decreasing particle size.

Figure 2.14: (a) Structural model of a multi-walled BNNT. The B—-N bond length is 1.44
A [111]; (b) SEM image of highly pure BNNT synthesized by the BOCVD method [111]; (c)
BNNT encompassing a Al>Os grain; (d) BNNT located at grain boundaries [112]
Similar to CNTs, the volume fraction of BNNTSs determines property improvements
for alumina [112]. The highest fracture toughness value of 6.4 MPaVm was reported at 1.5%
volume fraction of BNNTSs, while the highest bend strength of 532 MPa was achieved at 2%
volume fraction. Also, Vickers hardness values of 14.5 GPa and 19.4 GPa were reported at
2.5 % and 0.5% content, respectively [112]. Therefore, it can be concluded that no specific

BNNT volume fraction provides best values for all properties desired for armour ceramic

application. Rather, trade-offs for the desired properties are required for balancing properties
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such as hardness, fracture toughness and strength. With only a few published literature
sources, it is obvious that further studies are required in order to establish the most promising
BNNT strengthening and toughening criteria for armour applications.
2.4.3 Characteristics of Nanotubes

High quality nanotubes are a pre-requisite for a considerable improvement of
composite properties [111, 113]. The quality of nanotubes is determined by their morphology,
level of defects and purities. The morphology includes the length, the diameters (internal and
external), and the number of walls and the crystallinity of the nanotubes [114]. Impurities in
nanotubes are inherent to the raw material (precursor), the synthesis method, the temperature
and time of synthesis, the catalyst used for the synthesis and the ratio of the catalyst to the raw
material [115]. Defects are known to lead to a structural deformation of the nanotubes,
resulting in waved, coiled, regularly bent, branched and beaded shapes. Defects also change
the tube diameter and alignment and distort the tube curvature [116, 117]. Moreover,
impurities in the nanotubes act as failure initiation points during loading of the composites
[79]. The need to study the level of defects and the degree of purities in nanotubes originates
from their impact on the nanotubes properties, including diameter, chirality (the way the tubes
are formed) and length, which are central to the toughening capability of the nanotubes in
ceramic composites [118]. With respect to the morphology, aggregation and bundling can
prevent good dispersion of the nanotubes in the ceramic matrix leading to poor properties in
the composites [79, 108].

CNTs have been shown to start to gain weight between 400 and 500°C, and BNNT to
lose weight between 700 and 900°C [111, 119, 120]. The weight gain or weight loss

temperature is called oxidation temperature, and will increase with the purity and crystallinity
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of the tube. The weight change is primarily caused by the oxidation of residues of the catalyst
used for nanotube production for CNT and by the oxidation of metal nano-particles for BNNT
[111]. The interactions of CNT and BNNT nanotubes with water are also well documented in
the literature. While CNT is known to be highly hydrophobic, BNNT results have been either
hydrophobic or hydrophilic depending on the method of measurement [121].
2.4.4 Dispersion of Nanotubes

Several approaches can be used to disperse nanotubes in ceramic matrices, such as the
in-situ method involving ultra-sonication followed by ball milling. This method has, however,
been reported to potentially lead to segregation during drying and to create a carbon film at
grain boundaries [109]. Colloidal processing on the other side usually leads to shortening of
single walled carbon nanotubes (SWCNT) and the use of solvents may compromise the purity.
While solvents such as sol-gel can break up CNT agglomerates, they often fail to disperse the
nanotubes [109]. The direct growth of nanotubes on ceramics, also referred to as CVD, does
not usually create high quality coverage [118]. Furthermore, some studies have recommended
the combination of colloidal processing and ball-milling [122]. Overall, ball-milling offers a
great potential for good distribution of CNT in ceramics by (1) allowing the opening of the tip
regime which improves the distribution of CNTs [122], (2) allowing CNT disentanglement
without affecting the nanotube outer diameter and shortening of the aspect ratio [123], (3)
increasing the specific surface area, thereby reducing agglomeration and particle size [122],
and (4) helping to remove amorphous carbon and carbon particle impurities [122]. A negative
aspect of ball-milling is that it is also known for its high energy input, which may destroy the
nanotubes. This requires increased caution for appropriate milling parameters, including time

of milling, type of mill, temperature of milling, milling speed, size of balls and medium of
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milling [124]. Wet milling using ethanol as a milling agent was reported to produce a better
dispersion of nanotubes in ceramics [8, 125]. Potential adverse effects on the purity were not
investigated in the aforementioned study.
2.4.5 Toughening Mechanisms in Nanotubes Reinforced Alumina

Energy can be absorbed in nanotube-toughened ceramics by shear banding or pore
collapsing, similar to mechanisms in ductile metals leading to multiaxial damage tolerance
[126, 127]. Pore collapsing toughening has been found to lead to high toughness values.
Toughening mechanisms produced using nanotubes as reinforcement in ceramics are strongly
dependent upon the interaction between the ceramic matrix and the reinforcing phase, as well
as their connectivity or interfacial bonds. This connectivity is known to control stress transfer
during loading. Good interaction and connectivity depend on unifom dispersion of the NTs,
as illustrated in Figure 2.15 [108].

The four major toughening mechanisms in both CNT- and BNNT- modified alumina
composites are: crack bridging, crack deflection, pull-out, and sword-in-sheath [110]. Crack
bridging is found perpendicular to the crack path, as shown in Figure 2.16a, whereby NTs
remain intact in order to bridge the crack [112, 128]. Crack deflection is illustrated in Figure
2.16b, and it leads to a tortuous crack path, similar to the intergranular failure mode, usually
accompanied by high energy dissipation at grain boundaries [129]. Two of the factors that
favour crack deflection are large deflection angles brought about by the elongated grain sizes

of the matrix and a ceramic matrix with small grains [128].
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Figure 2.15: Alumina grain showing the distribution of nanotubes on its matrix and
grain boundaries [108].

Nanotube pull-out (Fig 2.17c) involves the debonding of NTs at the crack surface,
which is usually preluded with crack bridging, and thus requires a weak fibre/matrix interface
[128]. During pull-out, nanotubes exert a closing force on propagating matrix cracks to
constrain their growth. This means that greater work energy will be required to pull the

nanotubes against residual sliding friction at the fibre/matrix interface and, in doing so, will

improve fracture toughness significantly [128].

100nm

Figure 2.16: (a) Crack bridging in CNT-alumina [128]; (b) crack deflection in BNNT-
alumina [112]; and (c) pull-out in BNNT-alumina [112].
The pull-out force is controlled by the original length of the nanotube (NT). Short
nanotubes might pull-out from the matrix without contributing much to the toughening of the

composite. The pull-out mechanism indicates whether or not NTs are being significantly
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stressed as they share the load applied on the composite [128]. The relationship between the
interfacial strength and the pull-out length can be described as in equation 2.9.

aLd (2.9)
41

T =
Where 7 is the shear strength, oy is the tensile strength, and d and | are the radius and length
of the CNT, respectively.

The sword-in-sheath mechanism occurs when there is preferential failure between the
CNT inner and outer shells. The inner cores are pulled away, leaving only the fragments of
the outer shells behind in the matrix, which can generate a strong load transfer [128] (Fig

2.17a). Other nanotube loading and deformation mechanisms include stretching, disentangling

and collapsing, as shown in Figures 2.17 b and c.

Figure 2.17: (a) Sword-in-sheath mechanism [128]; (b) CNT collapsing; (c)
Stretching/disentangling [130].
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CHAPTER 3
MATERIALS AND METHODS
3.1 Materials

The first set of investigated materials include commercially produced (100 x 100 x 7
mm) Zirconia Toughened Alumina (ZTA) tiles obtained from NP Aerospace Inc., a world
leader in advanced high performance and composite armours, while silicon carbide tiles of the
same dimensions were sourced from Morgan AM&T. Both ceramics were manufactured
through the pressureless sintering route, the pictures are shown in Figure 3.1. However, the
process parameters as well as the production details are proprietary in nature and were
therefore not released.

The two ceramics are designed for use in lightweight armours for personal body
protection systems, with the goal to defeat 7.62 mm armour projectiles with muzzle velocity
and kinetic energy of about 820 m/s and 3463 J, respectively. The projectile parameters are in

accordance with the N1J standard for level 1V threat [90].

Figure 3.1: Commercial ceramic tiles: (a) ZTA; (b) SiC.
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The second set of materials are nanotubes including carbon (CNT) and boron nitride
(BNNT) nanotubes and granular alumina. Both nanotubes were multi-walled and were
supplied by the National Research Council (NRC), Ottawa, Canada. BNNT nanotubes were
produced at the NRC complex and CNT nanotubes were purchased from Nanocyl and NC 700
in Belgium. Figures 3.2a and b show pictures of the two nanotubes while Figure 3.2c shows
an image of the alumina granules. The alumina powder, which has a purity of 99.7%, was
produced by the Accumets Incorporation. Other process parameters and properties of the
alumina powder (according to the manufacturer) include a density of 3.89-3.92 g/cm? and
average granular sizes of 160-200 um. The particle size of the alumina, however, was revealed

to be about 500 nm when the granules were hand-pressed.

Dte # 2m v

Figure 3.2: Materials of the study: (a) carbon nanotubes; (b) boron nitride nanotubes;
(c) as-received alumina image showing its granular form.
The third set of materials are six armour ceramics tested for the depth of penetration.
They were fabricated by National Resource Canada (NRCan), Hamilton, for DRDC,
Valcartier. These include three monolithic ceramics Al.O3, SiC and B4C as reference

materials, and three reinforced armour ceramics Al,O3-BNNT, Al,O3-SWCNT and SiC-
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BNNT. The tiles were rounded at the four corners (Fig. 3.3) to provide for anti-edge effect

during the test.

Figure 3.3: Picture of a set of the ceramic tiles showing chamfer edges.

The ceramics were fabricated through hot-pressing into 100 x 100 square tiles of 5.80
+ 0.05 mm thickness. Other fabrication parameters were proprietary and are not given here.
Additionally, the hardness, density, and fracture toughness values of the ceramics were
supplied (see Table 3.1).

Table 3.1: Some mechanical properties given on the armour ceramics.

Armour AlO3 Al2Os- Al2Os- SiC SiC- B4C
ceramics BNNT SWCNT BNNT

Hardness 18.97 16.83 15.87 27.89 24.84 30.49
(GPa)

Fracture 3.85 3.96 3.98 3.01 3.14 3.74
toughness

(MPa.Vm)

Density 3.80 3.82 3.74 3.10 2.95 2.43
g/lcm?®

3.2 Experimental
3.2.1 Chemical and Microstructure Analysis

The monolithic ceramics specimens were prepared through the standard ceramography
procedure. The samples were cut using a diamond saw on Struers secotom-10, hot mounted

and polished on a Metcomet semi-automatic machine. Ultrafine polishing using Mastermet
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colloidal silica suspension was done as the last preparation step. Specimens for etching were
dis-encapsulated from the epoxy mounting using a mechanical bench vice. While ZTA
specimens were etched in a convection muffle air furnace, SiC specimens were etched in a
controlled atmosphere furnace in both vacuum and argon gas environments. Both materials
were etched at 1300°C with 30 minutes soaking time. As-received, polished and etched
specimens were studied using both Scanning Electron Microscopy (SEM) and polarised
Optical Microscopy (OM). The specimens for SEM study were coated with gold before
imaging was performed at 20 KeV at a working distance of 15 mm. For the OM
characterisation, a Nikon Eclipse L150 microscope and the clemex image analysis software
were used.

The SEM Secondary Electron (SE) mode was used to study the grain structure. The
grain size was measured by the intercept method according to the ASTM E112-10 standard
[131]. Chemical composition determination was done using SEM-Energy Dispersive
Spectrometry (EDS). The qualitative and quantitative analysis was carried out using a
collection time of 30 seconds. Automatic image analysis according to the ASTM E1245
standard [132] was also used to measure the volume fraction of second-phases using an
Electron Back-Scattered Detector (EBSD) in SEM. In addition to EBSD, a phase analysis was
performed using X-ray diffraction technique. The X-ray diffractometer was equipped with a
monochromator using Cu Ka radiation. The scans were performed from 10 to 90 degree at 26
range, 50 steps per degree and 2 seconds acquisition time per step.

3.2.2 Porosity and Density Determination
The density was evaluated using three methods including the Archimedes’ principle,

the ultrasonic test, and microscopy. The Archimedes’ method was applied on the two materials
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according to ASTM B962-08 [133] using distilled water. Ultrasonic testing was adopted only
for ZTA sample because of its high porosity. This test involved measuring the longitudinal
sound velocity and path length by ultrasonic waves [134]. Considering the sample thickness
and using appropriate equations 3.1 and 3.2 [135], the longitudinal (VL) and transversal (V1)
sound velocities are calculated. Ultrasonic testing has been proven accurate within 1 to 2%
[44] for pore size distribution evaluation in ceramic specimens.
Vp =V (1-P)" (31)
Vr=Vro(1-P)" 3.2)

Where Vo and Vo are the longitudinal and the transversal pore free velocities, respectively;
and m and n have constant values of 1.17 and 1.03, respectively. The porosity (P) was analysed
using SEM image of polished surfaces on image J software.
3.2.3 Hardness Measurements

Polished surfaces were indented using three indentation methods. The three methods
were adopted because of the high porosity level in ZTA and the anisotropy in SiC. The
methods include Vickers, Knoop and instrumented indentation otherwise called nano-
indentation. Vickers hardness measurements using HV1, HV2, HV3, HV5, HV10, and HV20,
which correspond to indentation loads of 1, 2, 3, 5, 10, and 20 kgf, respectively, were
performed on SiC. In addition to the loads on SiC, HV30 and HV50 with loads of 30 and 50
kgf, respectively, were used on ZTA to allow better toughness measurement considering the
higher crack resistance in this material. Knoop hardness measurements were performed using
HK1, HK2, HK3, HK5 and HK10 with indentation loads of 1, 2, 3, 5, and 10 kgf, respectively.
Instrumented hardness was measured using loads of 1, 2, 3, 5, 10, 15, 20 and 25 N on ZTA.

In addition to these loads, 0.1 and 0.5 N were selected for SiC because of its higher propensity
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to cracking and spalling. In the first two methods, the test was performed in accordance with
the procedure in the ASTM Standards C1326-13 for Knoop and C1327-08 for Vickers. A
Clark instrument model CV-800AT hardness tester was used with a dwell time of 10 seconds.
Indented areas were carefully selected in the case of ZTA to avoid interaction with pores [136].
A minimum of ten measurements for each indentation load were performed on the specimens.
Instrumented indentation tests were conducted using a fully calibrated Nano-indenter MTHX
S/N 25-0013 and a Vickers indenter. Nine cycles were run for each indentation with a dwell
time of 15 seconds each. The hardness was evaluated according to equation 3.3 [50]:

Pax _ | (3'3)

H, = =
D™ 4., T 26.43h?

Where hc is the contact depth; Pmax is the maximum load and A¢ is the area of contact which is
a function of the indenter. In the present case, the unitless constant for the Vickers indenter is
26.43.

3.2.4 Indentation Fracture Toughness Measurement

The fracture toughness (Kic) was evaluated by indentation and direct crack measurement
(DCM), a method also referred to as Vickers indentation fracture toughness technique. The
same Vickers hardness test samples as documented in section 3.2.3 were used. While
indentation cracks were measured on SiC specimens at loads of 10 kgf and below, ZTA cracks
were measured at loads between 10 kgf and 50 kgf due to its higher toughness.

The length of the crack diagonals was measured immediately after indentation to reduce
time dependent effects and potential errors. Optical microscopy at magnifications of 100 to
400 as well as SEM at higher magnifications were used for the measurements. Half the indent
diagonal (a) and the crack length (c) measured from the centre of the indent were used for

toughness calculation as shown in Figure 3.4 [137] for a single line crack emanating from the
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corner. A minimum of 10 indents for each load forming crack were measured and used for the
evaluation. Because the type of crack could initially not be determined, all available models

were considered in the initial evaluation as summarized in Table 3.2.

(a) (b) (<)
€ —t— L E
— TSNS
C

Figure 3.4: Image of crack regimes: (a) median crack; and (b) radial (Palmquivst) crack;
and (c) schematic of a well-formed crack.

Table 3.2: Summary of various equations used to calculate the fracture toughness.

Author Code Equation Kic Crack Literature
regime
i P
Anstis P1 0.016(5)0-5 5 p [54]
Lawn & Fuller | P2 0_0515% P [55]
o
Niharaetal. |P3 12rE9 104 1405 P 54
{0.035 Ha'”[—1°* []** }/ @ [54]
Shettey etal. | P5 _HP, 05 v 2 05 P 54
y [ 3 (L - v?) (2°° (m tan [54]
W)O.67]
Niharaetal. | M1 €\-15 05 (E9 04 M 54
{0.129)™° H.a®® ()"} [54]
Lawnetal. | M2 | 0028Ha®5 (2)05(%) 1S M [54]
H a
Evans and M3 | 0.16(5)15Ha" M [138]
a
Charles
Lawn and M4 0.0726 (_P) M [55]
: cls
Fuller
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Tanaka M5 0.0725 (_P) M [55]
' cl5
Nihara M6 0.203Ha°-5(5)'1-5/ D M [54]
Laugier M7 0.015(* ) 05( 1067 > M [54]
Nihara M9 0.067(—)0'4H0LO'5 ()1s M [138]
H a_
Lawn M10 0.028(5)0-5Ha°-5(i)'1-5 M [102]
H a_
E P
Lawn et al. M12 0.014(5)0-5 (61_5 M [55]
E P
Japanese CF1 0.018(5)0-5 () CF [55]
Standard
Lankford CF2 | 142(1) 0.4 Ha®S ( ) 156 CF [55]
Lawnand | M13 | 0.0177 (— )1’2 specific for SiC M [55]
Swain
Lawnand | M14 | 00154 (— P12 specific for Al,Os M [55]
Swain
Lank Ford |CF3 1\ (E9\ 0.4 €\ 156 CF [138]
0.142 (Haz) (22) °4 ) /g

P is Palmqvist; M is median; CF is curve fitting; E = elastic modulus (GPA); H = Vickers
hardness (GPa); ® = Constraint factor (= 3 ); y = half apex angle of Vickers indenter (=
68)%; P = applied load; v = Poisson’s ratio; a = half-length of indent diagonal; | = crack length
measured from indent corner outwards; and ¢ = | + a.
3.2.5 Flexural Strength Measurements

Two methods were used to characterise the fracture strength: equibiaxial using the
ring-on-ring test and uniaxial using the four point flexural test.
3.2.5.1 Equibiaxial Ring-on-Ring Flexural Test

The equibiaxial ring-on-ring testing was performed according to ASTM C1499-09.
The rings were made of 17-4PH stainless steel; the loading ring diameter was 25 mm, while

the supporting ring diameter was 50 mm. Three ZTA samples and three SiC samples were
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used based on availability. As required by the standard, the measuring equipment consisting
of a Vernier calipers (Mitutoyo Model CD-6” CSX S/N 07441453) and a micrometer
(Mitutoyo No 293-348) were validated for accuracy of measurement. The equipment
validation report gave 0.9999 and 1 in the regression analysis for ZTA and SiC, respectively.
The tests were performed at a displacement rate of 0.15 mm/minute under room conditions.
An anti-friction tape was applied on the surface of the test pieces, while the sample edges were
taped in the case of SiC to keep the broken pieces together after fracture. The test configuration

is shown in Figure 3.5.

Loading ring

Anti-friction tape

Specimen

Supporting ring

Figure 3.5: Experimental set-up of the ring-on-ring test.

3.2.5.2 Four Point Bend Test

Four rectangular test specimens of each ZTA and SiC were machined into 3 x 4 x 45
mm blocks using a Sectrom 10 cutting machine with a diamond blade. Sectrom 10 machine
cutting fluid was used to reduce the effect of machining residual stresses on the specimens.
However, cutting dimensions recorded some errors in the range of 5-10% which were

accounted for in the calculations. The tests were carried out on a universal testing machine
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using a cross-head speed of 0.5 mm/min according to ASTM standard C1161-02. A cylindrical
bearing edge made of hardened steel with a 6 mm diameter was used for loading. The test
fixture had a 40 mm span. The flexural strength was evaluated according to ASTM standard
C 1161-02 using equation 3.4:

3PL (3.4)
4bd?

Of =
Where ot is the bend or fracture strength; P is the fracture force; L is the support span; b is the
specimen width; and d is the specimen thickness.
3.2.6 Low Velocity Impact Test

Two methods were used to characterise the low velocity impact behaviour; these
include the charpy and the drop tower tests.
3.1.6.1 Charpy Test

The specimen size was limited by the material thickness which was 7 mm. Hence, two
un-notched specimens with size 50 x 7 x 7 mm were prepared for each material. A TMI No
43-1 impact tester with a total energy range of 2 to 15 J was used at a speed of 3.46 m/sec.
Pre-fracture and fracture energies were recorded for each test.
3.1.6.2 Drop Tower Test

The drop weight tests were performed on 50 x 50 x 7mm samples. The tests were
performed using an Instron Dynatup tester 9200. The specimens were clamped to the fixture
along the edges in a rectangular configuration according to ASTM D5628 10 [139] and
supported at two base edges, as shown in Figure 3.6. A semi-hemisphere high-strength steel
ball of 25 mm diameter was used as the striker; the total weight assembly was 5.02 kg. The

mass assembly was made to impact the plate under gravity from heights varying from 20 to

60 mm using the Bruceton staircase method [139].
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Impactor

Specimen
Clamp at the edges
of the specimen

Figure 3.6: Drop tower test set-up.

3.2.7 Modulus of Elasticity Measurement

The modulus of elasticity was characterised using two approaches: (1) the porosity
method using the porosity volume fraction, (equation 2.3) [44]; (2) the instrumented
indentation method using load-depth of penetration unloading curves [64].
3.2.8 Determining CNT Loading

Table 3.3 summarises reported studies on the effects of carbon nanotube loading in
alumina and the resulting mechanical properties including fracture toughness, hardness, and
strength.

Table 3.3: Literature data on CNT loading in alumina and resulting properties.

CNT Loading Process | Sint- Property Effect and Method of Testing Liter-
Type | vol%/wt% -ing ering | Kic (MPavm)/% | of(MPa)/ HV Relative ature
1 or |:method of | % T or| (GPa)/ Density%o
test Y% for]
MW | 1.1/NA C+BM | SPS 4/25% : SE 375/ 71 19/11.87 | 98.1 [130]
6.4/NA 5.5/721: SE 530/ 511 14/17.6] | 95.1
10.4/NA 4.7/ 471: SE 480/ 371 11/353] | 92
MW | 5.7/NA C SPS 6.03/531:VI NA 19.18/ ~-100 [140]
301
MW | NA/1 GPS PS 3.85/ 10t NA 25/9] -99
NA/2 3.75/ 91 VI 20/27] -96 [141]
NA/3 3.63/ 31 17.5/36| | -95
MW | NA/1 C+ HP 5/401: VI 442/ 201 19.4/ 181 | >99 [142]
Doped
MW | 1/NA SG PS 4.2/ 401 465/ 181 NA 98.8 [143]
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3/INA 4.7/ 571 VI 363/ 6] 96.4
MW | 0.9/NA C PS+ | 5.8/451:SE 742/ 251 NA 99 [144]
A
MW | NA/1 C SPS 5/671: VI NA NA NA [145]
MW | 3/1.4 NC High SPS 42/19] :SE 468/ 131 18.4/14) | NA [146]
3.2/1.7CV | energy 3.8/22]:SE 377/ 9] 19.8/7]
3.8/1.8CV | sonicat- 4.1/30] : SE 456/ 101 19/ 11}
3.6/1.9NC | ion 5.2/4| :SE 313/24] 17.8/ 16}
MW | 2.5/1.3 C+BM | HP 5.5/ 451 NA 18/2] 99.9 [147]
5/2.6 5.4/ 411:VI1 15.75/| | 98
MW | NA/1 GPS PS 4.05/91: VI NA 23/8] -98.5 [148]
NA/2 3.96/ 51 :VI 15/40, | 96
NA/3 3.87/2%1 VI 10/ 60| 94
MW | NA/2 C+S SPS 3.84/ 197 :VI 13.16/ NA
NA/5 4.14/27.81:VI NA 16] [149]
NA/10 N/A 7.05/55]
0.72/95]
DW | NA/2 Mixing SPS 5.6/ 121 :VI 533/ 101 17.8/19] | 99 [150]
MW | 0.15/NA C PS 5.1/317:SE 266/ 201 18.2/321 | 99.47
0.3/NA 5.2/337:SE 249/ 121 18.4/341 | 98.97
0.6/NA 4.4/131: SE 235/ 61 15/91 98.69 [151]
1.2/NA 4.1/57:SE 115/ 48] 13/]15 | 91.27
2.4/NA N/A N/A N/A 88.49
MW | 0.15/NA C+MS |PS 5.5/281&5.0/321 | 265/ 181 19.8/111 | 99.9
0.30/NA 1700 | 5.6/307&5.2/371 | 252/ 121 21/ 181 99.8
0.6/NA 5.0/161&4.4/167 | 239/ 61 20.4/157 | 99.6 [152]
1.2/NA 47/91&4.2/117 | 120/47) | 20/121 | 99.3
VI & SE
SW | 5/NA C SPS 3 VI; SE-2.95 N/A 11/52] 99.2 [153]
DW | 10/NA 2.8/21.61/2.76 N/A 97.4
5/NA 3.3 20.4 98.5
MW | 0.9/NA C SPS 5.9/25%:VI 689.6/271 | 16.8/3] | 99.2 [154]
6.64/ 4117 :SE 660/ 221
1.8/NA 5.7/211 :SE 450/ 14| 15.9/9, | 98.9
3.6/NA 4.4/ | :SE 13.1/24| | 97.7
SW | NA/0.5 C+BM | Ultraf | 3.5/97 :VI N/A 14.8/21] | -99 [155]
NA/1 ast 4.9/ 531 :VI 14.5/24] | 98.5
NA/2 5.7/ 781 VI 11.8/37] | 96.4
MW | NA/0.5 SG PS+ | 6.5/551:VI NA 21.1/77 | 99.52 [156]
HIP
SW | 1.4/1 S+BM | SPS NA NA 18.5or 97.78 [157]
1
MW | NA/1 SX PS 6.1/ 931 :SE 210/2.4] NA 97.8 [158]
NA/2 4.3/341 :SE 195/9] N/A
NA/4 3.8/ 191:SE 165/23] N/A
NA/6 3.5/ 91 :SE 165/23] 86.3
MW | NA/0.18 Sol Gel SPS 6/337 VI NA 17.6/ 3] NA [159]
NA/1.07 us + 7/ 651 VI 17.3/5]
NA/2.48 Spray 11/ 1521:V1 15.75/
pyrolysis 13]
MW | 0.9/NA SG SPS 4.74/ 8.51 :N/A 543.8/831 | 17/ 1.7, | 99.7 [129]
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MW | NA/5 C+BM |HP |525/611:SE 385/187 | NA 99.2 [160]
NA/5 HC 5.87/ 807 :SE 409/ 251 97.4
MW | 4/NA c HP | NA/941:SE NA/67 NA/107 | 99.5 [78]
NA/M421:VI
10/NA NA/661:SE NA/21| NA/7|
NA/471: VI
MW | I/NA C+BM |PS | 4.1/241 VI 543/351 | 22.3/4] >99.9 | [161]
3/INA 3.5/ 61 :VI 403/10) | 17.9/22] | 96.5
5/NA 3.6/ 91 :VI 286/29] | 12.6/46] | 91.7
MW | NA2 C HP | 6.8/941: SE 380/ 71 18/131 | 99.1 [162]
4.3/431: VI
NA/5 5.8/ 661:SE 280/ 6] 15/ 6] 96.2
4.5/501: VI
MW |0.75/NA | C PS | 3.51/67 VI 347/317 | NA -08 [163]
1.50/NA 3.94/191 VI 371/407 | NA -96
2.25/NA 4.50/ 361 :VI 306/ 157 | NA -92
3.0/NA 4.68/ 411 VI 202/24] | NA -90
NA | NA/319 | Insitu | SPS | 3.83/1] :VI NA 3.07/67] | 98.2 [164]
NA /5 1450 | 5.68/ 467 : VI 9.69/51 | 84.4
NA/7.39 47/211 VI 9.98/81 | 79.1
NA/8.25 2.47/36] VI 9.52/31 | 688
MW | NA/2 S SPS | 5.09/357 :SE 330/ 97 N/A 96.3 [165]
NA/2 c 6.35/ 681:SE 331/ 1071 975
MW | 7/3.9 BM 6.8/ 1171 :SE 490/447 | NA NA [5]
MW | NA/0.5 C 4.8/201 :SE 572/171 | NA NA [5]
MW | 3.5/NA C+BM | SPS | 5.2/ 671 VI NA NA 99 [166]
MW | 3/NA C+BM |HP |5.01/797:SE 410/ 137 | NA -99
B6/NA 4.2/ 501:SE 330/ 9] [167]
SW | NA/L C HP | 6,4/1037: SE 423/1971 | NA NA [168]
SW | 10/NA BM SPS | 9.7/2007: VI NA 16.10 > 99 [76]
1150
MW | NA/2 4.66/ 231 :SE 391/227 | NA NA [5]
NA/0.5 C HP | 5.12/621 :SE 402/ 131 | NIA 995 [169]
SW | NA/L 6.40/ 1031:SE 423/ 201 99.1
NA | /0.1 C SPS | 4.9/ 601 :VI NA NA NA [170]
MW | 12/NA C HP | 5.55/807 :SE 314/4] NA NA [127]
MW | 1.5/N/A SG SPS | NA/107 :VI NA 19.3/ -99.5 [171]
3.3/N/A NA/ 51 :VI 1.5 -99.5
19.5/
6.61
MW | NA/L C HP | 3.9/01:VI 5547437 | NA 98.9 [172]
SW | 10/NA BM SPS | 3.33/37 :SE NA NA [5]
SW | NA/O.1 C SPS | 4,9 or 3173VI NA NA NA [173]
SW | 5.7/NA BM SPS | 7.9/1397 VI NA 20/ 1.5, | 100 [174]
10/NA 9.7/ 1941 VI NA 16.1/ 100
20.]

SX is shearing extrusion; U is ultra-sonication; BM is ball-milling; GPS is gas purging

sonication; C is colloidal; SG is sol-gel; VI is Vickers indentation method; PS is pressureless

58




sintered; HP is hot pressed; SPS is spark plasma sintered; SE is SENB, single edge notch
beam; HIP is hot isostatic pressed; 1 or |are %increase or reduction, respectively; NA is data
not available; SW is single-walled CNT; MW is multi-walled CNT, DW double-walled; NC
is not covalent; CV is covalently functionalised; A is Annealing; HC is Hydrothermal
crystallisation.

3.2.9 Characterisation on Nanotubes

3.2.9.1 Microstructure Characterisation

The characterisation of BNNT and CNT focused on determining their level of purity
and relevant physical properties. Furthermore, the dispersion of the nanotubes in the alumina
matrix, the thermal stability of the nanotubes in the composite during processing (especially
during heating) and the development of the interfacial bonds in the composite were
investigated

Scanning electron microscopy (SEM) and optical microscopy (OM) were used to
characterise the as-received nanotubes. The characterisation gives direct observation of their
size, shape and structure.

The X-Ray Diffraction (XRD) was used to study the level of impurities using Cu Ka
radiation, generated from X’PERT PRO (Phillips) at 45 KV, 40mA, and the results were
analysed using the MD | Jade 7 software.

Raman analysis was performed using an excitation wavelength of 514 nm on Renishaw
in Via Reflex Raman microscope (Fig. 3.7). The samples were prepared by sonicating
approximately 0.5-1 mg of nanotubes in 1 ml of reagent grade acetone for a period of 20 min,

after which several drops of the suspension were transferred to glass microscope slides.
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Figure 3.7: Set-up of the Raman equipment.

3.2.9.2 Measurement of the Thermal Stability of Nanotubes

Crucibles for the direct heating testing were made from a carbon electrode to serve as
substrate. The crucibles were machined to 12 mm diameter and 12 mm thickness with a
centrally drilled hole of 1 mm diameter and 1 mm in depth. Specimens of the BNNT and CNT
were filled into the crucibles and heated to a range of temperatures in air, vacuum and argon
environments with different dwell times. The specimens were observed before and after
heating under OM and SEM.

Thermo-gravimetric analysis using TGA, Netzsch TG 209 F1 Irish, was employed to
further analyze the thermal stability of the samples. For the TGA measurements,
approximately 10 mg of sample was oxidized in flowing air at 50 sccm (standard cubic
centimetre per minute) using a temperature ramp of 10 °C/min from room temperature to 950
°C.
3.2.9.3 Wettability

The wettability test was carried out on the nanotubes in order to determine contact
angles and their degree of hydrophobicity, which gives a measure of the interfacial bond they

can develop with a matrix. Water was used as the solvent because it has high flow rate enabling
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it to be dispensed in the form of drops of 2 ul through a micro-syringe. Figure 3.8 below shows

the test set-up.

Micro-syringe

Specimen on glass
slide

Figure 3.8: Set-up of the contact angle goniometer equipment (Rame Hart model 100)
used for the wettability test.

3.2.9.4 Dispersion of Nanotubes

The conventional powder metallurgy route was used for the dispersion of the
nanotubes in alumina powder. Dry ball milling tests were performed using a Pulverisette
Planetary Mill and a rotation speed of 250 rpm. The nanotube content was kept constant at
1vol% (0.45 g) in total powder loads of 8 g. Stainless steel balls of 10 mm diameter each
weighing 4 g and a powder-to-ball weight ratio of 1:7 were used. Nanotube and alumina
powders were pre-hand-mixed (0 hour) and specimens were taken after 1, 2, 4, 8, 16, and 24
hours milling time. All the specimens were then analysed in SEM.
3.2.10 Failed Ceramics from DOP Test
3.2.10.1 Microstructure Investigation

After ballistic testing, shattered ceramic fragments still attached to the bonding agent
were investigated under OM and SEM. Also, microstructural investigations were carried out
on the specimens cut from the failed ceramic areas away from the penetration point. These

specimens were mounted and polished using standard ceramography procedures. Some of the
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polished specimens were etched in air or argon environments (as was applicable) at 1300 °C
for one hour. Furthermore, SEM was used to characterise the degree of dispersion and/or
agglomeration of nanotubes as well as potential inclusions in the ceramics. For some of the
materials, fragments and etched specimens were used to measure the grain size and the
porosity using SEM and the image J software.

Polycarbonate was used as backing material. It is similar to fibre materials such as
Kevlar and aramid often used in personnel armour. The thickness and the diameter of the
backing were 300 mm and 150 mm, respectively. The used tile dimension of 100 x 100 mm is
above the specified minimum dimension of 70 x 70 mm recommended by Hazel and the
thickness of about 5.85 mm is greater than the lower limit of 5 mm recommended for the AP
7.62 projectile [99]. In addition, the tiles were chamfer at the edges in order to eliminate or
reduce edge effects during the test. The used 7.62 mm x 51 mm NATO steel core ammunition
generated projectile velocities between 870 and 890 m/s which corresponds to level IV threat.
The projectiles had a sonic velocity of 4.94 km/s [9]; a hardness of 600 HV and dimensions
of 35 mm in length and 7.61 mm in diameter. The depth of penetration tests were carried out
by the Canadian Forces armour development programme. The evaluation of the ballistic
performance was performed using both performance index and property correlation to the

depth of penetration.
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CHAPTER 4
RESULTS
4.1 Commercial Ceramics
This section presents the results of the characterisation on ZTA and SiC.
4.1.1 Microstructure
4.1.1.1 As-received Ceramic plates

Unpolished surfaces of the materials are presented in Figures 4.1 and 4.2. The striking
face of ZTA (Figures 4.1a and b) contained features made up of voids of about 30 pm in
diameter. No such features are observed on the back surface as presented in Figure 4.1c. No
distinct features are observed on either face of SiC plates as seen in Figure 4.2, except black

particles suspected to be residues of sintering additives.

Figure 4.1: SEM images of as-received samples of ZTA: (a) ZTA strike surface revealing
some structural features; (b) higher magnification on (a) revealing voids; (¢) OM image of
the back surface of ZTA.
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Figure 4.2: SEM image of the unpolished surface of a SiC plate revealing black particles
suspected to be residues of sintering additives.

4.1.1.2 Elemental Composition and Secondary Phases
SEM-EDS analyses of the materials are presented in Figures 4.3to 4.4. ZTA is made
of 85.6% a-Al203, 12.9% ZrO; and 1.5% sintering additives, which include Niobium with
0.37% volume fraction. The XRD analysis (Fig. 4.5) confirmed the presence of zirconia in
ZTA. The ZrO> particles are of various size and shape and are homogeneously dispersed in
the alumina matrix (Fig. 4.3b). These particles were found sitting most often at grain
boundaries adopting the shape of the triple point junctions. There are also a few particles with

a spherical shape and 1 um diameter embedded in the alumina matrix.

®

Figure 4.3: EDS analysis on ZTA: (a) mapping to identify the composition of the material
in (b). Insert in (a) shows (1) alumina; and (2) ZrO2, which are white particles in (b).
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Figure 4.4: EDS analysis of SiC: (a) and (b) SEM-EDS analysis on the material
revealing 91.2% SiC phase, 8.4% second phase and 0.4% third phase which essentially was
sintering additives as revealed by (c); (d) SEM image showing the main matrix as SiC,
deuterides phase inclusions as white spots and residues of sintering additives as dark spot.

In contrast, SiC is made up of 44.56% C, 54.30% Si, 0.8% Sn and 0.78% | with X-ray
diffraction showing 91.2% a-SiC, 7.28% sintering aids and 1.52% trace elements. Further
analysis revealed that SiC contains compounds of Cr, Si, Fe, Ni and C. XRD analysis of SiC
(Fig. 4.6) exhibited a heterogeneous matrix comprising a-SiC, Ce2-Pd2.06-Sno.9s and (Tio.33Vo.s
Mno.o7) D128 (deuterides) with weight fractions of 91.2%, 5% and 2.28%, respectively. Further

confirmation of the deuterides phase is shown in Figure 4.7, which revealed blistering on

vacuum etched sample.
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Figure 4.5: X-ray diffraction spectra for ZTA containing two major phases: ZrO and

Al>Os.
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Figure 4.6: XRD line spectra for SiC specimen. Numbers 1, 2 and 3 point to the line
spectra of (Ti0.33V0.6 Mn0.07) D1.28, a-SiC and Ce2-Pd2.06-Sn0.94 phases, respectively.
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Figure 4.7: SEM micrograph of SiC after thermal etching under vacuum environment
showing a blistered surface.

4.1.1.3 Grain Size

The matrix grain structure for ZTA and SiC was bimodal with varying grain size and
both equiaxed and elongated grains as shown in Figures 4.8a. For both materials, the grain
size varied between 1 and 10 um with SiC showing the higher grain aspect ratio. ZrO- particles

in ZTA were mostly smaller than 1 um with few larger particles being about 5 um diameter.

»
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Figure 4.8: SEM images revealing grain size and shape: (a) ZTA; (b) SiC.

67



4.1.1.4 Defects and Heterogeneities

Defects in ZTA and SiC include porosity, inclusions, density gradients, additive
residues and non-uniform additive distribution as revealed in Figures 4.3, 4.4, 4.7 and 4.8.
Ultrasonic test results on ZTA are presented on Figure 4.9. They revealed a non-uniform
distribution of pores, leading to a marked density gradient. The non-uniform distribution of
pores is revealed by the large range of longitudinal velocities (between 9000 — 13000 m/s)
resulting in different effective path lengths of the ultrasonic waves. Figure 4.9 was used to

evaluate the porosity concentration according to equation 4.1 as presented in Table 4.1.

Figure 4.9: (a) Effective thickness and (b) sound velocity in ZTA revealing a non-uniform
porosity distribution [134].

Table 4.1: Ultrasonic test results on ZTA: VL was measured while VT and porosity were
calculated using relevant equations 3.1 and 3.2 given in chapter 3 and equation

4.1.
Parameter Longitudinal Transverse sound | Porosity
sound velocity VL | velocity VT (m/s) (%)
(m/s) Calculated Calculated
Measured

Minimum sound velocity 9000 5562 26.5

Maximum sound velocity 13000 7618 0

Range 9000-13000 5562-7618 0-26.5

Relative sound velocity 11500 6877 9.7
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Ve = aV, — BV,2 (4.1)
Where Vo and V. are the pore-free and pore-containing longitudinal sound velocities,
respectively; Vo and V are the pore-free and pore-containing transverse sound velocities,
respectively; m=1.17,n=1.03, a = 0.69 and p = 8 X 10°°.
Higher sound velocity means low pore volume fraction as is the case for the darker
(red) areas in Figure 4.9a. In contrast, lower sound velocity means high pore volume fraction
indicated by the brighter (blue) areas in the same Figure. The high porosity in this material

was also evident in the SEM micrographs as illustrated in Figure 4.10.
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Figure 4.10: SEM images of ZTA: (a) porosity in a polished and unetched sample; (b)
porosity and microstructure in an etched sample.

Pores were widely distributed within the plate volume, but were preferably located at
grain boundaries. They were various in sizes with the larger pores having sizes of up to 5 um
in diameter as evident in Figures 4.10. The high porosity level of ZTA makes it semi-
transparent to light. Pores in SiC seem to be embedded in inclusions or sinter residues (see

boxes in Figure 4.11). Pores in SiC are less than 1 um in size as measured in SEM.
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Figure 4.11: SEM images in SiC showing the relatively low porosity in arrows: (a)
unetched specimen; (b) etched specimen.
4.1.2 Density

From the ultrasonic test results of the porosity evaluation on ZTA Figure 4.9, the
density was evaluated using equation 2.1 [44]. It was assumed that the maximum longitudinal
sound velocity Vi is achieved at 0% porosity or 100% density (po). The theoretical density of
ZTA was estimated using the rule of mixture from the theoretical densities of ZrO2 and Al2Os,
which are 6.1 and 3.98 g/cm?, respectively. Considering their volume percentages of 85.4%
and 12.9%, respectively, as measured using SEM/EDS, the theoretical density of ZTA was
calculated to be 4.15 g/cm?®.

Furthermore, image J software was used to evaluate the porosity of the materials and
the results gave 10% and 2.4% on ZTA and SiC, respectively. This porosity value of ZTA was
comparable to that estimated using ultrasonic test. Using the porosities and equation 2.1, the
density of the materials was estimated to be 3.75 g/cm® and 3.12 g/cm?® for ZTA and SiC,
respectively. In view of the sensitivity of the density measurement, the Archimedes principle
was also used to evaluate the density of both materials. The comparative results are presented

in Table 4.2.
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Table 4.2: Density evaluated through Archimedes’ principle and comparison with the

porosity method.
Sample Sample weight | Bouyancy (A) | Density (g/cmq)
Wsa (9) Archimedes Porosity
method method
ZTA 17.96024 4.75139 3.78 3.75
SiC 13.03701 4.23279 3.08 3.12

4.1.3 Hardness
4.1.3.1 Vickers Hardness

The variation of material hardness with applied load is shown in Figure 4.12. The
average of at least 10 measurements was used for each data point. From this figure, the ZTA
showed a hardness of 1700 HV at 1 kgf that drops to 1509 HV at higher test loads (2 kgf to 50
kgf). SiC also showed load dependent hardness with a value of 2596 HV at 1 kgf which is
higher than the plateau value of 2413 HV measured at higher loads of 2 kgf to 10 kgf. This is
an indication of indentation size effect (ISE), which is primarily caused by incomplete and
reversible deformation at low loads as shown in Figure 4.13. The load independent values
1509 HV and 2413 HV were taken as the hardness of ZTA and SiC, respectively.

SiC displayed excessive cracking and spalling at loads beyond 3 kgf as shown in
Figures 4.14, which adds to measurement uncertainties. Hence, its test result was limited to
10 kgf load. On the other hand, measurements on ZTA are compromised by high porosity that

made indentation diagonals partly invisible especially at low loads, as shown in Figure 4.15.
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Figure 4.12: Vickers hardness dependence on indentation load
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Figure 4.13: SEM images demonstrating incomplete deformation on ZTA at low loads of
1 kg which led to indentation size effect (ISE): (a) polished surface; (b) unpolished surface.
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Figure 4.14: (a) OM image of SiC demonstrating spalling and chipping during
indentation, rendering Vickers indent measurement difficult; and (b) SEM image showing
the much better visibility of Knoop indent corners despite the spalling.
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Figure 4.15: (a) SEM image of ZTA demonstrating porosity interaction with a Vickers
indent; and (b) OM image showing the much better visibility of Knoop indent corners
despite the porosity.

4.1.3.2 Knoop Hardness

The materials behaviour to Knoop indentation is presented in Figure 4.16. The
provided hardness values are an average of at least 8 measurable indents. Similar to Vickers
hardness, both materials displayed a stronger load-hardness dependency, which illustrates an
accentuated ISE phenomenon. Evaluated hardness values were 1345 and 2029 HK on ZTA
and SiC, respectively, which are averages calculated above 2 kg loads. Crack formed at loads

beyond 5 kg and rendered measurement inappropriate.
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Figure 4.16: Knoop hardness dependence on load for SiC and ZTA.
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4.1.3.3 Instrumented Indentation Hardness

Figure 4.17 presents the results of instrumented indentation hardness tests as mean
values of nine measurements. No substantial load dependence can be established for ZTA as
the hardness continues to fluctuate even beyond 5 N. However, a strong indentation size effect
(ISE) can be seen below 2 N for SiC. The recorded average plateau values are 1163 and 2641

HV for ZTA and SiC with a coefficient of variance of 28.12% and 10.64%, respectively.
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Figure 4.17: Instrumented indentation hardness-load plot for SiC and ZTA.

4.1.4 Indentation Fracture Toughness

Indents with clearly defined radial cracks, as shown in Figure 4.18, were measured for
indentation fracture toughness evaluation. The crack size increased with the indentation load.
The cracks were visible on ZTA at loads beyond 10 kgf and continued to be visible and
measurable till 50 kgf. In contrast, radial crack formation in SiC started even from the lowest
load of 0.2 kgf and the load had to be limited at 10 kgf because of excessive cracking and

spalling at higher loads that impeded crack measurement.
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The crack length c is the length from the midpoint of the indent to the tip of the radial
crack and was measured as the average of a minimum of 10 indentations. Crack size and
correspondingly calculated Kic are presented in Tables 4.3 and 4.4 for ZTA and SiC,

respectively.

Meg= NOX  ENT=JO00AV WD=1ldmm  SignelA=SEY

Dete 33 Am 2912

Figure 4.18: SEM images showing Vickers indents and radial cracks: (a) ZTA with crack
size parameters: half indent diagonal (a), length of crack measured from the end of an
indent diagonal (1), and crack length measured from the centre of an indent to the end of the
crack, respectively; and (b) SiC specimen revealing strong cracking.

Also presented in these Tables are c/a ratios that govern the crack regime according to
literature. A transition from the radial to the median crack regime is expected at a c/a ratio of
2.5. As the calculated c/a ratios in Table 4.3 were all above 2.5, it can be concluded that the
cracks were all in the median crack regime. Hence, this study focuses more on the use of
median crack equations presented as M1-M7. For the sake of completeness however, some
radial (Palmqvist) crack equations are considered in Table 4.3 as well.

The c/aratio for ZTA was calculated to be between 2.50 and 2.71. Therefore, equation
4.2 (M2) [54] was adopted, and the result gives a fracture toughness 4.90 MPaVm.

Kic = 0.028Ha°-5(§)°-5(2)-1-5 (4.2)
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Table 4.3: Measured crack size on ZTA and evaluated KIC using different equations.

Load (kgf) 10 20 30 50
- a 56.3 | 776 | 975 | 1245
3 é c 1482 | 2104 | 2433 | 327.3
S g cla 263 | 271 | 250 | 263
(M2) Lawn et al. 341 | 384 | 48 | 512
(M3) Evans & Charles 4.13 4.88 5.95 6.25
g (M4) Lawn & Fuller 596 | 670 | 840 | 895
:;_3 (M5) Tanaka 439 | 518 | 634 | 662
. (M6) Lawn & Swain 6.79 | 694 | 875 | 9.30
g (M7) Lawn, Evans & 4.79 5.68 6.41 7.25

§ Marshall

i (P5) Shetty 375 | 439 | 531 | 561
(P1) Anstis 564 | 626 | 806 | 821

Table 4.4: Measured crack size on SiC and evaluated KIC using different equations.

Loads (kgf) 0.2 0.3 0.5 1 2 3 5 10
_ a 55 6.9 925 | 134 | 196 | 234 30.6 44.2
g % c 16 21 28 453 | 70.7 | 92.3 | 126.33 | 210.77
© g cla 290 | 3.04 | 295 | 338 |3.61| 3.94 4.13 4.77
(M1) Nihara et al. 223 | 224 | 250 | 345 |3.67| 355 3.72 3.54
8 (M3) Evans & Charles 230 | 230 | 249 | 244 | 246 | 251 2.61 2.40
g (M4) Lawn & Fuller 222 | 222 | 240 | 236 | 238 | 242 2.52 2.32
ié_) (M5) Tanaka 222 | 221 | 240 | 235 | 238 | 242 2.51 2.32
g (M6) Lawn & Swain 3.10 3.20 3.45 3.77 | 416 | 452 491 5.28
g (M7) Lawn, Evans & 1.71 1.70 1.85 181 (183 | 1.86 1.93 1.78
% Marshall
§ (M8) Anstis et al. 1.96 | 195 | 211 | 2.07 |2.09 | 2.13 221 2.04
% (P5) Shetty 222 | 227 | 233 | 260 |2.84 | 3.04 3.29 3.45
- (P1) Anstis 148 | 148 | 160 | 157 | 159 | 1.61 1.68 1.55
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In Tables 4.3 and 4.4, the modulus of elasticity E was taken from literature as 330 GPa and
410 GPa for ZTA and SiC, respectively. Equation 4.3 developed by Nihara et al. was used to
evaluate the fracture toughness of SiC in agreement with literature [54] and a fracture

toughness value of 2.98 MPaVm was obtained.

o129 (5) " oo x (5" “

Kic =

P

Where @ is a constant taken as 3.0 [54].
4.1.5 Fracture strength
4.1.5.1 Ring-on-Ring Bend Strength

Results of equibiaxial ring-on-ring tests are presented in Figures 4.19, 4.20 and Tables
4.5 and 4.6. From Figure 4.19, it can be seen that the maximum displacements before fracture
were 0.4825 mm and 0.4750 mm for ZTA and SiC, respectively. All fractures occurred
instantaneously, though some intermittent cracking sounds were heard before fracture of each
of the samples. Maximum loads of 22711 N and 21223 N were attained at failure for ZTA and
SIiC, respectively. Figure 4.20 shows pictures of fractured samples showing both the
compressive (left) and tensile surfaces (right). From these pictures, it is evident that the
fracture originated in the maximum stress region within the loading ring, which confirms the
test validity according to standard ASTM C-1499. It can also be seen that SiC has a higher
crack density than ZTA. The crack patterns in ZTA were similar in all samples and essentially
resulted into 5 to 7 fragments. Fewer fragments are indicative of higher fracture toughness,
higher proportion of energy absorption by deformation and lower proportion of energy

absorption by fracture surface formation.
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SiC samples were more brittle and their fracture depended on the confinement state of
the specimen during test. Edge-taping or surface-taping, as shown in Figures 4.20 e to h, do
not affect the fracture strength as evident in Table 4.5, but do affect the fracture patterns. While
unconfined samples were pulverised with primary and secondary fractures (Figures 4.20 c and
d), the confined samples exhibited only primary fracture patterns similar to ZTA specimens
(Figures 4.20 e to h). The high density of cracks in SiC samples indicates increased amount of
elastic energy that is released during fracture. In contrast, ZTA has a lower crack density,

which is characteristic of a lower amount of elastic energy under load.
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Figure 4.19: Load-displacement curves of ZTA and SiC during ring-on-ring tests. ZTA:
dotted lines; SiC: continuous lines.

Calculated strength values (of) using the ASTM standard equation 4.4 [59] are
presented in Table 4.5. The recorded average strength values were 184.4 MPa and 182.5 MPa
for ZTA and SiC, respectively. Equation 4.5 was used to calculate the equivalent sample
diameter (D). Presented in Table 4.6 are key test ring-on-ring parameters including time to

fracture, stress rate, and displacement at fracture according to literature [59].
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3F (Ds?* — D.?) Ds (4.4)
2

= 1- 1 In—
Of = 52 ( v) D + (1+ v) nDL
D l—Ds 4.5
D = L 7 In - ( )
0.90961 + 0.12652 Ds + 0.000168

Where Ds, is the supporting ring diameter 50 mm, D is the loading ring diameter 25 mm,
v the Poisson ratios are 0.21 and 0.14 for ZTA and SiC, respectively. The moduli of elasticity
are taken to be 330 MPa and 410 MPa for ZTA and SiC, respectively.

Table 4.5: Test data, material parameters and strength as determined using ring-on-ring

tests.
Specimen Max. | (haveg) laveg D of 6:Mmean Std %
Load | (mm) | (mm) | (mm) | (MPa) | (MPa) | deviation Coeff.
(N) Var.
ZTA -1 22711 | 6.871 | 101.27 | 109.20 | 206.9
ZTA -2 17877 | 6.863 | 101.25 | 109.20 | 163.2 | 184.4 21.9 11.9
ZTA -3 19949 |6.905 | 101.36 | 109.25 | 179.9
SiC -1 21223 | 6.741 | 101.23 | 109.20 | 191.2
(untaped)
SiC -2 (edge- | 18684 | 6.682 | 101.18 | 109.16 | 171.4
taped) 1825 | 10.1 55
iC-3 20325 | 6.707 | 101.23 | 109.21 | 185.0
(surface-
taped)

From Table 4.6, it is evident that the stress rates were very low on both materials ranging from
0.921t0 1.06 a/s for ZTA, and 0.64 to 1.15a /s for SiC.

Table 4.6: Key parameters generated and calculated from the ring on ring test.

Specimen Time to Stress rates () Total
fracture tf displacement

tr (seconds) MPa/s (mm)

ZTA-1 194.7 1.06 0.4825
ZTA-2 177.8 0.92 0.4425
ZTA-3 175.6 1.02 0.4325
SiC-1 192.3 0.99 0.4750
SiC-2 153.5 1.12 0.3800
SiC-3 160.6 1.15 0.4000
SiC-4 284.8 0.64 0.5300
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Figures 4.20: Fracture surfaces of front (left) and back (right) sides of the tested
specimens: a and b are ZTA; ¢ and d are SiC with untaped edge; e and f are SiC with edge-
tape; and g and h are back SiC surface-taped.
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4.1.5.2 Four-Point Flexural Bend Strength

Results of the four-point bend tests are summarized in Table 4.7. The flexural strength
was evaluated according to ASTM standard C 1161-13.

Table 4.7: Four-point bend test results on ZTA and SiC.

Material | Load at Flexural strength | omean Std %  Coeff.
fracture (MPa) (MPa) deviation | var.
(N)

ZTA-1 |295.43 270.16
ZTA-2 | 266.89 318.27
ZTA-3 | 415.79 326.29
ZTA-4 | 440.61 272.79 292 22.56 7.72
ZTA-5 |396.79 293.48
ZTA-6 | 459.23 273.62
ZTA-7 |485.49 290.31
SiC-1 | 182.10 203.67
SiC-2 | 375.31 293.20
SiC-3 | 278.48 268.33 242 42.83 17.67
SiC-4 | 231.02 -

SiC-5 |440.40 253.84
SiC-6 | 251.01 192.85

4.1.6 Modulus of Elasticity

Using the porosity values of 10% and 2.4% for ZTA and SiC, respectively, the modulus
of elasticity was estimated using the semi-empirical equation 2.3 [66] to yield values of 272
GPa and 389 GPa for ZTA and SiC, respectively. For this calculation, the pore free moduli of
elasticity values were taken to be 330 and 410 GPa for ZTA and SiC as provided by the rule

of mixture and [74], respectively.
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An alternative method used to estimate the modulus of elasticity is the instrumented

indentation hardness test. The modulus was determined using the slope of the load-penetration

depth curves below 3N, in the elastic region, according to the Oliver-Pharr method [64]. The

results are summarized in Table 4.8. Average values of 306 GPa and 374 GPa were calculated

for ZTA and SiC, respectively.

Table 4.8: Young’s modulus data generated from the instrumented indentation hardness

test.
Load 0.1 0.5 1 2 3 5 | 10 15 20 | 25 | Ave.
(N) (E)
GPa
R ZTA 334 | 279 | 304 [ 270 [ 232 | 191 | 180 | 235 | 306
[
@ SiC 616 | 356 | 308 | 296 | 296 | 272 | 240 | 262 | 255 | 200 | 374
L

4.1.7 Low Velocity Impact Toughness

4.1.7.1 Drop Tower Fracture Toughness

Results of drop weight tests are presented in Table 4.9 and Figures 4.21 and 4.22.

Figure 4.21 shows the test machine generated load-time graphs for the samples during the test.

SiC curves exhibit two load peaks at a 60 mm drop height, while ZTA curves exhibited higher

load.
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Figure 4.21: Representative Load-time curves for SiC and ZTA during drop weight tests.

82



Table 4.9 summarizes the results of the drop tower tests. From this table, the transition

from non-fractured to fractured samples occurred at a drop height between 22 mm and 30 mm

for SiC and between 40 mm and 50 mm for ZTA. However, other important parameters such

as impact energy, impact velocity and total energy do not follow this pattern, especially on 60

mm height tests. This may be due to frictions from the machine and/or residual stresses during

specimen preparation. A drop height of 50 mm caused a crack to form at the front surface of

the ZTA, designated as the strike surface, but did not propagate to the back surface. Test values

could not be measured for SiC at a 30 mm drop height due to technical difficulties and the

lack of additional specimen to repeat this test.

Table 4.9: Drop weight test result.

Material | Drop Load Impact Impact Total Fracture
height (N) energy (J) | velocity energy
(mm) (m/s) (J)
ZTA-1 60 9039.6 2.0165 0.8955 0.8263 Yes
ZTA-2 50 9759.2 2.5703 1.0110 1.9695 Yes
(P)
ZTA-3 50 10567.5 2.5864 1.0142 0.9966 No
(B)
ZTA-4 50 9325.8 2.5896 1.0148 1.7043 Yes
(S)
ZTA-5 50 10425.7 2.5985 1.0165 0.9663 No
(B)

ZTA-6 40 6523.3 2.9932 1.0910 1.4220 No
SiC-1 61 9969.5 3.1486 1.1190 3.1659 Yes
SiC-2 40 8229.3 2.0901 0.9117 0.9176 Yes
SiC-3 40 7223.3 2.1105 0.9161 2.0846 Yes
SiC-4 30 7016.1 - - - Yes
SiC-5 22 6188.6 2.5357 1.0042 2.5361 No

P is the patterned face (strike face); B is the back surface; the drop weight for each test was

5.0292 kg.
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Figure 4.22 shows fractured samples. The much higher crack density in SiC compared
to ZTA can clearly be seen. At a drop height of 30 mm, SiC broke into seven pieces, as shown
in Figure 4.22a, while ZTA broke into four fragments at a drop height of 60 mm, shown in

Figure 4.22b.

Figure 4.22: Photograph showing the failed front surfaces of the samples: (a) SiC, (b)
ZTA.

4.1.7.2 Charpy Impact

The energy absorbed by un-notched specimens with dimensions of 55 X 7 X 7 mm
was 0.34 J for ZTA and 0.21 J for SiC. The values provided are averages of two tests on each
material. A relative comparison shows that SiC absorbs close to 40% less energy than ZTA.
4.1.8 Fractography

The failure surfaces were examined and analysed for fracture mode. These
examinations used the ring-on-ring failed specimens and cracks in Vickers indentation test
samples at high loads. Figure 4.23 revealed that the facture surfaces of both ZTA and SiC were
crystalline with sharp edges at the point of fracture origin. These features indicate that the
materials lack considerable plasticity and fail in a brittle manner. Presented in Figures 4.24
and 4.25 are SEM images of examined failed and fractured specimens of ZTA and SiC,

respectively.
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Figure 4.23: (a) SEM images of a crystalline surface of a ring-on-ring failed sample of
ZTA indicating brittle failure; (b) Crystalline surface of a failed SiC sample with the arrow
pointing to the suspected crack origin.

The fracture mode in ZTA is presented in Figure 4.26. Both images revealed evidence
of predominantly intergranular failure accompanied by sections of transgranular failure as

shown by arrows on the micrograph. In SiC, the mode of fracture was predominantly

transgranular as shown in Figure 4.27.
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Figure 4.24: SEM images of a fracture surface of ZTA showing: (a) ring-on-ring failed
sample in which ridges are connecting pores along the crack propagation path; (b) ring-on-
ring failed sample with hackles; (c) Ridges on the crack propagation route; and (d) crack
propagating path along grain boundaries indicating that a pore was at the origin of the
crack.
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Figure 4.25: SEM images of a ring-on-ring failed sample of SiC: (a) fracture marking
hackles emanating from the crack origin; (b) path of crack propagation and crack origin at
inclusion; and (c) fracture mirror surface depicting the crack origin.
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Figure 4.26: SEM images of crack propagation in ZTA: (a) polished and etched specimen
showing essentially intergranular; and (b) unpolished and showing a bit of trangranular
arrowed.
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Figure 4.27: (a) SEM image of etched SiC with crack propagating through the grains;
and (b) OM image of the material with transgranular crack propagation.
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4.2 Nanotubes

This section presents the results on pristine nanotubes characterisation as well as the

preliminary dispersion in alumina matrix.

4.2.1 Carbon Nanotube Loading

Figures 4.28, 4.29 and 4.30 revealed the dependency of fracture toughness (Kic),

hardness and strength, respectively, on CNT loading. Despite the strong scatters, the general

trends suggest that Kic increases while hardness and strength decrease with increasing

nanotube volume fraction.

It is noted that beside the nanotube volume fraction, the type of nanotube, nanotube

properties and level of purity, functionalisation of nanotube, nanotube dispersion and

densification method affect the properties of nanotube reinforced composites.
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Figure 4.28: Fracture toughness of alumina based composites as a function of CNT

loading.
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Figure 4.29: Hardness of alumina based composites as a function of CNT loading.
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Figure 4.30: Strength of alumina based composites as a function of CNT loading.

4.2.2 Microstructure

Presented in Figures 4.31 and 4.32 are SEM images of as-received BNNT and CNT,
respectively, revealing the morphology of the nanotubes. The entanglement of the nanotubes
can be observed, which imposes serious limitations to their capacity to homogeneously

disperse in the ceramics. The BNNT at lower magnification shown in Figure 4.31a revealed a
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flake-like structure, while higher magnifications shown in Figure 4.31b, revealed strong
entanglement.

For CNT, Figure 4.43a shows the globular form of the nanotube bundles at lower
magnification while at higher magnification (Figure 4.43b), different shapes of cylindrical
shells of rolling graphene sheets into seamless (bent, kink and branched) cylinders are
revealed. The different shapes of rolling sheets are an indication of defects. At much higher
magnification (Figures 4.43c and d) CNT’s entanglement can be seen similar to BNNT. Thus,
for the two nanotubes, greater work will be required during dispersion to free the nanotube
strands from the entanglement.

The XRD patterns of the nanotubes are presented in Figures 4.33 and 4.34 for BNNT
and CNT, respectively. The main features on the BNNT pattern is the major peak around 26
of 26°, which can be indexed as h-BN (002) plane with a d spacing of 3.3 A, and other smaller
peaks, which includes impurities like FesC, carbon contaminating the BNNT, free carbon, and
other particles that were not clearly identified. On the CNT pattern, the highest peak is
observed around 26 of 26°, which corresponds to the carbon (CNT) (002) plane with a d
spacing of 3.4 A. Smaller peaks like graphite were observed, an indication of the crystallinity
of the CNT. Other smaller peaks, which essentially are impurities or reactions of iron metal,
carbon and nitrogen include: Fe>C, Fe2N and FesC. There are other smaller peaks suspected
to be metal catalysts and possibly amorphous carbon. The pattern further gave the density of

the CNT as 2.16 g/cm?, estimated by the MD | Jade 7 software program.

89



Figure 4.31: SEM images of the BNNT at different magnifications: (a) at lower
magnification revealing flake-like and amorphous structure; (b) higher magnification in
Figure (a) showing curled nanotube in bundle; (c) at much higher magnification in Figure
(b) showing each strand of BNNT accompanied with great entanglement and nanoparticles;
and (d) at much higher magnification showing strand of nanotubes.

Figure 4.32: SEM images of CNT at different magnifications: (a) at lower magnification
revealing a globular form of the nanotubes; (b) higher magnification showing different
shapes of rolled graphene sheets; (c) at higher magnification revealing a tubular
entanglement with various diameter in bundle; and (d) at much higher magnification
showing great entanglement.
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Figure 4.33: XRD pattern of BNNT showing major peaks as BN and smaller peaks of

impurities including * BN contaminated with carbon, + FezC and ** carbon.
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Figure 4.34: XRD pattern of pristine CNT indicating C as the Carbon (CNT); G as the

graphite; and *, **, and + as Fe>C, FesN and FezN, respectively.
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Figures 4.35 and 4.36 are Raman spectra on BNNT and CNT, respectively. The Raman
spectra were obtained using a wavelength of 514 nm (Renishaw inVia Reflex Raman
microscope). The dominant feature on the BNNT spectra is the main peak at 1369 cm™, which
is known to correspond to a Ezq vibration mode of the sp2-hybridized BN network. The full
width half maximum (FWHM) of the dominant peak is small, indicating that the as-received
BNNT sample possesses high-crystallinity.

The CNT spectra in Figure 4.36 shows that the strong Raman active mode called the
disordered induced phonon mode (D-band) is at 1350 cm™ and the tangential mode (G-band)
is at 1582 cm™. The ratio of G-band intensity (Ig) over D-band intensity (Ip) is widely used to
compare the structural quality of the different CNT materials; a lower Ip/lg ratio implies a
higher degree of crystallization of a sample and a lower amorphous carbon content.
Accordingly, the Ip/lgratio of 1.12, determined in this study, is lower than literature values in
the range of 0.78 to 1.23 [175] indication the presence of structural defects in the investigated
CNTs Furthermore, the D-band, which is the highest peak, is the disordered residual ill-
organised graphite, and suggests the presence of amorphous or defective carbon impurities.
The D' band is an overtone of disorder and is found at 2696 cm™*. The T+D, D* and D+G bands

are found at 2943, 1462 cm™and 2943 cm, respectively.
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Figure 4.35: Raman spectra on pristine BNNT.
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Figure 4.36: Raman spectra on pristine CNT.

4.2.3 Thermal Stability

The effect of direct heating on the morphology of the nanotubes in air and argon
environment is shown in Figures 4.37 to 4.40. BNNT was thermally stable (Fig. 4.37) and
maintained its structure up to 1400°C in argon and up to 1100°C in air, which was the test
limitation due to the oxidation of the used crucible. In contrast, CNT was stable only up to
400°C in air as revealed in Figures 4.38 a. Loss of structural integrity of CNT started at 450°C

(Fig. 4.38b) and was completed at 500°C (Fig. 4.38c). The loss of the integrity was
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accompanied by a loss in mass as shown in Figures 4.39. CNT also recorded a similar loss of
structural integrity in argon where it was transformed into a bulk solid at a temperature of

1400°C after 4 hours as revealed in Figure 4.40.

(@)

Figure 4.37: SEM image of BNNT at (a) 1100°C in air and (b) at 1400 °C in argon
illustrating its thermal stability.

Figure 4.38: SEM image of CNT after heating in air: (a) at 400 °C ;(b) at 450°C; and (c)
at 500°C.

Figure 4.39: SEM images showing CNT in a crucible after heating in air:(a) mass
subject to heating; (b) CNT after 500°C heating with loss of mass as compared to (a); and
(c) complete loss of original CNT structure at 500°C.
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Figure 4.40: SEM image of CNT after 4 hours in argon environment at 1400°C.

The results of the thermogravimetric analysis (TGA) curve showing the samples’
weight changes as a function of heating temperature in air are shown in Figure 4.41. This
Figure revealed that the mass of BNNT is stable up to 700°C, but increases thereafter to reach
a 2.02% mass gain at 950°C. This is due to oxidation of impurities such as residual boron or
to oxidation of small-diameter BNNTs which have higher reactivity compared to bulk h-BN.
In contrast, CNT started to lose mass at 450°C, which corroborated the direct heating results
(Fig. 4.39). The mass loss of CNT continued with increasing temperature to reach 89% at
650°C due to oxidation. The residual mass of around 11% is mainly made of the metal

catalysts. Thus, BNNTSs exhibits higher thermal stability than CNT.
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Figure 4.41: TGA results on the nanotubes showing superior stability of BNNT relative to
CNT.
4.2.4 Wettability
The water contact angle (CA) measured on prepared BNNT and CNT forest varied
from 77 to 84°and 114 to 122°, respectively. Average angles were 80° and 118°, respectively.
The optical images of one of the water droplets in advancing mode are shown in Figures 4.42
a and b, on BNNT and CNT, respectively. These angles indicate that the BNNT is weakly

hydrophilic, while the CNT is hydrophobic.
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Figure 4.42: Typical photographs showing water droplets on (a) BNNT and (b) CNT.
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4.2.5 Dispersion of the Nanotubes

As received alumina powder is presented in Figure 4.43a. It shows a granule size
ranging from 160 to 200 pm with individual alumina particle size mostly in the range of 400
to 500 nm. Few particles had a size of about 800 nm (Fig. 4.43b). Figure 4.44a to d shows
hand mixed BNNT and alumina powder prior to milling (a) O hour, and after ball milling for
(b) 1, (c) 4 and (d) 24 hours. It is evidence that on all these specimens, the globular form of
the alumina and the BNNT strands have disappeared. Instead, the BNNT strands seem to have
been wrapped into about 10 nm spherical bundles that adhere on the surface of alumina
particles. The CNT survives ball milling up to 4 hours as illustrated by arrows pointing to CNT
strands in Figures 4.45 b and c. However, no CNT strands were found after milling for 24
hours (Fig. 4.45d). Instead, similar to BNNT, only small particles with sizes around 10 nm
were found sticking on alumina particles. Figure 4.46 shows the variation in alumina particle
size as a function of milling duration. The particle size gradually decreases during the first 6

hours of milling and remain nearly constant at a plateau value of about 300 nm.
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Figure 4.43: SEM images showing alumina powder: (a) alumina in granules form; and
(b)expose particles of alumina particles in the granule.
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Figure 4.44: SEM images of the BNNT-alumina composite powder. Specimens taken at
different milling time: (a) as hand mixed (0 hour); (b) 1hour milling; (c) 4 hours; and (d) 24
hours.
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Figure 4.45: SEM images of the CNT-alumina composite powder. Specimens taken at
different milling times: (a) as hand mixed (0 hour); (b) 1hour milling with arrows showing
CNT strands; (c) 4 hours milling similar to (b); and (d) 24 hours.
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Figure 4.46: Alumina particle size versus milling duration.
4.3 DOP

This section presents the results of the ballistic assessment on both monolithic and
nanotube reinforced ceramics.
4.3.1 Failure Pattern

The failure pattern of failed ceramics are presented in Figures 4.47 and 4.48. All tested
ceramics revealed similar failure patterns consisting of radial and circular or pine cone shape
cracks [176]. However, the number and size of ceramics’ fragments differed between the
ceramics. Overall, the fragment size was larger in alumina, but finer and sharper in SiC and
B4C. At the centre of the shattered ceramics was fine powder (comminuted area) at the front
impact size with the back side of the perforated area (hole) about four times as large as the

entry point.
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Figure 4.47: Optical micrographs of failed ceramics still attached to the adhesive foil
showing the failure pattern: (a) Al2Os; (b) Al203-BNNT; and (c) Al203-CNT.

Figure 4.48: Optical micrographs of failed ceramics still attached to the adhesive foil
showing the failure pattern: (a) SiC; (b) SiC-BNNT; and (c) B4C.

Presented on Table 4.10 are the results of the depth of penetration (DOP). The results
revealed that the reinforced ceramics SIC-BNNT, Al:O3-BNNT and Al2Os-CNT showed

greater variability in DOP than the monolithic ceramics.
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Table 4.10: Summary of depth of penetration test results.

Materials Average DOP (mm). In Standard Range of

bracket is the number of tests | deviation (mm) DOP value
Al203 53.67 (3) 1.15 53-55
AlL,Oz+BNNT 59.17 (6) 9.22 48-68
Al,O3+SWCNT 56.67 (6) 9.11 46-70
SiC 52.33 (3) 5.86 50-59
SiC + BNNT 93.50 (6) 20.20 82-120
B.C 61.33 (3) 5.13 57-67

4.3.2 Microstructure

Polished surfaces of the failed ceramics are presented in Figures 4.49 showing the
porosity in Al,O3, Al203-BNNT, and Al,O3-CNT. It can be observed that both reinforced
alumina composites have higher porosity than monolithic alumina. The pore volume fractions
are 3.3, 6.8, and 6.3%, for Al>Os3, Al,O3-BNNT, and Al,O3-CNT, respectively. Similarly,
Figures 4.50 show the structures of SiC and SiC-BNNT, illustrating the over 6.5 times higher
porosity of SIC-BNNT compared to monolithic SiC, with both materials containing 0.9 and

6.5% average porosity, respectively.
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Figure 4.49: SEM images of the alumina ceramics group showing relative porosity levels
in the monolithic and the reinforced alumina: (a) Al.O3z; (b) Al.O3-BNNT; and (c) Al2Os-
CNT.
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Figure 4.50: SEM images of the polished surfaces: (a) SiC; (b) SIC-BNNT; and (c) B4C,
showing relative pore distribution in the three ceramics.

Figures 4.51 shows nanotube agglomerates as preferred pore locations with sizes as
large as 44 um. Overall, nanotubes increase both the pore size and the pore volume fraction.

Figure 4.52 shows that the average pore sizes of all the armour ceramics are within 4 to 6 um
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Figure 4.51: SEM images of polished specimens showing pores at nanotubes
agglomerated: (a) Al203-BNNT; (b) Al2O3-CNT; and (c) SiC-BNNT.
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(a) Pore size distribution on Alumina group ceramics
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Figure 4.52: Porosity analysis on the materials: (a) alumina ceramics group; and (b)
SiC, SiC-BNNT, B4C.

4.3.3 Fractography of Materials after Ballistic Impact
4.3.3.1 Grain Size

The grain sizes of all materials tested for ballistic penetration fall within 1 and 6 pum,

with average grain sizes in the range of 2 to 3 um as can be seen in Figures 4.53 and 4.54
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Figure 4.54: SEM images of fractured ceramics surfaces showing the grain structures:
(@) SiC; (b) SIC-BNNT and ; (c) B4C
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Figure 4.55: Grain size analysis on the materials: (a) alumina ceramics group; and (b)
SiC, SiC-BNNT and B4C.
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4.3.3.2 Second Phase Agglomeration

Figure 4.56 shows the monolithic materials revealing a fairly homogeneous
microstructure. In contrast, Figures 4.57 to 4.59 show areas of good dispersions as well as
regions with nanotube agglomerations, primarily in the SIC-BNNT composite. The

agglomerations contributed to the variability of the observed DOP results [41].
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~ Figure 4.56: SEM images of fractured surfaces of the monolithic materials: (a) Al.Os; (b)
SiC; and (c) B4C.

Figure 4.57: SEM images of fractured surfaces of the Al,O3-BNNT: (a) agglomerated
nanotubes mainly in the form of flakes (arrow); (b) well-dispersed nanotubes.
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Figure 4.58: SEM images of fractured surfaces of the Al.O3-SWCNT: (a) agglomerated
nanotubes (arrow); (b) well-dispersed nanotubes.
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Figure 4.59: SEM images of fractured surfaces of the SIC-BNNT: (a) agglomerated
nanotubes accompanied with flashes of short-length nanotubes (arrows) at grain
boundaries; (b) agglomerated nanotubes in the form of destroyed and unbounded BNNT;
and (c) high magpnification of agglomerated nanotubes at grain boundaries of the SiC matrix
shown by the arrow.

4.3.3.3 Failure Mode
Presented in Figures 4.60 and 4.61 are SEM images of failed specimens revealing the

mode of failure as presented in Table 4.11.

Table 4.11: Fracture mode of the ceramics.

Material AlO3 Al2Os- Al20s3- SiC SiC- B4C
BNNT CNT BNNT
Fracture Mostly IG+TG IG+TG IG+TG | Mostly TG | Mostly TG

mode IG

IG — Intergranular, TG — Transgranular
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Figure 4.60: SEM images of fractured specimens revealing the mode of failure showing
predominantly transgranular failure as illustrated by arrows: (a) Al2Os; (b) Al2O3-BNNT;
and (c) Al203-SWCNT.
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Figure 4.61: SEM images of fractured specimens revealing the mode of failure showing
predominantly transgranular failure as illustrated by arrows: (a) SiC; (b) SiC-BNNT; and
(c) B4C.
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CHAPTER5
DISCUSSION
5.1  Microstructural Features

This section discusses the microstructural attributes of the commercial ceramics, ZTA
and SiC. The voids at the front impact face of ZTA can be assumed to be designed to enhance
the interface defeat capacity in this material [95], and to improve its ballistic performance
through projectile deflection. The voids also contribute to the control of the fragment size of
the failed material during the penetration stage of the projectile, which assists in improving
the fragment erosion [18, 106]. Also in ZTA, the ZrO; second phase particles are known to
improve the fracture toughness [177, 178]. In addition to the alumina matrix and ZrO-
particles, there is a balance of 1.5% compounds containing, among others, the element
Niobium (Nb). Nb is often used to partially stabilize ZrO, [179], and helps ZrO: to retain its
tetragonal (t) phase at room temperature. This stabilizing concept is the key to achieving the
desired toughening effect. Traces of Pt and Ag were also detected during SEM - EDS analysis.
These traces may be impurities in the starting powder (or residues of process additives).

The microstructure of SiC is typical for solid-state pressureless sintered ceramic. It
consists primarily of 3 phases: hexagonal a-SiC matrix, Ce-Pd-Sn (Tio.33V0.6Mno.07)D1.2¢ and
deuterides precipitates. The Ce-Pd-Sn phase accounts for about 5% volume and is uncommon
in SiC ceramic. However, there are literature indications that it can be used as an additive to
tailor the grain size, and improve densification and toughness [74]. It is well known that using
a combination of additives can be effective for optimizing the microstructure and,
consequently, the mechanical properties of the materials [68, 180]. The Ce-Pd-Sn system can

also be used to control the level of free carbon that can be detrimental to SiC [181].
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The Ti-V-Mn deuteride phase, with 2.28% volume fraction, is most likely either
impurities in the raw material (similar to other elements such as Sn and 1) or a reaction product
due to the sintering environment, which can be hydrogen rich. Some remaining un-reacted
carbon was also detected, which usually gives the black colouration to the material [182].

The grain size, shape and distributions are dependent on the selection of additives and
are reported to control mechanical properties [183]. The grain size of the initial powder
determines the final material grain size. In ZTA, the grain size is bimodal. The use of zirconia
as a secondary phase prevents grain growth [96], but may also impede densification during
processing as reflected by the high porosity level. In SiC, an elongated grain shape is
prominent, which may be due to the use of Ce additives, since rare metals such as Ce promote
grain elongation. High grain aspect ratios of approximately 3 to 5 can enhance material
properties [74]. Similar to ZTA, grain growth or recrystallization in SiC appears impeded by
additives used to pin grain boundaries. Grain boundary pinning was observed in SEM images,
showing discontinuous phases located at grain boundaries.

Defects in both ceramics include: porosity, inclusions, density gradients, additive
residues, non-uniform additive distribution and large grain regions. In ZTA, inclusions
account for less than 1.5% volume fraction. Through ultrasonic testing, a non-uniform
distribution of pores was revealed, leading to what appears to be marked density gradients.
The porosity is the greatest challenge in ZTA, resulting in only 90.3% relative density. This
suggests poor sintering ability of this material [96]. The high porosity level of ZTA is
demonstrated by its transparency to light. In SiC, the pressureless sintering method and
elongated grain morphology are the major factors for the remaining porosity. The inclusion

percentage is approximately 1.4 vol %, and the porosity is 2.4 vol %, leading to a relative
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density of approximately 98%. Residues of sintering additives also promote porosity in SiC
[182]. The pores are less than 1 pm in size as measured using SEM. The observed sintering
additive residues are in conformity with a previous study [184]. SEM-EDS investigation also
showed the presence of Fe, Si, C, O and Ni. The presence of oxygen as an impurity suggests
that sintering additives are primarily oxides, while Fe is most likely a residue of the Fe/Cr/Ni/O
compound, which is a common SiC processing aid and impurity. Other uncommon defects in
SiC are reaction products of sintering additives, raw material impurities and sintering
atmosphere including titanium, manganese and vanadium which create deuterides.
5.2  Armour Related Properties

Armour related properties on commercial ceramics, ZTA and SiC, are discussed under
this section. The properties include hardness, fracture toughness, strength (static and
dynamic), Young’s modulus, porosity (density) and fracture mode.
5.2.1 Hardness

Both ZTA and SiC exhibit indentation size effects (ISE) up to an indentation load of 2
kgf. The origin of ISE in ZTA is traceable to three factors: elastic recovery after bulk material
indentation (Fig. 4.13), indenter/specimen friction coupled with the elastic/plastic deformation
response of the material, and the high concentration of voids [96]. In SiC, the origin of ISE is
traceable to frictional forces, a load dependent material response to deformation, which
includes dislocation activity and cracking [10], as seen in Figure 4.14. Overall, it can be
concluded that the indent interaction with pores/flaws can considerably change the expected
hardness results at low loads.

The theoretical hardness expected for ZTA, according to the rule of mixture of Al>O3

and ZrOy, is 16-17 GPa, whereas the measured true hardness is 14.89 GPa. This translates into
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approximately a 10% drop from the theoretical value. Potential causes of this drop are: (1) the
average grain size of 5 um, which is larger than reported in literature [24], and (2) the porosity
in agreement with literature [96]. In summary, the wide distribution of hardness values can be
attributed to the variation in porosity, grain structure and ZrO: particle structure.

The evaluated hardness of 23.9 GPa (2413Hv) for SiC is on the lower range of
literature hardness values of monolithic SiC processed using the same method [69], which is
between 2100-2800 HV (20.72-27.63 GPa). This relatively low hardness of SiC can be
explained by: (1) the non-homogeneity primarily caused by sintering additive residues; (2) the
substantial amount of inclusions accounting for about 1.5 wt.%; and (3) a relatively large grain
size of 5 um. For example, the highest hardness of 27GPa was recorded with a 0.5 to 1.20 um
mean grain size and various grain aspect ratios [68].

5.2.2 Fracture Toughness

SiC started forming cracks at a lower load of 3 N, which is in agreement with the study

of Yang [185], whereas visible cracks started at 10 kg load on ZTA. The plots of c, a, and c/a

versus load are presented in Figures 5.1 and 5.2 for ZTA and SiC, respectively.
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Figure 5.1: Indentation and crack dimensions in ZTA ceramics at different indentation
loads.
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Figure 5.2: Indentation and crack dimensions in SiC at different indentation loads.

The values of c/a ratio obtained on both materials are within the median crack regime.

The c/a ratio of 2.90 determined for SiC in this study is in agreement with the study by Lee

[74]. The c/a ratio lies between 2.50 and 2.71 for ZTA, which is also in the median crack

regime just above the transition. As expected, the two semi-empirical fracture toughness

equations by Lawn et al. and Nihara et al. for ZTA and SiC, respectively, yield toughness

values in agreement with literature [54, 74].

The ¢®? versus indentation load plots are presented in Figure 5.3 and indicate a good

linear dependence in agreement with previous work [74], which validates the testing results.
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Figure 5.3: Relationship between crack length ¢ and indentation load for SiC and ZTA.
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The measured fracture toughness of SiC is 2.98 MPaVm. Comparing with literature
values that range between 2.6 and 2.8 MPavm [105], this represents an improvement of 6.4 to
14.6% for this material. The results also corroborate the recommendation test load of 3 N by
Yang [185].

The experimental Kic value of 4.90 MPaVm found for ZTA is in agreement with the
study of Ganesh [75] where 0-20 vol. % ZrO, was used in the alumina matrix. Comparing this
value to monolithic alumina with a toughness of about 2.69 MPa\m [186], this material
showed an increase by 82.2% in fracture toughness.

The appearance of cracks during indentation is known to be a function of anisotropy,
particle size, environment and residual stress, which can affect the results of the Kic
measurement. Residual stresses may also be created during indentation, which can accelerate
crack growth, leading to an under-estimation of the materials toughness [69]. However, the
radial crack length c2 remains a linear function of applied load in this study.

Visible cracks were formed on both materials, which is confirmed by the fact that the
values for c are greater than 2a [185]. In addition, SiC showed heavy chipping, primarily
caused by the anisotrophy and the presence of second phases. Chipping is an indication of
lateral pores intersecting the surface of the indent and obstructing the crack path [187].

The toughening mechanism by ZrO. is predominantly governed by its particle size. In
this study, three toughening mechanisms are found to account for the Kic increase. Firstly, the
stress-induced tetragonal-to-monoclinic phase transformation when the size of ZrO, particles
is predominantly below 1 um [188], which leads to a volume increase of around 4%. This
volume increase has the tendency to close growing cracks, leading to an increase in Kic.

Secondly, the grain size of the alumina (5-10 um) contributes to intergranular crack
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propagation, leading to longer crack paths and consequently higher energy absorption. And
thirdly, the loading leads to pore collapse and densification, which can absorb a substantial
amount of energy and retard crack initiation and growth.

In SiC, second phases are absent at grain boundaries, although some phases were
identified apart from a-SiC. The presence of cerium is designed to influence fracture toughness
[182]. The key contributing factor to the Kc increase in SiC is the large grain aspect ratio
close to 3 [74]. This relatively large grain aspect ratio favours crack deflection.

5.2.3 Static Strength

Research so far has primarily focused on the use of uniaxial testing methods (3 or 4
point bend tests) rather than on biaxial testing, which can provide more information on the
state of stress, comparable to the real ballistic event. In this study, the strength measurement
using equi-biaxial Ring-on-Ring (RoR) test gave 184.4 and 182.9 MPa, and those of the
uniaxial 4 point bend test were 292 and 242 MPa for ZTA and SiC, respectively. This
corresponds to 58.4% and 32.3% higher strength in the 4 point bend tests, for ZTA and SiC,
respectively, compared to RoR tests. This is in agreement with literature [59, 189] and reflects
the higher material volume involved in RoR tests. For instance, 40-80% higher strength values
were measured for SisNs using uniaxial tests compared to equi-biaxial tests [60]. The large
discrepancy can be expected because of intrinsic flaws including non-uniform distribution of
pores in ZTA and inclusions in SiC [68, 96]. The RoR strength values for the two materials,
however, may also have been under-estimated because of sub-critical crack growth.

Comparing the results on ZTA with literature strength values equal to or higher than
350 MPa on alumina [190], a 16.6% drop in uniaxial strength is observed in this study. For

SiC with a 326 MPa strength value [68], a drop of 25.2% in uniaxial strength is observed. The
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strength of ceramic materials is known to be primarily governed by flaws [61]. Therefore, the
Griffith mechanics theory of fracture given by equation 2.2 can be used to quantify the
strength. In this equation, the key independent factor is the critical size of flaws, which is
referred to as failure-causing crack (FC). This study attempted to adopt the equation to
simulate the FC. The simulation yielded FC lengths of 173 um and 92 um for ZTA and SiC,
respectively, which are associated with a flaw geometry of 1. These sizes seem reasonable
considering the coalescence of cracks before failure.

Microstructural heterogeneities in SiC arise from sintering additive residues and may
affect its strength. The two inclusion phases in this material are homogeneously distributed
within the SiC matrix, still, they are likely to also lower strength due to their lower hardness.
In fact, the deuteride phase is most likely to be detrimental to material property, as illustrated
in Figure 4.7, where blistering can be seen after vacuum etching.

In ZTA, ZrO> poses a serious challenge with respect to sinterability [96], leading to
the relatively high porosity of 9.7 volume%. Understandably, the higher critical crack size of
173 um is achieved by coalescence of initial pores that were measured to have sizes as high
as 20 um. The high porosity seems to be balanced by the presence of zirconia particles at grain
boundaries, that leads to a strength increase [191] and to crack deviation resulting in higher
energy absorption and toughness.

5.2.4 Dynamic Strength

In this study, Charpy testing gave impact toughness values of 0.34 J and 0.21 J for
ZTA and SiC, respectively, which translates into SiC having only 61.8% of the toughness of
ZTA. This ratio is in agreement with the indentation fracture toughness values of these

materials, which are 2.98 MPam'2 and 4.90 MPam? for SiC and ZTA, respectively. Drop
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tower tests (DTT) were also successful in assessing the damage behaviour of SiC and ZTA,
and for determining the fracture energy, the crack density, the fracture mode and the crack
velocity [57]. DTT confirmed that SiC shows lower toughness compared to ZTA, which is in
agreement with indentation fracture toughness and RoR tests as seen in Table 4.5. The total
rate of energy release is found to be higher for SiC than ZTA. This agrees with the crack
behaviour observed on SiC that showed heavily fragmented failed samples and advanced
pulverisation. In contrast, the strike surface of ZTA samples exhibited higher rate of energy
release than the back surface, yielding less crack propagation on the back surface than on the
strike surface. This implies better ballistic protection. Also, SiC failed at a drop height of 30
mm, while ZTA did not fail until heights greater than 40 mm. This is reflected by strong crack
branching (Fig. 4.20c) with the rate of surface energy being much higher than in the case of a
single crack.
5.2.5 Young’s Modulus

For ZTA, the main microstructure features are the zirconia particles and porosity.
Therefore, the Young modulus is evaluated using these two factors. First, the rule of mixture
is used to obtain 330 GPa as the pore-free Young modulus. Equation 2.1 is then applied to
consider porosity, and then using equation 2.3, which gives a Young,s modulus of 272 GPa.
This translates into 82.4% relative Young’s modulus for this material.

The semi-empirical equation 5.1 proposed by Spriggs [192] and adopted by Deng [73]
is also used to simulate the compactness in ZTA by solving for the parameter b.

E = Epexp(—bp) (5.1)

Where E, is the modulus of the fully dense ZTA, p is the pore volume fraction and b is a

characteristic constant which is related to the particle stacking and pore shape, and usually has
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values that range between 1 and 4.35 [73]; b was evaluated to be 2 based on equation 5.1. This
value is an indication that the pores are not spherical or compact, which is confirmed by Figure
4.10b, showing that the pores often take the shape of the grain boundaries. Young’s modulus
values of SiC determined by the semi-empirical equation using the porosity [44] and by
instrumented indentation data analysis were found to be comparable, and are 389 GPa and 374
GPa, respectively. However, considering that additional factors other than porosity also
control microstructural and mechanical properties, a Young’s modulus of 374 GPa from
instrumented indentation tests was adopted in this study. This value amounts to 91.9% of the
theoretical value of 410 GPa [74].

It can therefore be concluded that the level of densification or porosity is the main
reason for the drop in ZTA’s Young modulus, whereas impurities in raw materials, including
sinter additives residues, primarily explain the drop in SiC’s Young’s modulus.

5.2.6 Porosity

The Archimedes and the porosity methods gave density values of 3.78 g/cm® and 3.75
g/cm? for ZTA, respectively. The difference is small despite the questionable assumption of
the theoretical density for the porosity method. Comparing the estimated density of about 3.78
g/cm? to the ZTA theoretical density of 4.15 g/cm?® as evaluated through the rule of mixture
translates into a 8.9% drop in density. Thus, besides the chemical composition, the porosity is
one of the basic controlling factors for the density of ZTA [44]. The relatively high porosity
in ZTA is a product of the pressureless sintering method and the interaction between grain size
and shape of both Al,Ozand ZrO. In fact, the grain size of alumina is non-homogeneous and
ranges between 1 and 10 pm, while ZrO grains are mostly smaller than 1 pm, with occasional

particle sizes of about 5 um diameter. The mismatch between the initial grains of the two
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constituents leads to porosity at their interfaces that seems to persist even after sintering into
the final product [75].

The Archimedes measurement method yields a density of 3.08 g/cm? for SiC, which
translate into about 96.14% relative density, using the theoretical density of 3.21 g/cm?® [74].
This means that the porosity of 2.4% measured in this material is not the only factor that
influences its density. Rather, deuterides and Ce-V-Mn inclusion phases also contribute to the
lower relative density.

5.2.7 Fracture Mode

Crack propagation in ZTA is predominantly intergranular with the crack path
deflection related to the curvature of the grains. Besides the zirconia toughening, the
anisotropic microstructure of ZTA is a main factor in the substantial increase of fracture
toughness by crack deviation leading to a longer crack path and higher energy absorption at
fracture. This result is in agreement with literature findings on ZTA [188]. As the crack
propagates in ZTA, stresses around the crack initiate zirconia phase transformation causing
tensile stresses in zirconia grains and compressive stresses in the alumina matrix. These two
types of stresses are tangent to the particle matrix interface, hindering crack propagation and
leading to increased fracture resistance [188]. Additionally, the intergranular mode of failure
favours dislocation pile-ups at grain boundaries, thus greater energy is required for crack
propagation resulting in higher toughness. In SiC, the crack path through the grains is an
indication that the grain strength is lower than the grain boundary strength. This leads to
“straight” crack propagation with little to no crack deviation and lower energy absorption at

fracture.
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5.3  Microstructure Relationship to Ballistic Performance

Microstructural features of ZTA and SiC and the relationship to ballistic performance
are considered in this section. It has been proven that ceramics with well-distributed small-
sized pores (as observed in ZTA) can exhibit good ballistic performance [23]. The pores are
beneficial to the residual strength [35], which is known to enhance ballistic performance and
multi-hit capability [25]. Other properties that enhance armour ceramics performance include
hardness, Young’s modulus, sonic velocity, density and grain size, all of which are in
appropriate ranges in ZTA [34].

In the case of SiC, the main microstructure defect is residual sintering additives, which
are found to be non-uniformly distributed in the matrix (Fig. 4.4d). This Figure also shows the
presence of other impurities. Impurities and inclusions in ceramics have been shown to lead
to variability in ballistic performance [19, 22], as they can act as crack initiation points and
preferential paths for crack propagation [22]. Moreover, the non-uniform distribution of the
residual sintering additives causes variability in hardness and strength as shown in Figure 4.4d
[20].

5.4 Armour Property Relationship to Ballistic Performance

The relationship between armour related properties of ZTA and SiC and ballistic
performance is considered in this section. According to Swab [24], the simple rule of selecting
ceramics for armour applications is that it should be harder than the projectile it intends to
defeat. Projectiles are commonly made of steel and Tungsten Carbide (WC) cores, which have
hardness values in the range of 600 to 920 HV and 1250 to 1550 HV, respectively [46]. Given

the hardness values determined on the investigated ceramics, it can be inferred that SiC is
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more than adequate for ballistic performance, while ZTA is strongly adequate for steel cores
but just barely adequate for WC projectiles.

While there is no literature benchmark value of Kic for armour ceramic, it is widely
accepted that monolithic alumina and SiC ceramics are of appropriate hardness and fracture
toughness for armour systems. Literature Kc values for monolithic SiC and alumina-sintered
products are in the range of 2.6 — 2.8 and 2.69 — 4.0 MPam'/?, respectively. These values are
deemed adequate for a one shot assault, assuming all other required properties for armour
performance are attained.

It is widely accepted that the ballistic performance of armour ceramic can be improved
to meet multi-hit challenges if the fracture toughness is increased considerably. Studies have
shown that not only the toughness, but also the strength of the ceramic significantly affects the
fragmentation process [4, 96]. ZTA has an average strength value of 292 MPa and a relatively
high fracture toughness compared to monolithic alumina or SiC and is considered satisfactory
for multi-hit performance [30]. The multi-hit capabilities of ZTA and alumina as a function of
improved fracture toughness have been studied through depth of penetration test [30]. The
fracture strength of the two materials was measured to be 274 and 272 MPa, respectively. The
study concluded that ZTA outperformed alumina because of its greater fracture toughness.
Additionally, a numerical study on AD 95 alumina and 10% ZTA showed that the ballistic
resistance of ZTA is better than that of AD 95 alumina due to increased Kic [31, 96].

The strength of ZTA may be considered ideal for ballistic performance given its
resistance to cracking in both RoR and drop weight tests. The adequacy of this material’s
strength for ballistic performance, despite its high porosity concentration, is also reported in

literature [96]. Moreover, the time to fracture is higher for ZTA when compared to SiC (Table
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4.6), which is a further indication of its higher strength. Also, the ability of this material to
sustain higher loads during Vickers indentation confirmed its deformation resistance, and thus
better ballistic performance is expected. Furthermore, ZTA exhibits essentially a primary
crack pattern accompanied by an intergranular mode of failure. In contrast, SiC shows both
primary and secondary crack patterns leading to practically crushed specimens. In addition,
SiC shows fast crack growth associated with a transgranular failure propagation mode. The
fracture mode presented in SEM (Fig. 4.26) revealed evidence of predominantly intergranular
failure of ZTA. Previous studies have shown that the intergranular failure mode of low
porosity materials such as ZTA has greater potential for energy absorption [26].

The study by Horsfall was used as template to correlate the Young modulus to ballistic
performance [25]. Horsfall evaluated the Young’s modulus on both a manufactured intact tile
and the shattered pieces of ZTA after ballistic testing using a tungsten carbide projectile. The
results gave 333 GPa and 129 GPa, respectively. This translates into a drop of 204 GPa or
61.3% during ballistic impact. The implication is that ceramics for ballistic performance
should have values well above 204 GPa. This is in agreement with the results of this study.

Furthermore, in the work of Krell, it was suggested that high values of elastic modulus
are beneficial for ballistic performance and the Young’s modulus plays a big role in projectile
damage during the ballistic dwell [19]. Therefore, SiC with a modulus of 407 GPa is much
better than ZTA in this regard. Krell, however, also highlights that the effect of elastic modulus
can be substantially altered by other factors such as interfacial design. VVoids and other surface
features on the striking face of ZTA plates are examples of such interface designs. The elastic
modulus of ZTA was found to be in the range of biomorphic resin based SiC (RBSC) with a

modulus of 290 GPa, which was found satisfactory for ballistic performance [35].
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5.5 Nanotubes

This section discusses the results of the characterisation on the pristine nanotubes and
preliminary investigation on their dispersibility.
55.1 CNT Loading in Alumina

Several studies have shown that a high volume fraction of carbon nanotubes (CNTSs)
affects densification [151, 148, 193]. It was shown that high loading can lead to agglomeration
of CNTs, thus causing the formation of pores and defects that result in low densification and
the deterioration of mechanical properties [151, 193]. Assuming hexagonal prismatic grains,
a lower CNT loading limit of 0.72 vol % or 0.4 wt.% was suggested [118]. The study also
suggested 6.4 vol.% or 3.56 wt% as upper limit. However, it was reported that agglomeration
started at 0.6 vol.% [109]. The few available studies on BNNT loading in alumina recommend
weight fractions between 1 and 2 wt.% [8]. Similar to the CNT situation, the incorporation of
BNNT at higher volume fractions showed a negative effect on reinforced ceramics mechanical
properties, leading to a decrease in density, an increase in porosity and severe agglomeration.
The hardness was specifically found to strongly depend on the theoretical density (TD), the
grain size and CNT loading. Considering the fact that the appropriate range of CNT or BNNT
loading in alumina is a function of the purity and properties of the nanotubes, the variations of
loading recorded in some studies may be justified.

In conclusion, from the analysis of literature studies on CNT loading in alumina, it can
be inferred that up to 1wt.% CNT addition seems to favour the improvement of strength in
cases Where the theoretical density is close to 100% [130, 148]. Furthermore, Kic can increase
further even above 1wt.% CNT although a substantial reduction in density, hardness and

strength can occur.
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5.5.2 Composition and Morphology

Similar to previous studies, the SEM studies showed nanotubes in curvy, bent or wavy
shapes, indicating a considerable degree of nanotube impurity, anomalies and structural
defects [116, 119]. The strong entanglement found in this study on both nanotubes (NTSs) is
accompanied by variations in tubular diameter and is an indication of the high energy required
to unbundle the nanotubes. Entangled and defective NTs pose even greater challenges of
dispersion as loading increases [108, 109].

The XRD spectra on BNNT revealed the major peak as h-BN, which is consistent with
the Raman peak [111]. BNNT diffraction also shows the presence of carbon and iron particles,
as well as some other small peaks that are not directly identified, but whose presence is known
to be due to impurities. On the other hand, the CNT spectra shows the presence of graphite,
which corroborates with the amorphous carbon identified through the Raman peak. Also
identified on the CNT spectra are impurities such as Fe.C, FesC and Fe>N. These are known
to be derived from the synthesis catalyst (which can be iron and iron related materials) and
possibly from the raw materials used to produce the nanotubes [114].

The Raman pattern on both nanotubes further corroborates the level of impurities and
defects found in the nanotubes. On BNNT, h-BN, which was also confirmed by the XRD
pattern, is displayed on the 1369 cm™ peak shift as the dominant feature and is known to
correspond to an Exq vibration mode of h-BN [111]. It is also recognized to cause plane
stretching between boron and nitrogen. This peak also corresponds to polycrystalline h-BN,
which has semi-metallic properties [111, 194]. The secondary peak occurs on the 670 cm™
shift and displays broad and weak bands that are shown to correspond to B2Osz impurities [194]

from the boron nanoparticles. Furthermore, the presence of BNNT impurities such as h-BN
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flakes and micro-droplets of boron [111] are confirmed in SEM. Other undistinguishable
peaks were also recorded and may be due to lattice disorder and unwanted by-products, such
as boric acid, as reported in the literature [111]. The peak position is sensitive to defects within
the h-BN lattice and, as lattice defects increase, the peaks will shift to higher wavelength [114].

The Raman pattern on the CNT showing a high intensity of 3872 on the D-band
vibrational mode at 1350 cm™ is known as the defect-induced band containing disordered
residual ill-organised graphite or amorphous carbon, both of which are commonly regarded as
impurities that affect the dispersion of CNT in ceramic matrices. They are most often produced
through catalytic chemical vapour [175, 195]. The high intensity of this band is known to be
sensitive to the CNT curvature, amorphous carbon and other carbon impurities as well as to
non-polar atomic distortion [108]. The level of these impurities is further corroborated by the
intensity of the ratio of the D-band and the G-band (Io/lg), which is also used to quantify
defects and whose value was recorded as 1.12 [196]. It shows that CNT is relatively low in
impurities, which is consistent with the manufacturer purity specification of 90% and the
measured metal residues of 11% using TGA.

The G-band mode on CNT was found at 1582 cm™ whereas literature has it noted as
being visible on 1590 cm™. This mode is the tangential vibration mode of the graphitic carbon
(graphite). The deviation of the shift recorded in this test is an indication of lattice defects
[175, 196], which corroborates some of the curvy and kink tubes shown in SEM
characterisation.

Also a notable mode on CNT, at less than 200 cm™ shift, is usually called the radial
breathing mode (RBM), and is often used to evaluate the internal diameter of the tube. It is

found to be applicable when the tube’s internal diameter is less than 2 nm. This mode is absent
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in the present study, but is known to be found in single and double walled nanotubes. SEM
investigation shows that our tube internal diameter is greater than 2 nm, indicating that the
nanotubes are multi-walled. Also, it must be noted that the G'-band shift peak is placed at
about the same value as the literature’s 2700 cm™, which represents the metallicity of the CNT
[197] and its semi-conducting properties.

In conclusion, the nanotubes synthesis method determines their level of defects or
impurities. Primarily, synthesis parameters include: the nature of the catalyst, the quantity of
the catalyst, the ratio of the catalyst in relation to the raw materials (starting compound), the
temperature of synthesis, the reaction time and the environment of synthesis [115].

5.5.3 Thermal Properties

The anti-oxidation capacity of the nanotubes was corroborated by the results of both
the direct heating and TGA. These results showed that CNT is stable in air up to 450°C, which
corroborates with the beginning of the weight loss temperature in the TGA investigation.
Literature reports that CNTSs start losing their structure at temperatures below 500°C, primarily
due to imperfections [116]. Also, the CNT structure was lost in vacuum and argon atmospheres
at high temperature and prolonged dwell time above 4 hours. This is in agreement with current
trends away from prolonged pressureless sintering towards rapid processes such as spark
plasma sintering (SPS) and the new sintering method called rapid hot-pressing [76, 79].
Residues left at the end of TGA tests were recorded to be 11wt.% including all metal
containing impurities, which is in agreement with XRD results. In contrast, the thermal
stability of BNNT as shown by the direct heating tests, even at prolonged dwell times beyond
4 hours in vacuum, implies that BNNT has great potential to survive prolonged high

temperature processing. The presence of impurities was reflected in the TGA results that

125



showed weight gain starting at 700°C, which is lower than the 900°C reported in literature
[111, 120]. Another cause of the early mass gain in BNNT is structural imperfections, as
shown in the Raman pattern results highlighting an active mode shift from 1367 to 1369 cm™
due to lattice defects [196].
5.5.4 Wettability

The measured contact angle of 80° for BNNT is in agreement with values obtained
using the Wilhelmy method, which are between 80.5° to 90.5° [121]. Most other literature
publications report contact angles between 48 to 55° using simulations [115, 199]. The contact
angle of 119° measured for CNT is in agreement with the literature value of 119.7°, obtained
through molecular dynamics simulation and the manipulation of the separation distance and
the 13A distance [198]. Using entangled CNT, similar simulations gave a contact angle of
144° [199] while modifying the CNT chirality and the CNT tube diameter gave contact angles
between 103 and 106 ° [200]. It must be noted that many factors influence the contact angle
measurements, including, but not limited to, impurities in nanotubes and surface during tests,
morphology of the nanotubes, thickness of the nanotube forest and surface topography or
smoothness of the nanotubes forest [201]. Overall, the results of this study are in agreement
with the literature that BNNT is hydrophilic, while CNT is hydrophobic.
5.5.5 Nanotubes Dispersion

Ball milling is an efficient method to disperse nanotubes in alumina using a top down
approach [124]. The Pulveriset planetary mill used in this study is known to provide high
energy transfer during milling, which is required to unbundle and disperse the agglomerated
nanotubes. However, it also destroyed the BNNT structure due to its relatively weak partial

ionic bond [111]. Therefore, the use of a solvent as milling aid could help disperse the BNNTSs
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while reducing the energy transfer to prevent BNNT destruction. However, it is important to
note that milling aids may compromise the purity of the composites, which could subsequently
affect the composite properties. It must be mentioned that friction during dry milling can also
cause excessive heating and deformation of BNNTS, which can be exacerbated by the low heat
dissipation of the mr electronic structure of BNNT [202]. In contrast; CNT survived ball-
milling up to 4 hours, thanks to its strong covalent bond between the carbon atoms. This strong
bond, coupled with the weak Vander Waal bonding separating layers of graphite, also
contributes to providing excellent lubrication properties leading to low friction and reduced
energy transfer between milling balls and CNTs. Moreover, CNTSs feature a high deformation
capacity allowing them to better survive high energy milling. The good energy dissipation
ability of CNT also allows it to remain relatively cold during milling [203].

Overall, multiple literature reports suggest that CNT can be successfully milled either
dry or wet using milling aids such as ethanol [8, 122]. The milling rotation speed is usually
between 200 and 300 rpm with a milling duration of 2 to 20 hours. For example, a
homogeneous nanotube dispersion was achieved using wet milling in ethanol and a planetary
ball mill for 5 hours [204], a mixer mill for 24 hours [76], or a planetary ball mill in dry and
wet conditions for 1 hour [163]. Moreover, it has been shown that ball milling of CNT, either
dry or wet, is beneficial for removing the amorphous carbon and carbon particles in the CNT
as well as opening the tip of the CNT to ensure good dispersions [122].

5.6 DOP

Ballistic assessment on the DOP tested ceramics including proposed performance

index and semi-empirical model to correlate DOP to static properties and microstructure are

discussed in this section.
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5.6.1 Microstructure and Failure Pattern

The pinecone shaped pattern of fractured ceramics including both circular and radial
cracks radiating away from the centre of the impact point as observed in this study is
characteristic for dynamic fracture [4, 176]. The degree of fragmentation on the other side is
an indication of its energy dissipation capacity [5], and the variability of DOP is related to
flaws such as pores, their size distribution and/or clustering [18, 20], and to the variability in
grain size as illustrated in Figure 4.55 for the DOP tested ceramics [21].

All DOP tested reinforced ceramics, including Al203-BNNT, Al2O3-CNT, and SiC-
BNNT, showed an increase in grain size during processing. This hints to inefficient and non-
uniform pinning effect of the nanotubes on their parent matrix grains [130, 155], leading to a
large grain size distribution (Fig. 4.55). However, the larger grains and their size variation are
not out of range for good ballistic performance [21].

A good dispersion of nanotubes is known to provide high relative density, small grain
size, high strength, toughness and hardness. In this study, a slight grain size increase in Al2Os-
BNNT, Al,O3-CNT, and SiC-BNNT was observed despite nanotube addition leading to a
hardness decrease by 11.28%, 16.34%, and 11.02%, compared to their monolithic ceramics,
respectively. The primary reasons for the decrease in hardness are clustering and non-uniform
dispersion of nanotubes leading to residual porosity [110, 130, 161]. On the positive side, the
fracture toughness increases by 2.86%, 3.38%, and 4.32%, for Al,O3-BNNT, Al,O3-CNT and
SiC-BNNT, respectively, compared to their monolithic counterparts. This increase, however,
is rather low considering the primary objective to significantly improve toughness. In fact,
previous studies achieved toughness improvements of 103%, 67%, 50% for similar

composites, respectively [145, 155, 167]. The unsatisfactory performance of the composites
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in this study can be rationalised by poor interfacial bonding and dispersion as observed in
SEM and previously reported in literature [130]. Also, the remaining porosity as analysed in
Figures 4.52 is detrimental to ceramic properties and ballistic performance.
5.6.2 Ballistic Performance Indices

Existing performance indices in the literature were applied in this study as shown in
Table 5.1. From the results on Table 5.1, four categories of ranking can be distinguished: First,
the DEF and MEF produce the ranking B4C>SiC>SiC-BNNT>AI203>Al203-
SWCNT>AI203-BNNT. This ranking highlights the areal density as a major factor for armour
ceramics, which is understandable because the weight is one of the key aspects in armour
design [17]. These performance criteria yield critical thicknesses of 9.01 mm and 7.28 mm for

SiC-BNNT and Al20s, respectively, implying lower performance for SIC-BNNT.
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Table 5.1: Performance indices of the ballistic test materials calculated using different index

formulae.
Ballistic Performance Formulae Materials
Criteria used for the
evaluation AlOsz | AlOsz- Al2O3- SiC SiC- B4C
BNNT SWCNT BNNT
Differential Efficiency pb (Px—Pr) 11.64 11.20 11.44 14.38 11.95 17.40
Factor (DEF) [16] Pty
Thickness Efficiency Px — Pr 36.67 35.52 35.91 37.36 29.85 35.25
(TE) or Space t,
Efficiency (SE) [17]
Mass Efficiency Factor TE * py 11.58 11.19 11.52 14.46 12.14 17.40
(MEF) or SEF [17] Py
Weight Saving (WS) [1- Pb*tet Phyy 73.03 70.92 71.98 74.87 59.69 72.64
[94] Pbx Px
100
DEF Scaling FromOto | 1. Pb *Pr+ perty 0.73 0.71 0.72 0.75 0.60 0.73
1 [100] py*Px
Ballistic Efficiency 424,64 | 396.40 413.68 540.23 | 362.38 | 613.7
(g2 .
Product of MEF and TE*MEF
TE [17]
Total Efficiency Factor Py * Px 3.71 3.44 3.57 2.48 3.66
(TEF) [101] Pt *tey py.pr
Critical Thickness [46] t,* Px 7.28 7.52 7.46 7.22 9.06 7.55
(Px — Pr)
Ceramic Efficiency 1- pr *100 80 77.90 78.8 80.4 65 77.1
(%) [102] Px
Table 5.2: Test and critical thicknesses of the tested materials.
Material Materials
parameters
Al2O3 Al203- Al203- SiC SiC- B4C
BNNT SWCNT BNNT
Test tile thickness (t) 5.83 5.85 5.87 5.76 5.83 5.85
(mm)
Critical thickness (tc) 7.28 7.52 7.46 71.22 9.06 7.55
(mm)
% difference % % 24.9 28.5 27.1 25.3 554 29.1
t
100
Weight at critical 276.64 287.26 279.0 223.82 267.27 183.47
thickness ()
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Second, the TE, CT and efficiency criteria support the following ranking: SiC>
Al203>Al,03-SWCNT>AI03-BNNT>B4C>SiC-BNNT. This ranking seems to focus on the
depth of penetration (DOP). Although DOP is the main measure of performance, it requires
further analysis to assess the overall ballistic performance. Moreover, Al,O3 has never been
found in any study to outperform B4C.

Third, the WS, DEF (with scale from 0-1) and the TEF criteria yield a ranking as
SiC>Al,03>B4C>Al203-SWCNT>AI03-BNNT>SIC-BNNT. This ranking is similar to the
second case above. Again, the suggestion is that alumina outperforms B4C, which is not
supported by literature.

Fourth, the ballistic efficiency index produces a ranking that can be detailed as
B4C>SiC>Al203>Al,03-SWCNT>AI03-BNNT>SiC-BNNT. This ranking is based on an
overlap of two performance indices (MEF and TE) and seems to provide higher accuracy and
agreement with literature findings.

Overall, all rankings above suggest that alumina composites are in a similar
performance range and are outperformed by monolithic alumina. However, this conclusion
shall be taken with caution and further extensive studies are required to better understand the
performance of these materials since a variety of factors can influence the DOP tests [20, 86].
For instance, defects affect both the fragmentation [22, 106] and the fracture morphology.

Based on the discussions above, an effort was made to simulate the DOP test results
using a gradient factor. The result is the proposed performance index calculated using the areal
density and the inverse depth of penetration (DOP) as in Equation 5.2. The calculated indices

are presented in Table 5.3.
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B DopP1

1

Ap

~DOP x4,

(5.2)

The resulting performance ranking is B4C>SiC>Al;03>Al,03-SWCNT>AI03-

BNNT> SiC-BNNT. The new ranking is in good agreement with the total ballistic efficiency

as can be seen in Table 5.4. The Table provides normalised indices with B4C as reference.

Table 5.3: Proposed index working table.

Performance Materials

index working
parameters Al203 | Al20Os- Al20s- SiC SiC- B4C

BNNT | SWCNT BNNT
DOP1 (m'l) 18.63 16.90 17.65 19.11 10.70 16.31
Ap (Kg/m?) 22.15 22.35 21.95 17.86 17.20 14.22
DOPY/4, 8.41 7.56 8.04 10.70 6.22 11.47
Over B4C 0.73 0.66 0.70 0.93 0.54 1
Normalised Index

Table 5.4: Comparison of the proposed index with the ballistic efficiency index as

normalised over the corresponding indices for B4C.

Materials
Performance index
comparison Al203 Al20s- Al20s- SiC SiC- | B«C
BNNT | SWCNT BNNT
Normalised ballistic 0.69 0.65 0.67 0.88 0.59 1
efficiency index
Propose normalised index 0.73 0.66 0.70 0.93 0.54 1

The proposed performance index suggests that B4C outperforms all other materials but was

only marginally higher than SiC, which is in agreement with literature [204]. It also shows

that SIC-BNNT provides the lowest performance.
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5.6.3 Model Simulation to Correlate Properties to DOP

Table 5.5 summarises the properties used for modelling. The hardness, absolute
density and fracture toughness were measured by standard methods using ASTM 1326-009,
Archimedes method and ASTM 1410, respectively. The other properties were taken from
relevant literature including the compressive strength [207], the Young’s modulus [206, 207]
and the sonic velocity [9]. For all the reinforced materials, the values were assumed base on
the level of porosity compared to their monolithic materials. The largest flaw size was
measured on polished samples and was taken as primary microstructure parameter, assuming
that the porosity is already considered in the density.

Table 5.5: DOP results and properties of test ceramics used for modelling.

Property Materials
Al203 | Al203- | Al2Os3- SiC SiC- B4aC
BNNT | SWCNT BNNT
DOP (mm) 53.67 | 59.17 56.67 52.33 935 61.33
Standard deviation on DOP | 1.15 9.22 9.11 5.86 20.20 5.13
Density (g/cm®) 3.80 3.82 3.74 3.10 2.95 2.43
Hardness (GPa) 18.97 | 16.83 15.87 27.87 24.84 30.49
Toughness (MPavm) 3.85 3.96 3.98 3.01 3.14 3.83
Compressive strength (GPa) | 3.0 2.80 2.85 3.9 3.7 2.9
Young’s modulus (GPa) 360 365 370 415 400 450
Sonic velocity (Km/s) 10.8 10.8 10.8 12 11.8 14
Flaw size (um) 11 23 18 10 44 14

Modelling was performed in two steps. First, power law functions were used to

determine the correlation of each individual property to DOP. The obtained equations are
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presented in Table 5.6, corresponding plots are shown in Figure 5.4 and the modelled values
are summarised in Table 5.7. It can be seen from Figure 5.4 that only the fracture toughness
(Kic), the density (p) and the flaw size (a) constructively correlate with DOP. They show that
microstructure and processing optimisation to achieve high toughness, high density and
reduced flaws would reduce DOP.

Table 5.6: Power functions data for the simulation.

Property Function Regression R?
Hardness (HV) 0.0551

3
35.033HV1e

Fracture toughness (Kic) 138.59K " 0.1376
- Ic

Young’s modulus (E) 3 7639E1_75 0.0368
Absolute density (p) 101. 96p_3_103 0.1333
Sonic velocity (cv) 24. 4820% 0.0321
Compressive strength (o) 34. 4570% 0.1157
Flaw size (ar) 22 558a% 0.8106

134



Table 5.7: Ceramics properties and DOP as measured and modelled using different

approaches.
Model Materials and model values
parameters
Al2O3 Al2Os- Al2Os- SiC SiC-BNNT B4C
BNNT | SWCNT
HV (GPa) 60.83 59.48 58.83 65.39 63.98 66.49
Kic (M pa\/m) 58.48 57.44 57.25 68.46 66.63 58.68
E (GPa) 58.69 59.07 59.45 62.72 61.65 65.13
p (g/cm3) 57.17 57.04 57.57 62.44 63.80 69.40
cv (Km/s) 59.76 59.76 59.76 62.16 61.77 65.86
oc (GPa) 59.68 57.66 58.57 68.05 66.30 58.68
as (Um) 52.21 67.59 62.04 50.50 84.82 56.81
Experimental 53.67 59.17 56.67 52.33 935 61.33
DOP (mm)
Modelled DOP
usingonly Kic,a | goag | 6050 | 5891 | 50.99 | 7118 61.39
and p (mm)
% diff. 4.14 2.25 3.96 14.64 23.87 0.09
Modelled DOP
using all
properties (mm) 58.12 59.72 59.07 62.52 66.61 62.92
% diff. 8.28 0.92 4.23 19.47 28.76 2.60
Matlab derived 48.28 61.80 57.03 54.25 91.33 61.08
DOP using only
Kic, a and p (mm)
% diff. 10.05 4.45 0.63 3.66 2.32 0.41

*% diff. means difference of modelled DOP to experimental DOP.

135



() Hardness Power Model ®) Fracture Toughness Power Model
100 . 100
20 L %0 .
80 80
70 _ 70 |—
T —3 Tl T N
8 e H &
£ 5 * . E, 50 . e
% 40 % 40
=
30 SR
20 20
10 —.—Exyeﬁmlentxl—.—Madel——iner ‘(Experimmtal)— 10 | ® Experimental @ Model ——Power (Experimental) |
0 0
15 0 5 30 35 29 31 33 35 37 39 41
Hardness (GPa) Fracture toughness (MPavm)
(c} . (d) .
00 Young's Modulus Power Model Density Power Model
100
90 2 %0 .
80 20
= 7 — T ——
E a = . = .
E. . e ° R E &0 —
8 = =
= g
30 SR
20 20
10 ® Experimental | ® Model Pﬂwch{E_xpiiTglgll w |* Experimental ® | Model| ===Power (Experimental)
0 |
0
340 360 380 400 420 440 480 23 25 27 28 31 33 35 37 38
Young's Modulus (GPa) Density (g/cm?)
(e) Sonic Velocity Power Model & Compressive Strength Power Model
P g
100 | | | 100 T
5“ N o | —
- | o | [Fadal .
g™ ! _m | | —
&0 = L E o6 |t
S 7 . Ea| = | :
0 | & W | | I
R | (= |
» | 2 |
o | Experinllwtal . IMu-:Iel —iP'nmar ('Ex|perimln|)! w0 * | | . Llfkdal l—thr{E:purnm‘tal)
| 0
0 10 1 12 = 14 15 .7 19 31 33 s 7 39 41
Sonic Velocity (Km/s) Compressive Strength (GPa)
(2 Flaw Size Power Model
100
50 | ®
8 | '
=70
Eaw
S
g = |
(=3
» [
" |
10 * Experimental * MODEL = Power (Experimental)
? | | | |

10 40 50

0 0
Flaw Size (pum)

Figure 5.4: Power law models showing the correlation between mechanical properties
and DOP: (a) hardness, (b) fracture toughness, (c) Young’s modulus; (d) density, (e) sonic
velocity; (f) compressive strength; and (g) flaw size.
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Therefore, only these three parameters were combined in the first cumulative model

approach to describe DOP, as in Equation 5.3. Solving the product yields Equation 5.4 plotted

in Figure 5.5.
16 13 53
DOP = (138.59 K,C( 75) « 101.96 p( 30) + 22.558 a <zo))1/3 (5:3)
af(@)
ch(ﬁ) % p(%) (5.4)

For the sake of completeness, all seven properties were also combined into a product
in a second general model as in Equation 5.5. This product simplifies to Equation 5.6 and is

plotted in Figure 5.6.

3 -16 7 3
DOP = [35.033HV(16) + 138.59 K,(25) « 101.96 p(50) « 3.7639E(T5) « 24.482¢, )

1
+34.4570,(2) 22,5584, (20177

1 1

HV(lsﬁ) * E(ls) * C,y (51) * a'c(14) * af(ZO) (5'6)
6

DOP = 32.14

KIC(_ * p(210)

The regression plots for the two cumulative models are shown in Figure 5.7.
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Figure 5.5: Models including only Kic, af and p expressing the DOP as a function of: (a)
fracture toughness; (b) flaw size; and (c) density.
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Figure 5.7: Regression plot and 10% error ranges for the semi-empirical models and the
experimental DOP data: (a) Modelling including only Kic, af and p; and (b) model including
all seven properties.

Matlab modelling including only Kic, ar and p yielded the correlation shown in
Equation 5.7 and Figure 5.8. Matlab results are consistent with model Equation 5.4 and Figure
5.5 in term of the position of the individual properties within the equation (numerator or
denominator) and how they can be expected to influence the DOP. In contrast, Matlab
modelling using all seven properties as shown in Equation 5.8 and Figure 5.8 was inconclusive
due to the large amount of data necessary to determine the large number of unknowns. As a
result, all individual properties were assigned a positive power law exponent (numerator),
which is inconsistent with the semi-empirical models and experimental observation of the
individual properties influence on the DOP. Therefore, similar to the semi-empirical models,
Matlab suggests that modelling shall only include the major factors such as Kic, as and p as the

inclusion of less relevant properties such as HV, E, ¢y and o can lead to erroneous conclusions.

7
af(m)
DOP = 51.0118 =«

ch(%) . p(§> (5.7)
3 7 3 23 2 7 3
DOP =0.1129 * HVi6 * ET5 * ¢,5 * 50 * a5 * K;50 * pio (5.8)

140



@ | ®

% | L] o | 9 !
B0 | | 20 | |
T o | g2 | —
50 ' o E &
- - e |
g «w ! | LB I !
0 ¢ Experimental-—p Model R 30 | eExperimental e Model |
10 I i 10 | |
0 l o | I
0 1 2 3 4 5 6 7 0 1 2 3 4 5 5 7
Materials | Materials
Materials:

1. “ALO;™: 2. “Al;0:-BNNT™; 3. “ALO:-SWCNT™ ; 4. “5i1C” ; 5. “S1C-BNNT™ ; and 6. “B4C™.

Figure 5.8: Matlab DOP prediction using (a) only Kic, a and p for all tested ceramics;
and (b) all seven properties for all tested ceramics.

Modelling suggests that the hardness, the Young’s modulus, the strength and the sonic
velocity do not play any constructive or systematic role in the ballistic performance for the
DOP set-up used in this study. These properties are much higher for the tested ceramics than
for the projectile used for DOP testing. Therefore, relatively small changes do not affect the
DOP results making them behave irrelevant for the ballistic performance.

Overall, the models are in agreement with previous studies highlighting a reduction in
flaws and porosity or an increase in toughness and density as key for armour ceramic
performance [19, 30, 208]. However, although unanimously supported by the armour ceramic
community, the present conclusion that improved toughness leads to better ceramic armour
performance is in contradiction with some existing literature [19, 26, 28]. This apparent
contradiction with literature can be rationalised by the fact that increased toughness is often
accompanied by an even greater drop in hardness, which can overcompensate or overwrite the

positive effect of toughening, leading to an overall drop in ballistic performance.
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CHAPTER 6
CONCLUSIONS

Through this study, capabilities and expertise were developed for the characterisation
of ceramics. It was shown that the proper method for ceramic characterisation depends on the
microstructure. This study also demonstrates that the influence of microstructural features on
the ballistic performances of ceramic is enormous, which corroborates the studies completed
by other researchers. Following are specific conclusions of the work:

1. Knoop indentation is more appropriate than Vickers indentation for hardness
measurement on ZTA and SiC due to the microstructure anisotropy in these ceramics.
For both methods, a strong indentation size effect is observed with load independent
hardness values measured above 2 kgf indentation load.

2. The Vickers indentation technique is successfully used to measure the fracture
toughness and provided values that are in agreement with the results from drop weight,
ring-on-ring and Charpy impact tests.

3. It is shown that second phase particles introduced during the manufacturing of ZTA
and SiC not only improved fracture toughness but also downplayed the effect of
porosity or inclusions. The fracture toughness of both materials was higher compared
to their monolithic counterparts and literature values even with 10% porosity on ZTA
and inclusions in SiC.

4. Additionally, the second phase particles demonstrated a trade-off between hardness
and Kic. Furthermore, the porosity and inclusions in ZTA and SiC, respectively, lead

to a drop in hardness, strength and Young’s modulus.
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5. Nanotube reinforcement increases the ceramic toughness, but decreases the hardness
and strength to an even greater extent. Therefore, a CNT content below 1wt.%, for
instance, is recommended for toughening alumina. Higher contents lead to nanotube
agglomeration, increased porosity and ultimately to poor ballistic performance.

6. A new ballistic performance index is proposed using the inverse DOP (1/DOP) and
areal density as an indicator of ballistic performances for armour ceramics. The new
index proves to produce a better ranking of the tested ceramics as compared to existing
literature indices.

7. A new semi-empirical model for simulating the depth of penetration (DOP) is
developed using quasi-static mechanical properties and existing flaws. The model
reveals that only the fracture toughness, the maximum flaw size and the density are
appropriate for predicting the DOP. The other mechanical properties, including the
hardness, the strength and the elastic modulus, are much higher than comparative
values of the used hard steel projectile. Therefore, their relatively small improvements
achievable by manufacturing process optimisations do not remarkably increase the

ballistic performance.
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OUTLOOK
The current study suggests that toughening, specifically using nanotubes, can also lead
to an even greater decrease in hardness that can result in an overall drop in ballistic
performance. This is contrary to the overall objective of improving armour ceramics.
Therefore, the following is recommended for future work.

1. More DOP ballistic tests on both monolithic and nanotubes reinforced ceramics to
better cover statistical variations and re-assess the proposed performance index and
semi-empirical model.

2. Further work is needed on microstructural design to achieve the desired properties in
armour ceramic. This should primarily focus on determining the appropriate second
phases as well as their optimal volume fraction, particle size and distribution.

3. Further ball milling testing to optimise milling aid, intensity and duration may allow a
more uniform nanotube dispersion and consequently better ballistic performance.

4. Expand the developed model and other existing simulations in order to establish a
single performance correlation considering all the microstructural parameters
including grain size, porosity, inclusions, their sizes and distribution.

5. Consider gradient ceramic composites with nanotube content increasing towards the
back of the armour plate. This can provide the needed hardness at the impact face while

improving the toughness in the bulk of the ceramic.

144



SCIENTIFIC CONTRIBUTIONS

The following new contributions have been made in this work.

A

Characterised two commonly used armour ceramics, SIiC and ZTA. The
characterisation included microstructure assessment and experimental testing.
Furthermore, multiple equations for indentation fracture toughness determination were
assessed showing that the equations for median type cracking by Lawn et al and Nihara
are the most accurate.

Contributed to the understanding of the toughening capacity of nanotubes (CNT,
BNNT) in armour ceramics.

Developed a new ceramic performance ranking index as:

1
DOP * A

This new index is found to be more accurate and in agreement with experimental
observations than most currently used indices.

Developed a model to correlate mechanical properties and microstructure to the depth
of penetration (DOP). This new semi-empirical model shows that only ceramic armour
properties in the range of their projectile counterparts shall be considered. These
include the fracture toughness, the flaw size and the density.
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